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Abstract  

Electrochemical energy storage devices (EESDs), such as supercapacitors and batteries, are 

important players in the energy field with the ability to store energy resources and supply 

continuous electrical energy. A key challenge of EESDs lies in the trade-off between energy 

density and power delivery. The performance of the EESDs mainly depends on the electrolytes 

and nanopore size of the electrodes. However, due to the highly complex interplay of the 

electrolytes (such as ions type, ion concentration, etc.) and electrodes (such as pore size, surface 

charge property, and electrode thickness, etc.), the designing of EESDs with high energy 

density and fast power delivery is a very challenging task.  

This thesis aims to address some of the challenging issues in this field. Taking advantage of 

the nanoporous graphene-based electrodes with relatively simple and tunable structures, the 

research reported therein is devoted to studying the types of ion and slit-pore size effects on 

the electrochemical performance and the development of a new method for the efficient design 

of energy storage devices. Generally, this thesis presents three research works for energy 

storage. The first work is to identify the ion-specific effects on electrical double layer (EDL) 

capacitance, especially the co-ion effects on the EDL performance. Through a comprehensive 

study of monovalent ions, such as H+, Li+, Na+, K+, Cs+, BMIM+, and Cl-, in 10 nm, 1 nm, and 

0.7 nm slit-pores, our research results indicate the intrinsic ion surface adsorption effect plays 

an important role in determining the EDL capacitance. Secondly, this thesis investigates the 

interface redox-reaction under nanoconfinement, in which the electrochemical reaction rates 

of nanoconfined I– and Zn2+ ions were systematically investigated. The results show the ions 

in a slit-pore of 1nm exhibit a higher electrochemical reaction rate than in a slit-pore of 10nm, 

which could provide valuable clues for establishing new electrochemical theories related to 

nanoconfinement. Lastly, the machine learning method is used to establish a comprehensive 

quantitative relationship between capacitance and structure of supercapacitors, helping to 

accelerate the optimal design of graphene-based EESDs on an integrated system device level 

for practical applications. 

In summary, the comprehensive discussion of the ion type effects under different 

nanoconfinement levels on EDL capacitance and slit-pore size effects on charge transfer across 

the interface in graphene-based electrodes could improve our understanding of the charge 

storage mechanism of nanoporous electrodes for the energy storage community. In addition, 
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the successful demonstration of the machine learning method for the efficient design of 

supercapacitor on device-level could stimulate similar device-level design ideas in other 

research fields related to electrocatalysis, capacitive deionization, and nanofluidic devices. 
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Chapter 1 Introduction 

Due to the fast depletion of fossil fuels and environmental problems, clean energy presents 

much higher advantages and exhibits a very promising prospect in the future energy filed.1-8 

At the forefront of clean energy, electrochemical energy storage devices (EESDs) as the green 

and renewable energy storage devices are suitable and promising for supplying the power and 

energy for next-generation vehicles and for storing extra energy generated from the solar cell 

and other clean energy generating systems (Fig. 1.1a).9-16 Based on the charge storage 

mechanism, there are two types of rechargeable EESDs (Fig. 1.1b).17,18 One is electrochemical 

double-layer capacitors (EDLCs), which store and delivers energy through ion 

adsorption/desorption at the interface of electrolyte/electrode.19-24 The other one is 

electrochemical redox-active energy storage devices (including pseudocapacitors and batteries), 

which is based on the reversible faradic redox-reaction to store and deliver electricity.25-28 

Nowadays, nanoporous electrodes with two-dimensional (2D) structure and high specific 

surface area are widely studied and used to enhance the charge storage capacity in the EES 

field.10,13,14 

Figure 1.1. (a) A conceptual presentation of electrical energy storage devices.9 (b) Ragone plot for 

various electrical energy storage devices.17 

Normally, one individual EESD module is composed of electrodes (positive and negative 

electrodes), electrolyte, separator, and current collectors (Fig. 1.2).12,29 Currently, most of the 

published research work for the EESDs is focusing on the discovery of new active materials 

with high electrochemical activity and design of electrode nanostructures with fast 

electrode/ion transport properties, aiming for achieving the optimal active materials or 

morphologies which could exhibit better electrochemical performance, such as high capacity 
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at suitable voltage, fast charge ability, and stable cyclability.15,30-37 The fundamental 

understanding focusing on the ion storage and redox electron transfer at the electrode-

electrolyte interface for energy storage under different nanoconfinement level is much less.38-

41 The research on the rational and quantitative design of the EESD on device level is rare. A 

better fundamental understanding of the ion storage and redox electron transfer at the 

electrolyte-electrode interface is the basis for advancing the design of energy storage 

devices.22,42-54 A quantitative and ration design methodology for enhanced performance on the 

supercapacitor device-level instead of the performance of the individual electrode is vital for 

practical applications of the developed energy storage systems.29,55 However, most of the 

previous works on supercapacitor device design apply the trial and error strategy in 

experiments, which is neither efficient nor cost-effective.56-60 Using the trial and error strategy 

also misses the opportunity to gain an in-depth understanding of rational energy storage device 

designs. 

 

Figure 1.2. A tale of two plots. Ragone plots of different scale electrical energy storage devices.29 

It is now well recognized that electrodes and electrolytes are two heart components for an 

EESD module.29 Therefore, to optimally design the electrochemical performance of EESDs at 

the integrated device level for practical application, the first key challenge is to systematically 

study the electrode-electrolyte interactions and interface properties to gain an in-depth 

understanding of charge storage mechanisms.43 This is necessary to efficiently engineer the 

electrode-electrolyte interface and electrical double layer (EDL) structure for increasing the 

electrochemical performance of electrodes. The second challenge to achieve the optimal design 

of EESDs at an integrated level is to establish a reliable, comprehensive quantitative 

relationship between electrode parameters and electrochemical performance to efficiently 

guide and accelerate the energy storage device design for practical applications within this 

community. 
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Importantly, the dominating feature of the electrode-electrolyte system is the transport, 

distribution, and concentration of electrons and ions at or near the interface.46,61 As the 

graphene-based 2D electrodes have good electrical conductivity, the dynamic charge storage 

behaviours of graphene-based 2D electrodes are primarily controlled and determined by the 

ion properties.13,62 The behaviour of ions inside active materials is the key fundamental issue 

for improving the capacity and fast charge ability of the EESDs.  

Recent research works also show that ion properties at the nanoscale pore (channel) exhibit 

drastic differences from that of bulk counterparts.46,63-69 The features of electrolyte ions and the 

surface properties of the nanochannels in porous electrodes play a decisive role in the ion 

transport/distribution properties.46,70-76 There have been recent studies of the relationship 

between pore size and ion size for EDLCs.77-80 The distribution of the ions inside the EDL 

structure also significantly impact on the EDL capacitance as well as the interfacial 

electrochemical reaction rate, due to the nature of intrinsic charge storage.81-88 Considering the 

decisive role of the nanopore structure of the electrodes in improving the energy storage 

performance for both electrodes and devices,10,13 it is highly desirable to systematically study 

the electrode/electrolyte charging storage performance under nanoconfinement under dynamic 

charging conditions. Due to the limitation of the electrodes which exhibit disorder and complex 

porous structure and untenable pore size,89,90 the fundamental research issues regarding how 

the ion transport and distribution under nanoconfinement affects the electrode-electrolyte 

interactions and electrochemical reaction have not been well studied and addressed. This is 

particularly so in regard to the effects of ion transport and distribution properties in the 

nanochannels on the electrode-electrolyte interface redox reaction. A suitable material model 

system is helpful for fundamental quantitative studies. 

At the device design level, taking supercapacitors as an example, the positive and negative 

electrodes are porous materials that are used to accommodate electrolyte anions and cations.23 

Due to the different properties of cations and anions,91-94 the positive and negative electrodes 

should be appropriately designed and matched to achieve superior performance for practical 

applications. However, the optimal design of supercapacitors at the device-level is still a 

tremendous challenge because of the high dimensional design space consisting of the electrode 

structure (pore size and thickness) of both electrodes, the working voltage, and the operation 

charging rate. Recently machine learning techniques have been extensively demonstrated as a 

very effective approach to address this high-dimension sophisticated parameter space for 
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engineering applications.95-101 It is a good option to use machine learning to help us address the 

complex design task of supercapacitors.  

In this thesis, we will try to address some questions in the two challenging directions of EESD 

research, i.e., fundamental study of ion storage and electron transfer process at 

electrode/electrolyte interface, as well as the rational and quantitative design of EESD devices. 

We will take advantage of our chemically converted graphene membranes (CCGMs) with 

tunable pore size in the sub-10 nm range.102 The CCGM has relatively simple but tunable 

structures, which is a good model system for both experiments and theoretical simulations. It 

will allow us to carry out a quantitative study of the ion type and slit-pore size effects on the 

electrochemical energy storage performance. CCGMs also provide two key structure 

advantages on device-level design. First, CCGM electrode structure is clearly defined. It is a 

membrane enclosing uniformly distributed slit-pores. Other widely used material systems, such 

as amorphous carbon, have complex nanoporous structures that are difficult to quantify. In 

addition, the amorphous carbon electrodes have binders and complex cavities between carbon 

particles, which are also very difficult to quantify. Second, the structures of CCGM can be 

precisely tuned. Its slit-pore size can be continuously tuned in the sub-10nm range (details in 

methodology). Its thickness can be easily changed by increase graphene mass loading or 

stacking multiple membranes on top of each other. There are no binders in the electrodes.103  

Following this chapter, Chapter 2 provides a brief introduction to energy storage electrodes 

and devices, as well as the current research progress on confined ion effects on energy storage. 

According to previous research about the nanoconfinement effects on energy storage, it is 

proposed that comprehensive experiments to measure the electrochemical performance for a 

range of fine-tuning nano-sized electrodes and electrolytes is necessary to fully capture the 

confined ion effect on performance, which will enable further evaluation of the ion properties 

under confined charge space. Additionally, the electrochemical confinement study could also 

identify possible new charge storage mechanisms for the nanoporous electrodes to effectively 

design the next-generation high-performance electrode-electrolyte energy storage systems. 

Chapter 3 studies the confined ion effects on the EDL capacitance of graphene-based 

membrane electrodes. This chapter details a systematic electrochemical study of graphene 

membrane electrodes in various aqueous electrolytes and demonstrates the confined ion effects 

for the EDL capacitance of graphene-based electrodes, especially the different test results in 

1.0 M KCl and 1.0 M HCl. In this research, attention is given to the fact that all these 
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electrolytes have the same anion (Cl-) with the same concentration. Based on previous 

understanding, the identical tested graphene-based electrodes should perform close capacitance 

in these aqueous electrolytes under positive polarization with a very low charging rate. 

Therefore, a series of electrochemical characterizations in the mixed KCl/HCl electrolytes with 

the various ratio of KCl/HCl were carried out. The open-circuit potential and potential of zero 

charges of graphene electrodes in these electrolytes demonstrate that the effect could come 

from the specific adsorption of the proton. The continuum simulation further analyses the ion 

distribution and density near the graphene-based electrode surface in 1.0 M HCl and 1.0 M 

KCl. The results of this research could provide guidelines for choosing electrolytes suitable for 

enabling the electrodes to have high capacitance, applying for both positive and negative 

components for the supercapacitor devices. Moreover, the enhanced understanding of proton 

EDL structure achieved in this chapter could also lead to further discoveries within the 

hydrogen evolution reaction and metallic corrosion community. 

Chapter 4 studies the nanoconfined redox-active ions in regard to the charge storage 

performance of graphene-based nanoporous electrodes. Electrochemical studies of iodine and 

zinc-based redox-active ions inside the nanoporous graphene-based electrodes are detailed. 

The findings indicate that the nanoconfinement has a significant effect on the solid/liquid 

interface charge transfer when charging the graphene-based electrodes with different pore sizes 

in the identical electrolyte. The cyclic voltammetry and electrochemical impedance 

spectroscopy results demonstrate that the graphene-based electrode with a small pore size (1 

nm) shows a higher charge transfer reaction rate than that of large pore size (10 nm) graphene-

based electrodes. The study of this systematical research could help to stimulate the 

development of new electrochemical theories and new strategies for the design of the next-

generation high-performance electrode-electrolyte system.  

Chapter 5 studies the design of supercapacitors on the device level by applying a machine 

learning method to assist and accelerate the optimization design of graphene-based 

supercapacitors. Here, we produce a comprehensive dataset consisting of 100 capacitances of 

electrodes with various thickness and pore size under dynamic operating conditions for positive 

and negative electrodes. Using the achieved dataset, we apply an artificial neural network 

method to the performance prediction of positive and negative electrodes and use random forest 

regressors to extract the important design parameters for electrodes and supercapacitor devices. 

The numerical method is applied to search the optimal design parameters of the devices based 

on the predicted dataset using domain knowledge, and experiments further confirm the 
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predictive optimal design parameters. This work strongly indicates that the combination of a 

suitable materials platform, a deliberated experiment database, and data-drive models result in 

the ability to predict the performance and obtain the optimal design of complicated dynamic 

systems.  

Chapter 6 summarizes the major findings and contributions of this PhD research. Some future 

work based on the research results presented in this thesis is proposed.  

In summary, this PhD study will help us gain some in-depth understanding of the 

nanoconfinement effects on the electrochemical performance of ion adsorption as well as redox 

reaction, especially in relation to the interface charge transfer properties under 

nanoconfinement. Fundamentally, the presented comprehensive ions and confinement studies 

could further increase the understanding of nanoconfinement effects on the charge storage 

mechanism, also provide new insightful charge storage mechanism at the nanoconfined 

interface. Concerning performance, such quantitative experimental studies of ions inside 

nanopore could help to provide a novel concept for guiding the design of the next-generation 

high-performance electrode-electrolyte system. Additionally, through the introduction of the 

machine learning method into the energy storage devices design, we will have the chance to 

quickly design various energy storage devices at the integrated system level based on demand, 

which is a breakthrough for the energy storage field. The outcome of this PhD research also 

could provide some new ideas in other related research fields, such as catalysis, capacitive 

deionization, and nanofluidics. 
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Chapter 2 Literature Review 

It has been well established that the ions inside nanopores or nanochannels appear to have 

special physical or chemical properties compared with that of the bulk solution.46,63,69 Currently, 

nanoporous materials with continuing pores in the nanoscale, are widely utilized for energy 

storage owing to their favorable nano-ionic properties as well as their enhanced active sites for 

electro-absorption of ions and charge storage.9,19,22,24 Additionally, some preliminary results on 

electrochemical redox-active materials also demonstrate that metal oxide nanoparticles inside 

the nanoconfinement environment often lead to the different electrochemical activity of the 

active materials compare to that of the same metal oxides deposited on the exterior surface.104-

107 This review introduces the concept and properties of energy storage devices as well as the 

recent research progress for energy storage, especially the nanoconfinement study for ion 

adsorption on EDL capacitance and interface charge transfer on pseudocapacitors. Lastly, this 

chapter details the current design concepts for supercapacitors.   

2.1 Basic knowledge of EDLCs and electrochemical redox-type energy storage devices 

Charge storage in EDLCs is characterized by the physical electrostatic attraction that lies 

between the electrolyte counter-ions and the electrode surface charges. The Helmholtz-stern 

model (Fig.2.1a) describes the electrode/electrolyte interface charge separation when an 

electrode of active surface area S (m2) is polarized.19,94 This double layer is regarded as EDL, 

and the capacitance can be approximated by the following equation94: 

𝑐𝑐 = 𝜀𝜀𝑟𝑟 𝜀𝜀0 𝑆𝑆
𝑑𝑑

                       (2-1) 

where 𝜀𝜀𝑟𝑟 is the electrolyte’s relative dielectric constant, 𝜀𝜀0 is the vacuum dielectric constant, d 

is the effective thickness of the electrical double layer, and S is the surface area of the 

electrode.94  
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Figure 2.1. (a) Stern model of the electrical double-layer formed at a positively charged electrode in an 

aqueous electrolyte; (b) An electrical double-layer capacitor using porous electrodes.94 

Currently, the materials used for the EDLCs are mainly porous nanoporous carbon-based 

materials, such as activated carbon, amorphous carbon, carbide-derived carbon, carbon 

nanotube, graphene, and chemically converted graphene (CCG).47,79,108-114 During the charge 

and discharge for the EDLCs at constant current, there is an accumulation of positive and 

negative charges in positive and negative electrodes (Fig.2.1b).94 The total storage charge of 

positive and negative electrodes should always be the same to balance charge distribution in 

the whole device. The overall capacitance of the supercapacitor device is equivalent to two 

capacitors in series.  The capacitance is calculated with the following equation23: 

1
𝑐𝑐

= 1
𝑐𝑐+

+ 1
𝑐𝑐−

                 (2-2) 

where 𝑐𝑐, 𝑐𝑐+, and 𝑐𝑐− are the capacitance of the supercapacitor device, the positive electrode, and 

the negative electrode, respectively. Thus, the match of positive and negative electrodes using 

given electrolytes is important for the final performance of the supercapacitors.23,24 

The energy and power density of the supercapacitor can be calculated using the following 

equations.23  

𝐸𝐸 = 1
2

 𝐶𝐶𝑠𝑠𝑉𝑉2               (2-3) 

       𝑃𝑃 = 𝐸𝐸
𝑡𝑡
                   (2-4) 

where E is the specific energy density, Cs is the specific capacitance of the supercapacitor 

devices that depends on the capacitance of positive and negative electrodes as well as the 

electrolyte properties, V is the voltage that depends on the electrolyte properties as well as the 

configuration of the supercapacitor, and t is the discharge time.23 Considering the physical 

electro-adsorption charge storage mechanism of EDLCs, the EDLCs have a lower energy 

density but with a higher power density compared with that of the electrochemical redox-type 

energy storage devices. 
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Figure 2.2. The features of EDL and redox-type energy storage devices. (a) cyclic voltammetry, 

galvanostatic profile, storage mechanism, and intrinsic kinetics of EDLCs; (b) and (c) cyclic 

voltammetry, galvanostatic profile, storage mechanism, and intrinsic kinetics of pseudocapacitors. 

(examples: hydrated RuO2 birnessite MnO2). (d) cyclic voltammetry, galvanostatic profile, storage 

mechanism, and intrinsic kinetics of batteries.9 

Charge storage in electrochemical redox-type materials is characterized by an electrochemical 

reversible redox reaction, which is faradaic charge-transfer, converting the electrical energy to 

the chemical energy.9 Based on the different faradic redox reactions, there are mainly two types 

of redox reactions. One is the reaction that occurs at the solid buck active material, where the 

reactions are always limited by the solid-state ion diffusion.12 The other one is the reaction that 

occurred at or near the surface of active materials.115,116 In this latter reaction, the solid-state 

ion diffusion does not limit the reactions, and the reaction rate is mainly controlled by the 

diffusion of the liquid ions (reactant) to the solid surface as well as the surface charge transfer 

(Fig. 2.2).9,20 In the project of the redox-type energy storage study, I will mainly study the 

surface-redox reactions due to the hope of achieving both high power and energy densities for 

next-generation energy storage devices. 
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2.2 Research progress on electrochemical double-layer electrodes 

2.2.1 Capacitance of nanoporous electrodes under nanoconfinement 

According to equations (2) and (3), Cs and V are the two key parameters for energy density. 

Most previous research works focus on increasing the Cs or expanding the working voltage of 

supercapacitor devices through using the organic or ionic liquid electrolyte.47,50,117,118 As the 

Cs depends on the specific surface area of the nanoporous electrodes, before 2000, many 

scientists in the EDLC field believed that maximizing the specific surface area of the 

conductive active materials could be the best strategy for increasing the capacitance, thus 

leading to the storage of more charge on the specific mass or volume. Therefore, the research 

direction and emphasis on EDLCs during that time was to develop advanced nanoporous high-

conductive active materials with the highest specific surface area.19  

 

Figure 2.3. Relationship between specific capacitance and average pore size of nanoporous electrode 

in1.5 M NEt4BF4/CAN.119 

Over time, researchers realized that at the nanoscale level, especially for microporous materials, 

the pore and ion properties also have a large effect on the capacitance of electrodes. As a result 

of this, some research was carried out on the relationship between confined nanopore and ion 

properties on the capacitance of electrodes.78,79,86,111,112,120-125 One significant study by Gogotsi 

and co-workers reported an anomalous increase in carbon capacitance at the pore size of less 

than 1 nanometre in 1.5M NEt4BF4/ACN electrolyte (Fig. 2.3).119 This finding strongly 

challenges the long-held opinion that pores smaller than the size of ion-solvent do not have the 

contribution to the surface charge storage. It also indicates the significance of pore size 
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distribution on the electrode capacitance. Even though this result is a breakthrough in the EDLC 

field, in such sub-nanometre pore size, the increase of capacitance sacrifices fast charge ability, 

especially in comparison to the mesoporous carbon.  

Later, due to the encouraging capacitive features of graphene, our group also did some research 

on capacitance and nanopore electrodes using the electrolyte mediated-graphene gel membrane 

in H2SO4 and EMIMBF4/AN electrolytes (Fig. 2.4).47 Our results show that high volumetric 

capacitance can be achieved in the channel size of 0.67 nm for the thin electrode based on the 

two-electrode test system, (255.5 F cm-3 at 0.1 A g-1, 130 F cm-3 at 100 A g-1 in 1.0 M H2SO4 

electrolyte; 261.3 F cm-3 at 0.1 A g-1, 80 F cm-3 at 100 A g-1 in EMIMBF4/AN electrolyte). But 

in such sub-nanometre channels, the high volumetric capacitance could not be maintained in a 

fast-charging condition. Nota that, a fast-charging rate ability is a key character for 

supercapacitors. From the results (Fig 2.4c), we can observe that with the increase of mass 

loading (thickness), there is a decrease of specific capacitance, especially for the more compact 

electrodes.47 Additionally, the two-electrode configuration characterizes the electrochemical 

performance of the supercapacitor device instead of the individual electrode. Therefore, 

considering the charge storage information loss in the two-electrode test configuration, and the 

important role of pore size on the EDL capacitance of positive and negative electrodes, more 

well-designed research work is still needed to better understand the relationship between the 

nanoporous structure and the electrode capacitance of the graphene-based electrodes. This is 

necessary to guide the predictive design of electrode with fast charge ability under a large and 

thick electrode compact level. 

 

Figure 2.4. (a) Volumetric capacitances with varied charging/discharging current densities for different 

channel size graphene membranes in 1.0 M H2SO4 electrolyte; (b) Volumetric capacitances with varied 

charging/discharging current densities for different channel size graphene membranes in the 

EMIMBF4/AN electrolyte; (c)The relation between the volumetric capacitance and the mass loading 

(thickness).47 
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Complementing the important research of electrode-nanostructure on capacitance, other 

research results on the ion effects on the capacitance of nanoporous electrodes were also 

reported.81,93,126-130 Aurbach and co-workers systematically studied the ion sieving effects in 

the electrical double layer of porous carbon electrodes to estimate the effect of ion size on the 

EDL capacitance. In their research work, the microporous carbons have the pore size of 3.62, 

4.21, 5.1, and 5.8 Å,  the electrolyte ions used in the study are Cs+, K+, Na+, Li+, Ba2+, Ca2+, 

Mg2+, NO3
-, Cl-, F-, Br- and ClO4

-. With the polarization of the high electronic conductivity of 

the achieved microporous carbon in these different electrolytes, Aurbach et al. studied the 

electro-adsorption and electro-desorption of the ions in achieving the electrochemical signature. 

The findings of this research were that all the cations were electro-adsorbed in the electrode 

pores with hydrated states, while monovalent anions adsorbed inside the nanopores with a non-

hydrated state. Accompanying these findings, they also found that the doubly charged sulfate 

anion adsorbed onto the surface with the hydrated state. Finally, they found that being a 

multiatom planar anion, the nitrate had a smaller effective dimension than the monoatomic 

halogen anions.80 This pioneering work highlights the fact that the charge storage of the EDL 

electrode largely depends on ion properties, such as ion size, ion valance, and especially the 

significant role of ions under nanoconfined pore for the EDL performance.  

Following this, research by Patrice Simon and co-workers studied the electro-sorption of ions 

in chemically tuned pillared graphene materials for electrochemical capacitors in various 1 M 

ionic liquid/ACN (acetonitrile) electrolytes (Fig 2.5).129 In their work, the pillared graphene 

electrodes had pore sizes of 7.8, 8.0, and 8.0 Å. The electrolytes used in the study were 

TEABF4/ACN, TPABF4/ACN, TBABF4/ACN, and THABF4/CAN. The size of the ions, BF4
-
, 

TAA+, TEA+, TPA+, TBA+, and THA+ were 0.48 nm, 0.68 nm, 0.76 nm, 0.82 nm, and 0.95 nm. 

The results of this research were that based on size steric effect, the well-controlled interlayer 

space could sieve electrolyte ions. In detail, ions with bared sizes, which are smaller than the 

interlayer space, could access into the interlayer. In contrast, the larger ions were not able to 

penetrate inside the small interlayer space, leading to much lower EDL capacitance. 

Particularly, their results revealed that when the naked ion size for cations and anions are both 

smaller than the interlayer space, there is no specific difference between cations and anions 

adsorption. This is the case even when they have a different ion size. There is still the negligible 

ion size effect on the EDL capacitance for the large pore size electrodes. When the cation size 

was larger than that of the interlayer space, a clear difference could be seen between the electro-

sorption of cations and anions.129 In summary, the research by Simon et al. on ion sieving in 
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pillared graphene-based materials for positive and negative electrodes further demonstrated the 

importance of ion size effect on the EDL capacitance, as well as the difference between the 

electro-adsorption of cations and anions on the identical nanoporous electrodes. 

 

Figure 2.5. The capacitance of pillared graphene materials with the pore size of 0.78 nm, 0.80 nm, and 

0.86 nm and reduced graphene materials in different 1 M BF4 based ionic liquid/ACN electrolytes with 

a scan rate of 20 mV/s in the potential ranges of (a) −1.0 to 0.1 V vs. Ag and (b) 0.1 to 1.0 V vs. Ag.129 

2.2.2 Charging storage mechanism of nanoporous electrodes under nanoconfinement 

2.2.2.1  Charging storage mechanism study mainly based on advanced technique 

characterization 

The charging mechanism of supercapacitor strongly depends on the polarization of the 

electrode, and the choice of the electrolyte and electrode materials.83 The charging mechanism 

determines the capacitance of the supercapacitor.19 Therefore, from the aspect of the charging 

mechanism, the suitable matching of electrolyte and electrode is crucial for the capacitance 

increase. Based on these, many advanced techniques have been applied to interpret the charging 

mechanism of EDLCs.131-140 Particularly, Deschamps and co-workers explore the electrolyte 

organization in supercapacitor electrodes with solid-state NMR for investigating the behaviour 

of the ion under the dynamic charging process. The electrolyte used for this study is 1 M 

tetraethylammonium tetrafluoroborate in acetonitrile (TEABF4 in ACN), the applied two 

carbon materials have the specific surface area of 1071 and 1191 m2/g with the pore size range 

from 1.2 nm to 50 nm. Their research results show that when charging the nanoporous activated 

carbons, the ion exchange is the predominant charge storage mechanism for both positive and 

negative polarization processes. Additionally, acetonitrile molecules are expelled from the 

adsorption sites when charging the nanoporous electrodes with a negative charge. The more 

disordered carbon shows a better capacitance and stability at high working voltages.88  
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After that, Grey and co-workers also did some fundamental research for the purpose of gaining 

insight into the dynamic charge mechanism of EDLCs using in situ nuclear magnetic resonance 

(NMR) and electrochemical quartz crystal microbalance (EQCM) techniques. The studied 

electrode was commercial YP-50F activated carbon with an average pore size of 0.9 nm, and 

90% of its pore size distribution was lower than that of 2 nm. Their results show that the charge 

storage mechanism is very different for the positive and negative electrodes in PEt4BF4/ACN 

electrolyte. For the positive polarization charging process, the charging mechanism is the 

exchange of cations for anions, while for the negative polarization electrode, cations adsorption 

is the dominant charging mechanism (Fig. 2.6).135 Additionally, the in situ EQCM 

measurement results indicated that the electro-adsorption of ions is only partially solvated.135 

These results advance our understanding of the charge storage of anions and cations for positive 

and negative electrodes. They also indicate a need for further deep exploration of the charging 

mechanism of positive and negative electrodes with confined nanostructure in a wide range of 

electrolytes.  

 

Figure 2.6. In-pore ion populations for supercapacitor electrodes at different states of charge in the 

range −1.5 V to +1.5 V. a–c, In-pore ion populations for electrolyte concentrations of 1.5M (a), 0.75M 

(b) and 0.5M (c).135 

Later, Grey and co-workers further studied the ion dynamics inside the EDL electrodes using 

in situ diffusion NMR spectroscopy for controlling the charging storage mechanism and tuning 

the energy and power densities of the EDLCs (Fig. 2.7).139 The tested electrodes used for this 

research are two different commercial activated carbons, which are YP-50F and YP-80F with 

different porosities, and the electrolyte is PEt4BF4/ACN electrolyte with two different 

concentration (1.5 M and 0.75 M). Their in-situ pulsed field gradient NMR measurement 

results show that the ion diffusion coefficient inside the confined nanopore is around two orders 

of magnitude lower compared with that of the bulk electrolyte ions, and the in-pore ion 
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diffusion coefficient was determined by the pore size, electrolyte concentration, and working 

potential. In detail, for the negative polarization, increasing the polarized potential, there is a 

linear decrease in the diffusion coefficient of both cations and anions, and the decreasing level 

of anions is larger than that of cations (Fig 2.7a and b).139 While for the positive polarization, 

increasing the positive potential, only a minor diffusion coefficient variation of cations and 

anions was observed. The observed diffusion coefficient variation perhaps comes from an in-

pore ionic concentration with different charging potentials (Fig. 2.7c).139 For example, 

charging the electrode with negative potential, the main ion charging mechanism is the 

adsorption of counter ions, which induced an increase of the overall in-pore ionic concentration 

(Fig. 2.7d).139 The enhanced ion-ion interaction, leading to a decrease of the ion diffusion 

coefficient inside the nanopore (Fig. 2.7e).139 On the other hand, charging the electrode with 

positive surface charge, the primary charging storage mechanism is ion swapping/exchanging 

with minor ion population change inside the nanopore, leading to the negligible effect on the 

ion-ion interaction inside the confined nanopore. This research demonstrates the important 

interplay between charging mechanisms and dynamics and provides a wealth of information 

for increasing the understanding of ions' dynamic features under confined nanoporous 

electrodes. Importantly, these significant results indicate that controlling the charging storage 

mechanisms purely with the co-ion desorption instead of counter-ion adsorption could be an 

effective strategy to achieve the fastest charging ability at the high working voltage for thick 

electrodes.  
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Figure 2.7. in situ measurement of ion diffusion and population inside the nanopore. (a) and (b) are the 

cations and anions diffusion in YP50F- PEt4BF4/CAN with different working voltages; (c) total in-pore 

ion populations at different cell voltages; (d) schematic figures of charge storage mechanisms; (e) 

relationship between total in-pore population and in-pore cations diffusion coefficient.139 

At about the same time, O. Paris and co-workers studied the quantification of ion confinement 

and de-solvation in nanoporous carbon supercapacitors with in-situ X-ray scattering.140 The 

electrodes used for this research were those of commercial activated carbon (YP-80F), 

activated carbon, and carbide-derived carbon with an average pore size of 1.3 nm, 0.9 nm, and 

0.65 nm, respectively. The measured scattering data indicated that Cs+ and Cl- ions present a 

partial de-hydration in the mixed micro-mesoporous carbons with a mean pore size above 1 

nm. Additionally, the high interaction force between ions and inner solvated molecules could 

effectively prevent the complete de-solvation of ions penetrated into the nanoporous carbons 

even when the pore size is less than 1 nm. Moreover, their results show that there is a correlation 

between the degree of confinement and the degree of de-solvation.140 This infers that the 

performance of nanoporous electrodes not only depends on the nanoporous structure but also 

on the degree of de-solvation. Therefore, if we could successfully control the confinement 
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degree and solvation-number of ions, the performance prediction of nanopore carbon-based 

materials for EDLCs could be possible. 

2.2.2.2 Charging storage mechanism study based on simulation. 

Compare to advanced techniques with a high cost and complex for the study of the EDL 

charging mechanism, the simulation method with low cost and high efficiency could provide a 

molecule level observation and understanding of ion distribution and density profiles inside the 

nanoporous electrodes under both equilibrium and dynamic charging condition for the 

EDLCs.70,84,125,141-146 For instance, M. Salanne and co-workers studied the charge storage 

mechanism under a high nanoconfinement space using molecular dynamics simulations at the 

microscopic scale.48  In detail, they studied four different adsorption structures, which are edge, 

planar, hollow, and pocket sites, respectively. Their work demonstrated the important role of 

the local structure and the coordination and solvation for the charge storage of EDLCs. 

Additionally, the simulation results reveal that the distribution of the absorbed ions is quite 

different in these four types of charged sites, and the ion distribution and density for the 

nanoporous electrodes also largely depend on the applied potential (Fig. 2.8).48 Lastly, the 

results indicate that with the increasing degree of nanoconfinement, the de-solvation, and the 

stored local charge on the electrode increases. 

 

Figure 2.8. Effect of confinement on the efficiency of charge storage for applied potentials of 0V (a) 

and 1V (b) in the case of the ACN-based electrolyte.48 

Later, a theoretical and simulation study indicated that charging dynamics in sub-nanometre 

pores can be very different from than in the bulk electrolyte, which could accelerate up to 30 

times when the pore and the ion properties are well matched.51 Charging of the initially filled 

pores can lead to an overfilling of the porosity. This corresponds to a temporary state where 

there is a higher density of ions than that of the charging end-stage.51 This finding indicates 

that there is a difference between static and dynamic charging of supercapacitors. It further 



18 
 

indicates that the suitable matching of the nanoporous electrode-electrolyte system has the 

potential to achieve the EDLCs with both high energy and power density for the compact 

nanoporous electrodes with fast charging rates. 

Afterward, Patrice Simon and co-workers also studied the distribution of the ionic liquid inside 

the confined carbon nanopores to reveal a new charge storage mechanism for designing better 

materials for electrochemical applications.53 Their results show that the Coulombic ordering 

reduces in responses to the pores accommodate only a single layer of ions. In detail, EMI-TFSI 

and EMI-BF4 ionic liquid electrolytes can adopt a single layer or bilayer ions arrangement, 

which depends on the average pore size of the applied nanoporous electrodes. The Bilayer ions 

distribution does not break the coulombic ordering because of the ordered layers formed on 

each carbon wall. Single-layer inside ions, on the contrary, could break Coulombic ordering. 

This would lead to the formation of co-ion pairs. This non-Coulombic phenomenon could due 

to the repulsive electrostatic interactions between co-ions, which are being offset by the image 

charges induced in the carbon walls.53 This compensation effect could provide the potential to 

induces a highly dense ionic structure of counter-ions, which provides a reasonable explanation 

for the capacitance increase when the ion sizes and the average pore size of the electrodes are 

well matched. Furthermore, this significant research work indicates that the suitable ions-pore 

matching could be able to create a new charge storage mechanism for building the EDLC with 

both high energy and fast charge ability under sub-nanometer porous.  

Recently, Campbell and co-workers investigated the adsorption of several alkali-metal cations 

within graphene slit-pores with 0.6 nm pore size through the combination of hybrid first-

principle and continuum simulations.54 Their results show that lithium ions presented the 

capacitance of 75 F/g and 83 F/g, which is much lower than that of Cs+ ions (Fig. 2.9a).54 

Importantly, inside the nanoporous electrode with 0.6 nm pore size, the ionic charge of cations 

is smaller than that of the bulk values, which is mainly due to the charge transfer inside the 

nanoporous (Fig. 2.9b).54 From Fig. 2.9c, we can see that with the increase of the ion size, 

there is higher accessibility of the ion into the graphene slit pores. In this case, the binding 

energy of the cations with graphene slit pores also shows a decrease with the slit pore size 

between 0.6 nm to 1.5 nm (Fig. 2.9d).54 Their interesting results indicate the suitable choice of 

working electrolytes with highly polarizable ions could have the advantage of increasing the 

overall capacitance of the EDLCs. 
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Figure 2.9. Specific capacitance of nanoporous electrodes tested in 1 and 0.05 M aqueous working 

electrolytes with the scan rate of 0.5 mV/s; (b) Charge transfer ration of different alkaline cations on 

nano-slit porous graphene and graphene basal plane surface; (c) Binding energies and intercalation 

barrier of various alkaline cations on nano-slit porous graphene and basal plane graphene surface; (d) 

Calculating Binding energy of the various alkaline cations on nanoporous graphene with different pore 

diameters from density functional theory.54 

In our previous research, we carried out molecular dynamics simulations to gain a 

comprehensive understanding of how ions size, solvent properties, and charging potential 

affect the EDL structures.70 This was in reference to  5 nm graphene membrane electrode 

surface for different symmetrical monovalent aqueous electrolytes and thereby their 

contribution to the capacitance. The simulation results show that different electrolytes indeed 

have distinctive EDL structures (Fig. 2.10).70 Some larger ions (such as Rb+, Cs+, Cl–, and I–) 

exhibit partial dehydration, and in the process of this, they penetrate through the first water 

layer, which is next to the charged graphene surfaces. Additionally, the electrical potential 

distribution of the EDL and dielectric constant of water depend on the ion type and charging 

process. These findings confirm that the electrolyte properties and charging process (positive 

and negative) affect the capacitance of identical nanoporous electrode, and demonstrate the 

necessity of investigating the performance of positive and negative electrodes separately under 

the dynamic charging/discharging process. 



20 
 

 

Figure 2.10. The relative number density of different electrolyte ions as a function of distance from the 

graphene cathode surface with a charge of 0, –0.015, and –0.041 e/C-atom, respectively. The shaded 

regions represent the IHL and OHL.70 

2.2.2.3  Charging storage mechanism study mainly based on electrochemical characterization 

The combination of various electrochemical methods also could provide valuable information 

about ion effects of confined nanoporous electrodes with positive and negative surface charge 

densities on the charge storage mechanism of EDLCs.93,128 A. Striolo and co-workers studied 

the electrochemical performance of graphitic carbon electrodes with a pore-size range between 

0.65 nm to 1.6 nm in various aqueous electrolytes using electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) methods.93 They observed that when 

increasing the polarization potential of the sub-nanometre pore electrodes, there is a large 

increase in the capacitance. On the other hand, the capacitance of graphite carbon with larger 

pores (above 1 nm) does not significantly correlate with the applied working potential window. 

The reason for this is that the electro-adsorption of the ions inside the sub-nanometre pore is 

quite difficult to compare to the adsorption into the large pore.93 Therefore, if there is a need 

for the ions to penetrate into the sub-nanometre pore, the high energy needs to be provided to 

overcome the penetration energy barrier. Their experimental results indicate that there will be 

a pore and ion size-dependent charging storage mechanism of the active materials when the 

pore size of the electrode is comparable to the size of the hydrated ions. 

Later, Yan and co-workers studied the charging behaviours of cations and anions in 

supercapacitors based on their developed silica nanoparticle-grafted ionic liquids.128 Generally, 

they developed a method that has the ability to separately detect cations (BMIM+, NBu4
+) and 

anions (NTf2
−, PF6

−) in the nanoporous of activated carbon electrodes through utilizing their 

developed SiO2-grafted ILs. They applied a conventional CV characterization method to study 

the charging storage behaviours of BMIM+, NBu4
+, NTf2

−, and PF6
− ions at different 
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polarization states with a scan rate of 5 mV/s (Fig. 2.11).128 Their CV test of the effects of 

cations and anions on the capacitance demonstrates that the capacitance charge storage 

mechanism mainly comes from the counter-ion adsorption or counter-ions and co-ions 

exchange. Particularly, the adsorption of counter-ions is the predominate charging storage 

mechanism when the working potential is below -0.1 V/ref and above 0.9 V/ref. However, in 

the low polarized working potential range, the dominated charging storage mechanisms are 

counter-ion adsorption and ion swapping because of the competition between cations and 

anions. Finally, their results show that traditional electrochemical characterizations do allow 

the direct measurement of the ion effect information on the charge storage mechanism of nano-

porous electrodes through the suitable choice of electrolytes and electrodes. Their work is of 

great significance for the engineering of electrolytes involved in the efficient design of high-

performance EDLCs.  

 

Figure 2.11. Cyclic voltammetry curves of the YP-50F electrode in four different SiO2-grafted ILs with 

the same concentration of 0.25M in propylene carbonate (PC) at the different working potential range 

for 5 mV/s.  (a) SiO2-IL-BMIM+; (b) SiO2-IL-NTf2-; (c) SiO2-IL-NBu4+, and d SiO2-IL-PF6-.128  

In conclusion, the matching of pore size structure and electrolyte ions under nanoconfinement 

could significantly affect the electrode performance of EDLCs under dynamic conditions. 

Currently, the published research work demonstrates the effects of ion de-solvation, ion size, 
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ion valance, ion diffusion coefficients, ion adsorption, cations, and anions on the EDL 

capacitance for the nanoporous electrodes. Nevertheless, the importance of each ion effect on 

the EDL capacitance is not well studied and compared, a deep understanding of these confined 

ion effects on the EDL are still not fully established. Therefore, a comprehensive and well 

designable electrochemical characterization of confined ion effects on EDL/EDL capacitance 

is desirable to overcome these research gaps and contribute to the knowledge of charge storage 

mechanism, for accelerating the optimal design of next-generation EDL materials with both 

high capacitance and rate performance in large electrode thickness.  
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2.3 Research progress on pseudocapacitive electrodes  

When introducing a reversible redox reactant to the supercapacitor system, the whole 

supercapacitor system will possess charge-transfer features, which could increase the energy 

density of the energy storage devices. Based on the different faradic redox reactions, the redox-

reaction features can also be distinguished. One of these is the surface charge transfer 

controlled redox reaction, where the faradic reaction occurs at the solid/electrolyte interface.9,19 

The other one is the bulk redox-reaction, where the redox reaction leads to the valence state 

change of the solid component and controlled by the solid-ion diffusion.3,147 In regard to this 

second type, examples include several widely studied rechargeable batteries, such as lead-acid 

batteries, alkaline batteries, lithium-ion batteries, lithium-sulfur batteries, lithium-oxygen 

batteries as well as another alkali (Na+. K+) and multivalence ions batteries (Mg2+, Ca2+, Zn2+, 

and Al3+).12,148,149 With the ion transport advantage at the solid-liquid interface compared to 

that of the solid bulk phase,9,19 the energy storage devices with the surface redox reaction 

(called pseudocapacitors) present a high potential to achieve high energy density and fast power 

delivery. 

Currently, except for the new materials exploring and research in the electrochemical energy 

storage field, most research on pseudocapacitors is focusing on engineering electrode materials 

with new nanostructures (or nano-morphologies) to improve the dynamic capacity and cycling 

lifetime.4,150-154 The fundamental understanding focusing on ion storage and redox electron 

transfer at the electrode-electrolyte interface under different nanoconfinement level is much 

less. A better fundamental understanding of the ion storage and redox electron transfer at the 

electrolyte-electrode interface is the basis for advancing the design of energy storage devices. 

Based on the currently published research papers, some important and significant research 

work on the pseudocapacitors under nanoconfined space for energy storage is reviewed. 

Maria R. Lukatskaya and co-workers studied the intercalation of Li+, Na+, Mg2+, K+, NH4
+, and 

Al3+ ions between the 2D Ti3C2Tx layers for exploring the cation effects on the interaction 

charge storage of MXenes (Fig. 2.12).155 Their electrochemical results show that the ion 

interaction could happen in all these applied aqueous electrolytes for both multilayers 

exfoliated Ti3C2Tx and MXene paper electrodes made of several layers of Ti3C2Tx. The results 

also indicate that the achieved intercalation capacitances are also comparable to the activated 

carbon electrodes for supercapacitors. Specifically, the interaction performance largely 

depends on the pH and the natural properties of the cations. The best performance of the 
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nanoconfined MXene electrodes was observed in basic solutions, such as KOH and NaOH, 

which could reach to 350 F/cm3.155 

 

Figure 2.12. (a) CV curves of the Ti3C2Tx-based supercapacitor electrodes in NaOH, KOH, and LiOH 

electrolytes at the scan rate of 20 mV/s; (b) CV curves of the Ti3C2Tx-based supercapacitor electrodes 

in K2SO4, Al2(SO4)3, and Al(NO3)3 electrolytes at 20 mV/s; (c) Rate performances of the Ti3C2Tx-based 

supercapacitor electrodes in different aqueous working electrolytes.155 

Later, Manish Chhowalla and co-workers studied the ions intercalation on metallic 1T phase 

MoS2 nanosheets in various aqueous electrolytes intending to design the electrodes with high 

intercalation capacitance. Their research results show that the interlayer space expansion 

during the charging/discharging process largely depends on ion-types (Fig. 2.13).156 For 

example, the spacing expansions between the nanosheets of MoS2 because of the intercalation 

are 6.63, 6.09, 3.7 and 4.83 Å for Li2SO4, Na2SO4, K2SO4, and TEABF4, respectively. 

Furthermore, these level interlayer spacing increases are higher than that of the corresponding 

bare ions, indicating the co-intercalation of solvated molecules in this nanoconfined MoS2 

electrode instead of the bare ion intercalation for the normal battery cathode materials.  
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Figure 2.13. (a) XRD spectra of the achieved 1T phase MoS2 nanosheets (i) and cycled MoS2 film (ii–

vi) in different aqueous sulfate-based electrolytes: Li2SO4 (ii), Na2SO4 (iii), K2SO4 (iv), H2SO4 (v), and 

in TEA BF4/MeCN organic electrolyte (vi). (b) Schematics of restacked non-intercalated and 

intercalated 1T MoS2 nanosheets.156  

Recently, Olivier Fontaine and co-workers studied the bi-redox ionic liquid electrolyte charge 

storage inside nanoporous electrodes (Fig. 2.14).157 The research results show that the specific 

energy of supercapacitors based on nanoporous activated carbon and graphene oxide electrodes 

is doubled with the bi-redox ionic liquid electrolyte when compared to the same cell without 

redox-active electrolyte. Additionally, as the redox ions are confined inside the nanoporous 

structure of the electrodes, the self-discharge and leakage current is largely suppressed due to 

the confinement effect. Generally, this significant research demonstrates the necessity of 

studying interface redox electrolyte-based charge storage to further enhance the energy and 

power density of energy storage devices. 
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Figure 2.14. (a) Molecule structure of BMImTFSI IL and the bi-redox IL; (b) Self-discharge current 

for the devices based on PICA with BMImTFSI (blue line) or 0.5Mbiredox IL in BMImTFSI (red line) 

at room temperature; (c) Cyclic voltammetry at 5mV/s with 0.5M bi-redox IL in BMIm TFSI (solid 

line) and pure BMIm TFSI (dashed line), respectively; (d) CVs at 5mV/s of the PICA cell with 0.5M 

bi-redox IL in BMImTFSI (solid line), pure BMImTFSI (dashed line), and pure bi-redox IL (green 

line).157  

In summary, the above-reviewed research work significantly demonstrates the importance of 

redox-reactions under nanoconfinement for the observation of new charge storage behaviour 

as well as the enhanced electrochemical performance for the engineered redox-type charge 

storage electrodes. Currently, research work about redox-reaction at interfaces under different 

nanoconfined space levels is still in its infancy stage. The further deep understanding and the 

discovery of new charge storage features on the electrode-electrolyte interface charge transfer 

under nanoconfinement could contribute to building new charge storage theory for the redox-

type energy storage devices. 

2.4 Research progress on the supercapacitor devices (EDLCs) design 

Equation (2-2) indicates that the capacitance of the supercapacitor is determined by the 

capacitance of both negative and positive electrodes. Due to the different intrinsic properties 
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of cations and anions, identical electrodes can show different capacitance responses under 

negative and positive polarization in dynamic charging conditions. The stable operating 

potential window of negative and positive electrodes for the identical active materials can be 

very different due to the existence of the lowest unoccupied and highest occupied molecular 

orbitals (LUMO and HOMO) of the electrolytes. Therefore, it is important to investigate the 

capacitance/capacity of positive and negative electrodes separately by using the three-electrode 

test system instead of the two-electrode system. A better understanding of positive and negative 

dynamic charging/discharging processes provides chances for an optimal matching of positive 

and negative electrodes, which lays the foundation for the better design of supercapacitors at 

the integrated system level.  

Some preliminary research works have been done to address the matching strategy for positive 

and negative electrodes.55-58,60,91,158,159 In 2007, Wang and co-workers reported a supercapacitor 

composed of carbon electrodes with different pore size distributions (PSD) for the study of the 

fundamental relationship between the PSD of positive and negative electrodes and the 

performance of the EDLCs.56 These results showed that the asymmetric configuration (positive 

and negative electrodes are different) for the EDLCs exhibited better performance compared 

to the symmetric one (positive and negative electrodes are the same) because of the big size 

difference between cations and anions. Later in 2008, they reported the predominant 

contribution of the negative electrode for the EDLCs. The experiment result demonstrated that 

constructing asymmetric EDL electrodes could increase the overall performance of EDLCs 

because of the larger size of cations compared to the anions in 1.0 M TEMA BF4/PC 

electrolyte.160 Afterward, in 2013, Wu and co-workers investigated the important parameters 

affecting the cell voltage of aqueous EDLCs using several different configurations, 

demonstrating the importance of charge balance for the expanding of working voltage and the 

full utilization of active materials for the EDLC (Fig 2.15a).159 In 2015, the Gogotsi group 

studied the effect of electrolyte on the capacitance of EDLCs. These results showed that 

identical electrodes provide different responses to the anion and cation of the electrolyte, and 

the working voltage could be expanded by introducing suitable electrolytes for the EDLCs (Fig. 

2.15b).91  
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Figure 2.15. (a) Relation among cell voltage retention, mass ratio and specific energy retention at the 

middle (circle) and one-third points (triangular) cases.159 (b) Cyclic voltammograms for cells assembled 

with EMI-TFSI electrolyte showing the response of the whole cell (black line) as well as the individual 

electrodes at different operating voltage.91 

These works have demonstrated the importance of matching positive and negative electrodes 

for the EDLC device design. However, due to the limitation of electrode materials, and the use 

of the trial and error matching strategy on supercapacitors, the optimal matching design for 

positive and negative electrodes (pore size, thickness) under the dynamic charging process on 

device-level has not been achieved in supercapacitors. This severely restrains the development 

of high-performance supercapacitors on the integrated device level.  
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2.5 Research aims 

Based on the literature review, this PhD project will investigate the nanoconfinement effects 

on the electrochemical performance of nanoporous multilayered graphene-based electrodes in 

various energy storage electrolytes (such as aqueous electrolytes with different ions, redox-

reactive electrolytes with I- and Zn2+) under dynamic charging/discharging conditions. It will 

also explore the device-level design of energy storage devices.  

First, I study the nanoconfinement effects on EDL capacitance of positive and negative 

electrodes in various chlorine ion-based aqueous electrolytes. I will conduct these by using 

experimental and simulation methods for guiding the next-generation high-performance 

electrolyte selection and increasing the charge storage behaviour understanding, for 

accelerating the design of a high-performance electrode-electrolyte system.  

Second, I study the nanoconfinement effects on the redox-reactive electrolyte system, 

especially the nanoconfined ion effects on surface electrochemical reaction rates for the new 

charge storage phenomenon observation. This will lead to the building of new fundamental 

charge storage knowledge and new charge storage systems for the electrochemical community. 

Finally, I apply the machine learning method to the performance prediction of positive and 

negative electrodes, with the combination of the numerical method and the domain knowledge, 

assisting the optimal design of energy storage devices on the integrated system level. As a 

result, the research methods, techniques, and results presented in this PhD thesis could advance 

the understanding of confined ion effects on the performance of energy storage electrodes and 

accelerate the next-generation high-performance energy storage device design. 

  



30 
 

Chapter 3 Ion-specific effect on the EDL capacitance of 

nanoporous graphene-based electrodes 

3.1 Introduction 

The electric double layer (EDL) is an interface structure that appears between an electrode and 

an electrolyte when a charged electrode is exposed to an electrolyte.19 The electrolyte counter 

ions (counter-ions: having an opposite charge to that of the electrode surface charge) are closely 

attracted to the electrode surface via the electrostatic force to form an EDL structure to store 

charge.24 Usually, the EDL is comprised of two layers; one is the stern layer, which electrically 

screens the surface charge via the adsorption of counterions. The second layer is loosely 

associated with the charged surface, which is called the diffusion layer. The ion information in 

these layers plays a priority role in the in-depth exploration of charge storage as well as the 

ions dynamic behavior under nanopores.161 The EDL capacitance depends on the type of ions 

(also called ion-specific effect on EDL capacitance).130 A better understanding of ion features 

inside the electric double layer (EDL) structure could, therefore, advance the engineering of 

the electrode/electrolyte interface to increase the charge storage ability of the supercapacitor 

electrodes, and thus efficiently increase the energy and power density of supercapacitor devices.  

Currently, most research within the supercapacitor community is focused on developing new 

capacitive materials and electrode structures, high working voltage electrolytes, and 

asymmetric and hybrid supercapacitors devices for obtaining supercapacitor devices with high 

power and high energy density.23,24 The exploration and profound fundamental studies of EDL 

for revealing the detailed charge storage mechanism and ions information of supercapacitors 

are wholly insufficient, especially from the combination of experiment and simulation aspects. 

Because of the high importance of nanoporous structure and ion distribution, comprehensive 

exploration studies and new fundamental understanding of various ions inside the nanoporous 

electrode are demanded, which could contribute to the predictive design of the next-generation 

electrode-electrolyte system with excellent electrochemical performance. 

Notably, molecular dynamic (MD) simulation results have shown that under nanoconfinement 

space, the ions could present ion-specific effects, which come from the ion size, ion-specific 

adsorption, ion distribution, ion hydration energy and ion-ion correlation, etc.83,86,162-164 These 

effects have an essential role in determining the resulted EDL structure, ion dynamic behaviour, 

and EDL capacitance.83,161 However, due to the limitations of MD simulations (big gaps in 
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time and length scale compared to the practical application), whether these observed confined 

ion effects on performance achieved from MD could directly transfer to the practical 

electrochemical electrodes is still questionable. Additionally, due to the limitation of the 

previously reported electrodes which exhibit disorder and complex porous structure and broad 

pore size distribution, the well designed electrochemical characterization experiments focusing 

on ion-specific effects on the EDL capacitance have not been fully achieved. The behind 

mechanism of ion-specific effects on the EDL capacitance is also not clear. 

Electrolytes used for supercapacitors have a high concentration to ensure a high ionic 

conductivity, which decreases the internal resistance of the device. When the ion 

concentrations are high, the natural difference between ions cannot be ignored, especially in 

the EDL region, where the different ions can induce different EDL structures even with 

identical nanoporous electrodes.54,70,165 It is well-known that the charge storage of the 

conductive pore-electrode is highly influenced by the EDL structure when polarizing the 

electrode, where the EDL structure profile is the position and intensity distribution of counter-

ions and co-ions (co-ions: having charge with the same sign as electrode surface charge).83 

Therefore, we propose our research hypothesis that besides the counter-ion effects on the EDL 

capacitance, the co-ions also present the possible ability to induce a difference of EDL structure, 

thus leading to different charge storage capacitance and charge storage mechanisms for the 

supercapacitor electrodes.  

Until now, the comprehensive electrochemical experiment of the co-ion effects on the EDL 

capacitance is not well studied and designed, and effective results are also not precise. 

Therefore, with the consideration of the complexity and importance of ion-specific effects on 

the electrode performance under nanoconfinement, comprehensive experiments to measure the 

electrochemical performance for a range of tunable nano-sized electrodes and electrolytes are 

necessary to reveal a better understanding of ion-specific effects on EDL capacitance, and 

identify or discovery a new charging storage mechanisms on EDL electrodes. 

In this chapter, we systematically do the electrochemical characterization of various aqueous 

chloride ion-based electrolytes in nanoporous graphene-based electrodes. The experimental 

results help to identify the ion-specific effects on the electrode performance. Interestingly, the 

co-ion does indeed present an impact on the EDL capacitance (the capacitance in HCl is higher 

compared to KCl) when charging porous electrodes with a positive charge at a low charging 

rate. We also carried out a series of electrochemical characterization in the mixed KCl/HCl 
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electrolytes with varying amounts of HCl. The open-circuit potential and potential of zero 

charges of graphene-based electrodes observed in these electrolytes indicated that there is the 

specific adsorption of the proton to the electrodes, indicating a possible new charging storage 

mechanism when polarizing the porous-electrodes with the positive charge. Furthermore, we 

also conducted comprehensive continuum simulation studies to discuss the possible charge 

storage mechanism for the enhanced capacitance based on modified Poisson-Nernst-Plank and 

Poisson-Boltzmann theory.  

As a result, this research study could provide new insights into ion behaviour inside the EDL 

in various aqueous electrolytes and contribute an in-depth, comprehensive understanding of 

confined ion-specific effects on EDL capacitance for the supercapacitor community. 

Additionally, this fundamental research of EDL and electrolytes could reshape the guidelines 

for choosing suitable electrolytes for supercapacitor design, resulting in high EDL capacitance 

of electrodes used as both positive and negative components for the supercapacitor devices. 

Lastly, the substantial understanding of proton EDL structure achieved in this work could also 

stimulate the discovery of new knowledge and theory for hydrogen evolution reaction and 

metallic corrosion communities. 

3.2 Materials and methods 

3.2.1 Synthesis and characterization of nanoporous graphene-based materials 

Chemically converted graphene (CCG) dispersion was synthesized by following the method 

described in Reference.166 Briefly, graphene oxide colloid (0.5 mg/ml, 200 ml) made from the 

modified Hummers’ method was mixed with 0.35 ml hydrazine (64wt% in water) and 0.8 ml 

ammonia (28wt% in water) solution in a glass vial. After being vigorously shaken for a few 

minutes, the flask was put in a water bath (~100 ℃) for 3 hr. 

The nanoporous graphene-based electrodes (NPGEs) were fabricated by following the method 

we previously reported.47 Generally, taking 20 ml of the reduced CCG dispersion for the 

vacuum filtration until no CCG solution on the top of the membrane. After that, the achieved 

membranes were washed with distilled water several times to remove the extra hydrazine and 

ammonia. Then, the membranes were exchanged with the H2SO4 solution with different 

concentrations for two days, followed by a freezing dry process for two days. Afterword, the 

freezing dry membranes were washed with distilled water to remove the inside H2SO4. The 

filtration dry sample is achieved by overnight filtration (around 19 h filtration). 
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Figure 3.1. Illustration of synthesizing of graphene-based electrodes with tunable nanopore size. 

The physical methods for characterizing the pore-size of nano-porous membrane electrodes 

mainly include Brunauer–Emmett–Teller (BET) gas adsorption method,117 methylene blue 

adsorption method,167 dynamic electrosorption analysis method,168 and x-ray diffraction 

analysis method.129 The comparisons and limitations of applying these methods to characterize 

the pore size of our synthesized graphene-based membranes have been discussed and reported 

by our group’s previous publication.47,102,168,169 Briefly, the BET gas adsorption method has the 

thermal annealing and vacuum cleaning procedures during the characterization. These 

procedures could change the pore size of our fabricated graphene-based membranes because 

of the removal of interlayered water molecules.169 The methylene blue adsorption method is 

not suitable for characterizing the micropore.47 The dynamic electrosorption analysis method 

has the limitation of quantifying the pore size.168,169 The x-ray diffraction analysis method is 

difficult to determine the interlayer space of our graphene-based membranes due to the 

microscopically corrugated structure of the chemical converted graphene.47,102 Our synthesized 

graphene-based membranes are formed by parallel chemical converted graphene sheets. There 

is a simple relationship between membrane thickness and the average interlayer distance (also 

called slit pore size). Following the method developed by our group,46,102 I measured the 

thickness of the graphene-based membranes and then calculated the average interlayer distance 

(slit pore size) according to the following formula102: 

𝑑𝑑 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑔𝑔𝐴𝐴𝐴𝐴𝑔𝑔ℎ𝐴𝐴𝑑𝑑𝐴𝐴 × 𝑇𝑇ℎ𝑑𝑑𝑐𝑐𝑖𝑖𝑑𝑑𝐴𝐴𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝐴𝐴𝑑𝑑𝑑𝑑 𝐴𝐴𝑜𝑜𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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Where the areal mass density of graphene is reported to be 0.77 mg/m2, the thickness of the 

NPGE was measured using a digital micrometer at 1 um resolution.102  

3.2.2 Electrochemical characterization of multilayered graphene-based materials 

The electrochemical characterizations include open-circuit potential (OCP), electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge 

(G-CD). They were performed using Bio-logic VSP-300. Three-electrode configuration setup 

is applied for the comprehensive electrochemical studies, where the reference electrode is 

saturated calomel electrode (SCE), the counter electrode is the hydrogel graphene membranes, 

and the mass loading is two times that of working electrodes to prevent the electrolyte 

decomposition on the counter electrode side.  

The electrolytes used in this chapter are 1 M LiCl, 1 M NaCl, 1 M KCl, 1 M CsCl, 1 M BmimCl, 

1 M HCl electrolyte. 0.01 M HCl+1 M KCl mixture electrolyte, 0.1 M HCl+0.9 M KCl mixture 

electrolyte. 

The electrodes used for the research study are the synthesized hydrogel nanoporous graphene-

based electrode with an average pore size of 10 nm (NPGE-10nm), 0.1 M H2SO4 solution 

mediated nanoporous graphene-based electrode with an average pore size of 1.0 nm (NPGE-

1nm), filtration dry nanoporous graphene-based electrode with the average pore size of 0.7 nm 

(NPGE-0.7nm). The area density of the electrodes is around 0.6 mg/cm2.  

 

Figure 3.2. Illustration of the electrochemical test setup. 

The equation used for calculating the capacitance of various NPGEs (different pore size and 

thickness at different scan rates) are based on CV results: C=∫ 𝑗𝑗𝑑𝑑𝑑𝑑/𝑣𝑣
𝑣𝑣 𝑠𝑠⁄
0 , where C is gravimetric 

capacitance (F/g), j is absolute gravimetric current density (A/g), s is the scan rate (V/s), and 𝑣𝑣 
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is the potential window (V).4 To calculate the volumetric capacitances, the gravimetric 

capacitance was multiplied by the volumetric (g/cm3) density of the electrodes. 

3.3 Results and discussion  

3.3.1 Nanoconfined counter-ion effects on the EDL capacitance of nanoporous 

electrodes under negative polarization 

3.3.1.1  Nano-porous graphene-based electrode with an average pore size of 10 nm 

To explore the ion-specific effect (ion type dependent) on the EDL capacitance of nanoporous 

electrodes, I first studied the electro-adsorption of various monovalent cations at different 

charge rates under negative polarization using a three-electrode configuration setup. Fig. 3.3a 

presents the curves of differential capacitance-negative polarization in various chloride ion-

based monovalent ions aqueous electrolytes at the low scan rate (2 mV/s). All these curves 

show ideal EDLC features with a rectangular shape, and the differential capacitance is almost 

constant and independent of the applied voltage at this slow scan rate. In detail, the achieved 

differential capacitance for the identical NPGE-10nm in these alkaline electrolytes are quite 

similar, while the differential capacitance in 1 M HCl is much higher than that of other 

electrolytes, which possibly due to the extra specific ion adsorption sites for the proton 

adsorption due to the existence of oxygen functional groups of our synthesized graphene-based 

electrode. 

Interestingly, the Bmim+ ion with the largest ion size also exhibited higher capacitance compare 

to that of K+ and Cs+. This impressive result may be because BMIM+ ions prefer to adsorb 

significantly on neutral and negatively charged electrodes, and with the increase of the surface 

charge, the BMIM+ ions tend to be more close to the charged surface,86 which could induce the 

higher capacitance of BMIM+ ions in compared to that of the smaller K+ and Cs+ ions. When I 

further increased the charge rate to 20 mV/s, the differential capacitances in LiCl, NaCl, KCl, 

CsCl, and BmimCl electrolytes are almost the same, while the capacitance in 1 M HCl is much 

higher than that of the above electrolytes (Fig. 3.3b). 

Comparing Fig. 3.3 a and b, we could see that the capacitance of prepared electrodes (NPGE-

10nm) at 20 mV/s show a slightly higher capacitance than that of the capacitance at 2 mV/s. 

After a comprehensive literature searching, we did not find reasonable clues to understand this 

observed unusual result. In the following, we provide some discussions. First, the electrode has 

an average slit pore size of 10 nm and areal mass loading of 0.6 mg/cm2. At such a large pore 
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size and low areal mass loading, the ion diffusion resistance should be small. It is reasonable 

to expect that the electrodes could maintain the capacitance at a relatively high charging rate. 

In our experiments, the capacitance at 20 mV/s is close to the capacitance at 2 mV/s (Fig. 3.9). 

Second, based on the self-discharge results of these electrodes (Fig. 3.14), we could see that 

after resting the electrodes for 1,800 s, there is a decrease of the stored charge due to the self-

discharge. There is a possibility that during charging, the electrodes simultaneously undergo 

self-discharge. The self-discharge at 2 mV/s is likely more significant than that at 20 mV/s, 

leading to the observed slightly lower capacitance. 

Furthermore, when we increase the charge rate to 200 and 1,000 mV/s (Fig 3.3c and d), the 

results show that the differential capacitance is in the order of C_1M HCl > C_1M KCl = C_1M CsCl > 

C_1M LiCl = C_1M NaCl > C_1M BmimCl, which is quite different to the results observed at a slow 

charge rate. These results agree with the diffusion coefficient of these ions in the aqueous 

solution (Tab. 3.1). The electrochemical characterization results for ion confined in the 10 nm 

nanopore electrode suggest that the effect of the ions on EDL capacitance also largely depends 

on the charging rates and electrode surface properties (especially the oxygen functional groups).  

Table 3.1 Ion hydrated and dehydrated radius and ionic diffusion coefficients and hydration 

enthalpies.170-173 

 

 

Ion Hydrated Radius1 
(Å) 

Dehydrated Radius1 
(Å) 

diffusion coefficients 
(10-6 cm2s-1) 

Hydration 
Enthalpies4 (kJ 

mol-1) 
K+ 3.31 1.49 1.96 -322 

Li+ 3.82 0.94 1.0 -519 

Na+ 3.58 1.17 1.3 -406 

Cs+ 3.29 1.86 2.0 -264 

Bmim+ NA 2.9 in width 0.4-0.8 NA 

H+ 2.8 NA 9.3 -1091 

Cl- 3.32 1.64 2.0 -381 
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Figure 3.3. (a), (b), (c) and (d) show the CV curves of NPGE-10nm  in 1 M LiCl, 1 M NaCl, 1 M KCl, 

1 M CsCl, 1 M BmimCl and 1 M HCl electrolytes under the scan rates of 2 mV/s, 20 mV/s, and 200 

mV/s and 1,000 mV/s, respectively. 

3.3.1.2  Nano-porous graphene-based electrode with an average pore size of 1 nm 

Next, I narrowed down the average pore size of our developed graphene-based membrane 

electrodes to 1.0 nm to further evaluate the ion type effect on the EDL capacitance response at 

such a nanoconfined interface. Fig. 3.4a presents the curves of differential capacitance-

negative polarization in the chloride ion-based monovalent ion aqueous electrolytes at the low 

scan rate (2 mV/s). The shape of the curves are very similar to that of the 10 nm pore size 

electrodes, and the HCl electrolyte also has the best capacitance compared to other tested 

electrolytes. Notably, as the pore size narrows down to 1.0 nm, the EDL capacitance in 1 M 

LiCl and 1 M KCl is almost the same, which is different from the observed capacitance of 

NPGE-10nm. The decrease of EDL capacitance in LiCl electrolyte maybe comes from the 

larger hydration size of Li+, demonstrating the nanoconfined effect about lithium ions on the 

EDL capacitance. To explore the confined ion effect under dynamic charging/discharging 

conditions, we further increase the scan rate to 200 and 1,000 mV/s (Fig.3.4c and d), the 

capacitance-potential curves quite agree with that achieved on NPGE-10nm, while notably, 
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there is a larger capacitance decrease compared to that of NPGE-10nm, especially for the ions 

with large hydration sizes and low diffusion coefficients.  

 

Figure 3.4. (a), (b), (c) and (d) show the CV curves of NPGE-1nm in 1 M LiCl, 1 M KCl, 1 M BmimCl 

and 1 M HCl electrolytes under the scan rates of 2 mV/s, 20 mV/s, and 200 mV/s and 1,000 mV/s, 

respectively. 

3.3.1.3  Nano-porous graphene-based electrode with an average pore size of 0.7 nm 

Later, I further engineered the average pore size of the graphene-based membrane electrodes 

down to 0.7 nm to characterize the electrochemical performance in the mentioned above 

electrolytes. Generally, comparing Fig. 3.5a and Fig 3.3a, the capacitance tested in these test 

electrolytes for the sub-nanometer electrode is smaller than that of the NPGE-10nm. This result 

is quite different from the previously reported results,119 where the observation of capacitance 

increased in the sub-nanopore electrode due to partial dehydration. Based on recently published 

research, with the decrease of the nanopore size, there is a decrease in the dielectric constant 

of the water molecules.70,174 Therefore, the capacitance decrease of the NPGE-0.7nm indicates 

that the dielectric constant possibly plays a decisive role in the EDL capacitance instead of ion 

(ion de-hydration) size effect. 
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Additionally, we also observed that the charging curve obtained in 1 M BmimCl electrolyte is 

quite different compared to other tested electrolytes, even at a very low scan rate, the 

differential capacitance achieved in BmimCl electrolyte is smaller than that of the other tested 

electrolytes. These results may be due to the much larger ion size of the Bmim+ (with the length 

of 1.1 nm, a width of 0.58 nm),173 which is not favorable to the penetration of Bmim+ ions into 

these sub-nanometer pores, resulting in the decrease of the EDL capacitance. This result 

indicates the importance of pore size on the EDL capacitance, especially for the working 

electrolyte with large counter ions. 

After further increasing the scan rate to 200 and 1,000 mV/s (Fig.3.5 c and d), we can see the 

EDL capacitance in the BmimCl electrolyte decrease almost down to 0. Even for protons with 

a high diffusion coefficient, with the increase of the charge rate, there is still a considerable 

decrease of the EDL capacitance (the integrated area of the discharge curve) of NPGE-0.7nm. 

In general, the electrochemical characterization results achieved here highly indicate the 

importance of each ion effects (such as ion steric, ion diffusion coefficient, ion dehydration, 

ion-specific adsorption) on the EDL capacitance depends on the charging rate, pore size and 

surface chemistry of electrodes. Mainly, due to the large capacitance difference between HCl 

and other studied electrolytes on all the three tested confined electrodes with the pore size of 

10 nm, 1 nm and 0.7 nm under various dynamic charging rates, we propose the charge storage 

mechanism of the proton is quite different with other ions.  
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Figure 3.5. (a), (b), (c) and (d) show the CV curves of NPGE-0.7nm in 1 M LiCl, 1 M KCl, 1 M 

BmimCl and 1 M HCl electrolytes under the scan rates of 2 mV/s, 20 mV/s, and 200 mV/s and 1,000 

mV/s, respectively. 

3.3.2 Nanoconfined co-ion effects on the EDL capacitance of nanoporous electrodes  

3.3.2.1  Nano-porous graphene-based electrode with an average pore size of 10 nm 

According to the above-nanoconfined ion effect studies, we could conclude that with the 

change of the used electro-adsorption counter ions, there is the variation of the EDL 

capacitance. The ion effects on the EDL capacitance largely depend on the charging rates and 

pore sizes. Compare to the research study of counter-ion effects on the EDL capacitance. I am 

also interested in co-ion effects on the EDL capacitance because the device performance 

depends on both positive and negative electrodes. The understanding of co-ion effects on the 

EDL capacitance could provide valuable information on engineering an electrolyte for both 

positive and negative electrodes with high performance. Based on this research idea, and the 

importance of nanopore structure on performance, we continued to do the comprehensive 

cyclic voltammetry (CV) study of the NPGE-10nm, NPGE-1nm and NPGE-0.7nm in the above 

electrolytes (same counterion: Cl-, different co-ion: Li+, Na+, K+, Cs+, Bmim+, H+) under 
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positive polarization to evaluate the co-ion effects on EDL capacitance. To remove the negative 

charge effect on the EDL capacitance, the starting potential is the potential of zero charges 

(PZC), meaning the surface charge of the electrode is zero at this potential. The method of 

determining PZC has been widely reported.175 Fig. 3.6 presents the EDL capacitance of 10 nm 

pore size electrodes in these six electrolytes at different charge rates. Interestingly, considering 

the electro-adsorption of the same counter ions, the identical electrodes in these same counter-

ion electrolytes show different EDL capacitance at a very slow charge rate (Fig. 3.6a), 

especially for the HCl electrolyte, and the capacitance order in these electrolytes are quite 

agreement with that presented for the negative charge process (counter-ion effect study). 

Additionally, with the increase of scan rate, the capacitance ratio of the identical electrode 

charged in 1 M HCl and other electrolytes also increased. Especially, when the scan rate 

increase to 1,000 mV/s (Fig. 3.6d), the EDL capacitance in 1 M HCl electrolyte is around 2 

times that in 1 M BmimCl, even for the same Cl- adsorption for the EDL capacitance. These 

results indicate there may be a co-ion exchange charge storage mechanism for the positive 

polarization of the confined graphene-based electrodes under a fast charge rate condition. 

Importantly, the observed electrochemical results also demonstrate that there is a co-ion effect 

for the EDL capacitance, especially for the fast charge rate demand.  
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Figure 3.6. (a), (b), (c) and (d) show the CV curves of NPGE-10nm  in 1 M LiCl, 1 M KCl, 1 M 

BmimCl and 1 M HCl electrolytes for positive charge under the scan rates of 2 mV/s, 20 mV/s, and 200 

mV/s and 1,000 mV/s, respectively. 

3.3.2.2  Nano-porous graphene-based electrode with an average pore size of 1 nm 

Next, we decreased the pore size of graphene-based nanoporous electrodes to further study the 

nanoconfined co-ion effect on the EDL capacitance in the above electrolytes. The shape of the 

capacitance-potential curve of the NPGE-1nm is quite similar to that of the NPGE-10nm, with 

a slight difference at high charging rates (Fig. 3.7). At 1,000 mV/s, we can see the EDL 

capacitance in 1 M HCl electrolyte is much higher than that of 1 M BmimCl electrolyte (around 

three times for NPGE-1nm vs. two times for NPGE-10nm). Additionally, the EDL capacitance 

response in these electrolytes with the same counter ions (Cl- as electro-absorption ion) is quite 

similar to the EDL capacitance with the different counter ion (Li+, Na+, K+, Cs+, Bmim+, and 

H+ as the electro-adsorption ions). These interesting results have not yet been well observed or 

reported.  

 

Figure 3.7. (a), (b), (c) and (d) show the CV curves of NPGE-1nm in 1 M LiCl, 1 M KCl, 1 M BmimCl 

and 1 M HCl electrolytes for positive charge under the scan rates of 2 mV/s, 20 mV/s, and 200 mV/s 

and 1,000 mV/s, respectively. 
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3.3.2.3  Nano-porous graphene-based electrode with an average pore size of 0.7 nm 

Afterward, we further decreased the pore size of the graphene-based nanoporous electrodes to 

0.7 nm, which is smaller than the hydrated ion size, to evaluate the co-ion effect on the EDL 

capacitance under such sub-nanometer confined nanopore. The curves of the capacitance-

potential of the NPGE-0.7nm are quite similar to that of the NPGE-10nm and NPGE-1nm (Fig. 

3.8). The difference mainly comes from the high charge rates. At 200 and 1,000 mV/s, we can 

see the EDL capacitance in 1 M BmimCl electrolyte is close to zero with the positive surface 

charge, and the EDL capacitance of the identical electrode in 1 M HCl and 1 M KCl electrolytes 

are more than fifty times and ten times than that in 1 M BmimCl electrolyte. These interesting 

results demonstrate that the possible predominant charge storage mechanism is co-ion 

repulsion and exchange instead of counter-ion adsorption at a fast charging rate. 

 

Figure 3.8. (a), (b), (c) and (d) show the CV curves of NPGE-0.7nm  in 1 M LiCl, 1 M KCl, 1 M 

BmimCl and 1 M HCl electrolytes for positive charge under the scan rates of 2 mV/s, 20 mV/s, and 200 

mV/s and 1,000 mV/s, respectively.                                                                                                                        

3.3.3 Proton effect on the EDL capacitance of nanoporous graphene-based electrodes 
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The above-observed results on co-ion effects on the EDL capacitance indicate that the different 

nanoconfined ion-ion combinations could lead to different EDL capacitance, especially for the 

proton. To further evaluate the role of proton in determining the EDL capacitance and charge 

storage mechanism under positive surface charge process, we also did a comprehensive 

electrochemical characterization of the developed graphene-based nanoporous electrodes in 1 

M KCl, 1 M HCl, and mixture KCl/HCl electrolytes under positive polarization.  

We conducted the comprehensive cyclic voltammetry (CV) studies of the NPGE-10nm, 

NPGE-1nm, and NPGE-0.7nm in KCl and mixed HCl/KCl electrolytes with different H+ 

concentrations (same counterion: Cl-, different co-ion: K+, H+) for the positive polarization. To 

eliminate the negative charge effect on the EDL capacitance, the starting potential is the 

potential of zero charge. 

Fig. 3.9 presents the EDL capacitance of NPGE-10nm in these electrolytes at different charging 

rates. Interestingly, besides the similar results achieved in the previous positive polarization 

test (Fig. 3.6), the performance of the identical electrode weakly depended on the proton 

concentration at a very slow charge rate (Fig. 3.9a). With the addition of 0.01 M HCl to the 1 

M KCl electrolyte, there is a significant increase of the capacitance during the positive surface 

charge. Considering there is no observation of peaks from these CV curves, and the working 

potential range also beyond the redox potential of protons and quinone-type groups, the 

indication is that the capacitance increase in HCl electrolytes with various concentrations is not 

primarily due to the faradic reaction between proton and surface oxygen functional 

groups.176,177 With the increase of scan rates (increase to 1,000 mV/s), the capacitance achieved 

in KCl and mixture KCl/HCl electrolytes is close (Fig. 3.9b and c), indicating the importance 

of ion centration on the EDL capacitance at a fast charging rate. Especially, with the increase 

of the charging rate, there is an increase of the normalized capacitance (capacitance ratio of the 

identical electrode in HCl and KCl electrolytes). The above-observed results indicate that with 

the increase of the charging rate, there is an increase of the co-ion repulsion charge storage 

mechanism for the positive polarization of the confined graphene-based electrodes. 

Importantly, at a low charge rate, there is enough time and space for the electro-adsorption of 

Cl- to screen the surface charge of the NPGE-10nm. Therefore, the capacitance difference at 

the slow charge rate for the NPGE-10nm in these electrolytes should not come from the counter 

ion adsorption mechanism.  
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Figure 3.9. (a) and (b) show the CV curves of NPGE-10nm in 1 M KCl, 1 M HCl and mixture 

electrolytes for positive charge under the scan rates of 2 mV/s and 1,000 mV/s, respectively; (c) and (d) 

show the capacitance and normalized capacitance of the NPGE-10nm in 1 M KCl, 1 M HCl, and mixture 

electrolytes for the positive charge under different charge rates. 

Furthermore, we decreased the pore size of the graphene-based nanoporous electrodes to 

further study the nanoconfined proton effect on the EDL capacitance in the above electrolytes 

(Fig. 3.10). The curves of the capacitance-potential of the NPGE-1nm are quite similar to that 

of the NPGE-10nm. The difference mainly comes from the high charge rates. With the increase 

of the proton concentration, there is an increase in the rate ability of the electrode, especially 

at 1,000 mV/s. We can see the EDL capacitance in the 1 M HCl electrolyte is much higher than 

that in 1 M KCl electrolyte (around 1.8 times of NPGE-1nm vs. 1.5 times of NPGE-10nm). 
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Figure 3.10. (a) and (b) show the CV curves of NPGE-1nm in 1 M KCl, 1 M HCl, and mixture 

electrolytes for the positive charge under the scan rates of 2 mV/s and 1000 mV/s, respectively; (c) and 

(d) show the capacitance and normalized capacitance of the NPGE-1nm in 1 M KCl, 1 M HCl, and 

mixture electrolytes for the positive charge under different charge rates. 

Afterward, we further decreased the pore size of the graphene-based nanoporous electrodes to 

0.7 nm, which is smaller than the hydrated ion size of K+ and Cl-, to evaluate the proton effect 

on the EDL capacitance under such sub-nanometer confined space. The curves of the 

capacitance-potential of the NPGE-0.7nm are quite similar to that of the NPGE-10nm and 

NPGE-1nm (Fig. 3.11). Notably, even with the slow charge rate, the normalized capacitance 

can still reach 1.5, which is higher than 1.2 (for NPGE-10nm) and 1.25 (for NPGE-1nm). At 

1000 mV/s, we can see the EDL capacitance in 1 M KCl electrolyte is less than 15 F/g, the 

EDL capacitance in 1 M HCl electrolyte is higher than 45 F/g, more than three times of that in 

1 M KCl electrolyte (around 1.8 times for NPGE-10nm and 1.5 times for NPGE-1nm), highly 

indicating the importance of confined ion effect and appearance of special ion effect under 

nanoconfined pore electrodes. 
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Figure 3.11. (a) and (b) show the CV curves of NPGE-0.7nm in 1 M KCl, 1 M HCl, and mixture 

electrolytes for the positive charge under the scan rates of 2 mV/s and 1000 mV/s, respectively; (c) and 

(d) show the capacitance and normalized capacitance of the NPGE-0.7nm in 1 M KCl, 1 M HCl, and 

mixture electrolytes for the positive charge under different charge rates. 

3.4 Discussions of proton effects on EDL capacitance from electrochemical 

characterization 

Although interesting and surprising results were observed for the co-ion effects, especially 

proton, on the EDL capacitance of different pore size electrodes. However, the behind charge 

storage mechanism has not been well understood in regard to its surprising capacitance increase 

in HCl electrolyte (compare to KCl electrolyte) during the positive surface charging process 

from the cyclic voltammetry characterization study. Therefore, we continued to apply other 

electrochemical characterizations to understand the possible un-explored mechanism for this 

interesting result. 

Firstly, we did the open circuit potential (OCP) test of the NPGE-10nm in the above 

electrolytes (before the test, the electrode was immersed in the tested electrolyte and stirred 

continuously at a rate of 350 rpm for 24 hours). The results showed that with the increase of 
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the HCl, there is an increase in the electrode OCP (Fig. 3.12a). Considering the identical 

physical and chemical properties of the electrodes, the increase of the OCP should come from 

the proton. The specific reason for this kind of potential increase in HCl electrolyte is the 

adsorption of the proton on the electrode surface, leading to an increase in the surface potential 

of the graphene-based electrodes. When we compared the electrochemical results of OCP and 

PZC (Fig. 3.12b), we could conclude that the proton adsorption is mainly physical adsorption 

instead of chemical adsorption, which means the interaction force between proton and pore 

surface is not very strong.  

 

Figure 3.12. (a) and (b) show OCP and PZC results of the NPGE-10nm in 1 M KCl, 1 M HCl, and 

mixture electrolytes. 

Fig. 3.13 shows the experimental Nyquist plots of the identical 10 nm nanoporous sample 

investigated above in different aqueous electrolytes. At 0 V and 0.1 V/PZC (Fig. 3.13a and c), 

when applying the amplitude voltage, the anions are adsorbed into the nanopores, and cations 

are repulsed from the pores. In the middle frequency range (Fig. 3.13b and d), quite different 

plot shapes are observed for the large pore size sample in these tested electrolytes. A higher 

value of the real impedance of the electrode in the 1 M KCl electrolyte is observed, revealing 

the higher polarization resistance of the identical electrode in 1 M KCl electrolyte. Indicating 

there is proton repulsion when charging the positive charge at a high frequency. In the low-

frequency regime, the NPGE-10nm exhibited the vertical lines in the above electrolytes, which 

stands for ideal capacitive behaviour. It appears that the NPGE-10nm tested in 1 M KCl 

electrolyte has a higher imaginary resistance at the same low frequency (10 mHz), indicating 

the lower EDL capacitance for the KCl electrolyte. The observed EIS results are quite in 

agreement with the CV characterization results. 
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Figure 3.13. (a) Nyquist plots of NPGE-10nm in 1 M KCl, 1 M HCl, and mixture electrolytes at the 

frequency of 1000 kHz to 10 mHz at the potential of PZC; (b) A zoom at high frequencies; (c) Nyquist 

plots of NPGE-10nm in 1 M KCl, 1 M HCl, and mixture electrolytes at the frequency of 1000 kHz to 

10 mHz at the 0.1 V vs. PZC; (d) A zoom at high frequencies.  

To evaluate the EDL properties, we conducted the self-discharge (SDC) test of our porous 

electrode in 1 M HCl, 1 M KCl, and mixture electrolytes. The results show that the SDC process 

of the identical electrode (NPGE-10nm) in 1 M KCl is much faster than that in 1 M HCl and 

0.1 M HCl/0.9 M KCl electrolytes (Fig. 3.14 a and b). We charged the identical electrodes 

with the same surface charge in these electrolytes and then rested the electrodes for 1,800 s. 

The measured electrode potential decrease in 1 M KCl, 0.01 M HCl/1 M KCl, 0.1 M HCl/0.9 

M KCl, and 1 M HCl electrolytes are around 68 mV, 54 mV, 42 mV, and 37 mV, respectively 

(Fig. 3.14a). These results suggest that at the positively charged surface, proton might change 
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the EDL structure (i.e., the distribution of cations and anions), which could enhance the 

capacitance and lower self-discharge.  

With the same surface charge, the electric potential increase of the NPGE-10nm electrodes in 

1 M KCl, 0.01 M HCl/1 M KCl, 0.1 M HCl/0.9 M KCl, and 1 M HCl electrolytes is about 0.27 

V, 0.21 V, 0.2 V, and 0.17 V, respectively (Fig. 3.14a). We postulate that the positively charged 

surface could repel the absorbed protons away from the surface. The removal of protons at the 

electrode surface would lead to a reduced electrode potential (without charge, the higher 

surface potential in 1 M HCl comes from the proton adsorption), which is consistent to our 

OCP test results. If we would keep the electrode at the same electrical potential level, more 

positive charges should be injected to the electrode surface to balance the removed surface 

protons. Therefore, there is an increase of the stored charge for the porous electrode in 1 M 

HCl electrolyte. 

 

Figure 3.14. (a) Potential changes (‘self-discharge profile’) of the NPGE-10nm under open-circuit 

conditions (after galvanostatic charging at 0.3 A/g for 60s); (b) Galvanostatic discharge curves of the 

NPGE-10nm after self-discharge for 30 mins in 1 M HCl, 1 M KCl, and mixture electrolytes. 

After this, we further conducted the open circuit potential (OCP) test of the sub-nanometer 

porous electrode in the above electrolytes. Before the test, the sub-nanometer porous electrode 

was immersed in the tested electrolyte and stirred continuously at a rate of 350 rpm for 24 

hours. The results indicate that with the concentration increase of HCl, there is an increase of 

the OCP for the sub-nanometer electrode (Fig. 3.15a), indicating the penetration of protons 

into the sub-nanometer pore. Notably, with the decrease of the pore size of the electrode, there 

is the increase of the OCP in the tested electrolytes, especially in 1 M HCl electrolyte with 

around 30 mV potential increase for the sub-nanometer electrode compared to the large pore 

size electrode (the surface chemistry of the two electrodes is the same). This observation 
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confirms the pore size effect on the ion adsorption. When we compare the PZC of NPGE-

0.7nm and NPGE-10nm (Fig. 3.15b), we could see that the PZC for these two pore size 

electrodes is almost the same, which means the PZC of the electrode tends to be the intrinsic 

properties of the electrode-electrolyte system. 

 

Figure 3.15. (a) and (b) show OCP and PZC results of the NPGE-0.7nm in 1 M KCl, 1 M HCl, and 

mixture electrolytes. 

Fig. 3.16 shows the experimental Nyquist plots of the identical NPGE-0.7nm in different 

aqueous electrolytes at 0 V and 0.1 V/PZC (Fig. 3-16a and c). When applying the amplitude 

voltage, the anions are adsorbed into the nanopores, and cations are repulsed from the pores. 

In the middle frequency range (Fig. 3-16b and d), quite different plot shapes are also observed 

for the large pore size sample in these tested electrolytes. The higher value of the real 

impedance of the electrode in the 1 M KCl electrolyte was observed, revealing the higher 

polarization resistance of the identical electrode in 1 M KCl electrolyte. Additionally, 

compared to the low ion diffusion resistance (the projection length of the 45-degree line) of the 

NPGE-10nm, the NPGE-0.7nm has much higher ion diffusion resistance, around ten times that 

of the NPGE-10nm. In the low-frequency regime, the NPGE-0.7nm exhibits the lines with 

deviation from the theoretical vertical line, indicating a relatively poor capacitive behavior 

compared to the NPGE-10nm, demonstrating the confined size effect for the EDL capacitance. 

It appears that the identical sample tested in 1 M KCl electrolyte has a higher imaginary 

resistance at the same low frequency (10 mHz), indicating the lower EDL capacitance for the 

KCl electrolyte. The observed EIS results are quite in agreement with the CV characterization 

results. 
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Figure 3.16. (a) Nyquist plots of NPGE-0.7nm in 1 M KCl, 1 M HCl, and mixture electrolytes at the 

frequency of 1000 kHz to 10 mHz at the potential of PZC; (b) A zoom at high frequencies; (c) Nyquist 

plots of NPGE-0.7nm in 1 M KCl, 1 M HCl, and mixture electrolytes at the frequency of 1000 kHz to 

10 mHz at the 0.1 V vs. PZC. (d) A zoom at high frequencies. 

Then, we did the SDC test of the NPGE-0.7nm electrode in 1 M HCl, 1 M KCl, and mixture 

electrolytes (Fig. 3.17). The results show that the SDC process of the identical electrode in 1 

M KCl is also much faster than that in 1 M HCl and 0.1 M HCl/0.9 M KCl electrolytes for the 

sub-nanometer porous electrode. After charging the same surface charge of the identical 

electrode in these electrolytes and resting for 1,800 s, the electrode potential decrease in 1 M 

KCl, 0.01 M HCl/1 M KCl, 0.1 M HCl/0.9 M KCl, and 1 M HCl electrolytes are around 88 

mV, 61 mV, 45 mV, and 41 mV (Fig. 3.17a). Moreover, when charging the electrodes with 

the same surface charge in these electrolytes for 60 s at the charge rate of 0.3 A/g, the potential 
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increase for the 0.7 nm pore size electrode in 1 M KCl, 0.01 M HCl/1 M KCl, 0.1 M HCl/0.9 

M KCl, and 1 M HCl electrolytes are around 0.31 V, 0.23 V, 0.22 V, and 0.18 V, respectively 

(Fig. 3.17a). The potential increase of the NPGE-0.7nm tested in these electrolytes is higher 

than that of the NPGE-10nm. When comparing the potential loss of the two electrodes with 

different pore sizes after the rest for 1,800 s, we observe that the potential decrease for NPGE-

0.7nm is slightly more than that of the NPGE-10nm tested in these electrolytes. The discharge 

time for these two electrodes is the same in both KCl and HCl electrolytes (Fig. 3.14b and 

3.17b). These observation results presented here indicate that decreasing the pore size of 

graphene-based electrodes has a negligible effect on suppressing the self-discharge of the EDL 

electrodes. 

 

Figure 3.17. (a) Potential changes (‘self-discharge profile’) of the NPGE-0.7nm porous electrode under 

open-circuit conditions (after galvanostatic charging at 0.3 A/g for 60s); (b) galvanostatic discharge 

curves of the NPGE-0.7nm after self-discharge for 30 mins in 1 M HCl, 1M KCl, and mixture 

electrolytes. 

3.5 Discussions of proton effects on EDL capacitance from simulations 

To fully investigate the reason for better performance observed in HCl electrolyte than that in 

KCl electrolyte for positive polarization under thermodynamic charge condition, we further 

carried out simulations to investigate it. We consider that the H+, K+, and Cl- ions have different 

ion radius even though their valence number is the same. The volume-exclusion effect could 

play a role in nearing the electrified surface with high concentration (~1M). Such an effect will 

influence the ion locations and ion electro-absorption density near the electrified surface. Here 

we applied three models to investigate the co-ion effects on capacitance performance: 1) the 

classic Poisson-Nernst-Plank (PNP) theory which induces a stern layer to identify ion density 

and ion distribution inside the EDL (called as PNP-S model)46,102; 2) the PNP theory which 
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accounts for an asymmetric location of cations and anions near the electrified surface, and 

modifies the stern layer thickness of cations and anions, respectively (called as PNP-AS model); 

3) the Poisson-Boltzmann (PB) theory which accounts for the ion volume-exclusion effect 

(called as PB-V model).178    

The PNP theory used in PNP-S and PNP-AS models was presented as: 

𝜖𝜖0𝜖𝜖∇2∅ =  −𝜌𝜌 =  −∑ 𝑧𝑧𝑖𝑖𝐴𝐴𝑁𝑁𝐴𝐴𝑑𝑑𝑖𝑖𝑁𝑁
𝑖𝑖=1                 (3-1) 

𝜕𝜕𝑛𝑛𝑖𝑖
𝜕𝜕𝑡𝑡

= 𝐷𝐷𝑖𝑖∇2𝑑𝑑𝑖𝑖 + 𝐴𝐴𝑧𝑧𝑖𝑖𝜇𝜇𝑖𝑖𝑑𝑑𝑖𝑖∇∅                           (3-2) 

Where 𝜖𝜖0  and 𝜖𝜖  are the vacuum and relative permittivity of the solution; ∅ is the electric 

potential; 𝜌𝜌  is the net charge density; 𝑁𝑁𝐴𝐴  is the Avogadro constant; 𝐷𝐷𝑖𝑖 , 𝜇𝜇𝑖𝑖 , 𝑧𝑧𝑖𝑖 , and 𝑑𝑑𝑖𝑖  are 

diffusivity, electro-mobility, valence number, and concentration for species 𝑑𝑑, respectively.  

The PB theory with account volume-exclusion effect used in PB-V model was presented as: 

𝜀𝜀𝜀𝜀0∇2∅ =  −∑ 𝑧𝑧𝑖𝑖𝐴𝐴𝑁𝑁
𝑖𝑖=1 𝑐𝑐𝑖𝑖                              (3-3) 

𝑐𝑐𝑖𝑖 =  𝑐𝑐𝑖𝑖0𝐴𝐴
(−

𝑧𝑧𝑖𝑖𝑒𝑒∅
𝑘𝑘𝐵𝐵𝑇𝑇

+𝑆𝑆𝑡𝑡𝑟𝑟𝑡𝑡)                                     (3-4) 

Where the  𝑆𝑆𝑡𝑡𝑟𝑟𝑐𝑐 = ln (
1−∑ 𝑣𝑣𝑗𝑗𝐾𝐾

𝑗𝑗=1 𝑐𝑐𝑗𝑗
1−∑ 𝑣𝑣𝑗𝑗𝑐𝑐𝑗𝑗

0𝐾𝐾
𝑗𝑗=1

) is called the steric functional, which represents an excess 

potential-different for each ionic species-beyond that of an ideal dilute solution.178  

3.5.1 Classic Poisson-Nernst-Plank (PNP) model with one stern layer. 

This model is simulated on the COMSOL Multiphysics software (5.3a) and applies the 

Transport of diluted species and Electrostatic physical models. Based on our previous research, 

our graphene nanoporous electrode has three key structure parameters. They are graphene 

lateral size (L), aperture opening size (d), and channel height (h). According to our published 

works, we know that (L) is around 55 nm, (d) is about 2 nm, and in our case, we set the (h) as 

10 nm.102 Additionally, based on our previous molecule simulation (MD) results,70 we know 

that the distance between ions and charged electrodes, and the dielectric of water in this space 

is much smaller compared to that of the bulk solution. Therefore we introduced a thin stern 

layer to our model with the stern layer thickness being around 0.33 nm.70 The dielectric 

constant in the stern layer was around 2.5 based on our previous MD results.70 The electrolytes 

that we used for the simulation study were 1 M KCl and 1 M HCl, respectively. The diffusion 
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coefficient of Cl-, K+ and H+ is 1.91 *10-9 (m2/s), 1.84 *10-9 (m2/s) and 9.3 *10-9 (m2/s) for the 

simulation model study.172 The dielectric constant was 80, except for the stern layer. The 

dynamic charge storage behavior was analyzed based on the CV simulation curve. To obtain 

CV curve, the surface potential is imposed to vary periodically and linearly with time t. 

 

Figure 3.18. 2D continuum modeling system with 6 layers of graphene sheets with L = 55 nm, h = 10 

nm, and d = 2 nm. 

We did a series of CV simulations in both 1 M HCl and 1 M KCl electrolytes. Fig. 3.19 shows 

the differential capacitance of the simulated graphene electrode in 1 M KCl and 1 M HCl under 

different scan rates. Considering the simulated electrode with only 6 layers of graphene with 

10 nm pore size, which is much less than that of the 3-dimensional bulk graphene-based 

membrane electrode with around 8,000 layers of graphene, the 5 V/s scan rate simulated results 

should agree with the experimental results achieved at 2 mV/s. However, the simulated 

differential capacitances for these two electrolytes are almost the same, which is quite different 

from our experimental results. Then we further increased our scan rate to 500,000 V/s, which 

is around 100,000 times of the charge rate increase, while the difference of the calculated 

differential capacitance was still very weak. After increasing the scan rate to 5,000,000 V/s, 

the apparent capacitance difference appears. The above CV simulation results based on the 

PNP-S model confirm that the high diffusion coefficient of the proton would not contribute to 

the enhanced EDL capacitance in the HCl electrolyte for positive graphene electrode at the 

slow scan rate. This indicated the existence of other unexplored charge storage mechanisms for 

EDL capacitance increase.  
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Figure 3.19. (a), (b) and (c) show the simulated CV curves of 10 nm pore size graphene layers in 1 M 

KCl and 1 M HCl electrolytes under the scan rates of 5 V/s, 500,000 V/s, and 5,000,000 V/s, 

respectively. 

We also conducted a simulation to calculate the distribution of the ions in these two electrolytes 

after charging at different scan rates for investigating ions distribution and densities on the 

EDL capacitance. Fig 3.20a and d show that the density and distribution of the ions for the two 

electrolytes are the same, and there is no uneven ion concentration distribution along with the 

thickness direction for the large pore size graphene sheets at the slow charge rate (5 V/s). When 

increasing the scan rate to 5,000,000 V/s, we observed ion densities in the five channels are 

different for both the first and 10th cycle charge in the two electrolytes. Moreover, for the 

positively charged electrode under a fast charge rate, the surface counter ions concentration in 

HCl electrolyte is larger than that in KCl, and the surface concentration difference increase 

along the electrode thickness direction (The surface ion concentration difference for the 

innermost interface is much larger than that of the outer interface). At the same time, the surface 

co-ion concentration in HCl (H+) is also larger than that in KCl (K+) with fast positive charging. 

These calculated results are quite surprising because, based on previous understanding, the 

proton with a high diffusion coefficient should prefer expulsion from the interface, especially 

under a very fast charge rate.  
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Figure 3.20. (a), (b) and (c) show the ion distribution curves of 10 nm pore size graphene layers in 1 

M KCl, and 1 M HCl electrolytes charged to 0.35V with the scan rates of 5 V/s (10th cycle charge), 

5,000,000 V/s (10th cycle charge), and 5,000,000 V/s (first cycle charge), respectively; (d) and (e) is the 

ion distribution curves of the innermost channel in 1 M KCl and 1 M HCl electrolytes charged to 0.35V 

with the scan rates of 5 V/s (10th cycle charge) and 5,000,000 V/s (10th cycles charge). 

3.5.2 Classic PNP model accounting for the stern layer thickness of cations and 

anions. 

We further explored the reason behind the capacitance difference observed on the large pore 

size (10 nm) electrode under the slow charging rate in HCl and KCl electrolytes. To do so we 

applied the modified PNP models accounting for an asymmetrical location of cations and 

anions near the electrified surface via modifying the stern layer thickness of cations and anions. 

We did this to evaluate the ion distribution and density profiles under a thermodynamic 

equilibrium state. The PNP-AS model was simulated on the COMSOL Multiphysics software 

(5.3a) with the application of the Transport of diluted species and Electrostatic physical models. 

The simulated electrode structure was the same as that in the PNP-S model with the difference 

of electrode thickness (in the PNP-AS model, only one nanoslit channel). Additionally, based 

on the previous molecule simulation (MD) results, we know that the first peak position of 

cations and ions to the electrode surface is different when charging the electrode with a positive 

surface charge.70 Therefore, we introduced an asymmetric stern layer thickness to our model. 

The stern layer thickness is around 0.33 nm (Cl-) and 0.8 nm (K+) in KCl, and 0.33 nm in HCl.70 
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The dielectric constant for the stern layer of anions is around 2.5 based on our previous MD 

results.70 The dielectric constant is 80 except for the anion stern layer. We studied the 

electrostatic stationary simulation test where the surface potential is imposed to 0.35 V to 

evaluate the ion concentration and distribution, as well as the stored surface charge under the 

thermodynamic equilibrium state. 

Fig. 3.21a shows the densities of the ions, and the distribution of the two electrolytes are quite 

different after positive charge, the surface counter ions concentration in HCl electrolyte is 

larger than that in KCl. The highest EDL co-ions concentration in HCl (H+) is smaller than that 

in KCl (K+). Fig. 3.21b presents that the stored surface charge densities in two electrolytes are 

almost the same, which is quite different from the observed practical electrochemical results. 

This indicates the better performance observed in the HCl electrolyte compared to that in the 

KCl electrolyte for positive polarization under thermodynamic charge conditions do not come 

from the stern layer thickness difference between counter-ions and co-ions. 

 

Figure 3.21. (a) shows the ion distribution curves of 10 nm pore size graphene layers in 1 M KCl and 

1 M HCl electrolytes charged to 0.35V with thermodynamic charging condition; (b) The stored surface 

charge density of the electrode in 1 M KCl and 1 M HCl electrolytes.  

3.5.3 Poisson-Boltzmann (PB) theory accounting for the ion volume-exclusion 

effect 

Lastly, considering the different sizes of cation and anions, we further applied the modified PB 

models with consideration for the volume-exclusion effect of cations and anions to evaluate 

ion distribution and density profiles under the thermodynamic equilibrium state.178 The PB-V 

model was simulated on the COMSOL Multiphysics software (5.3a) with Poisson’s Equation 

physical model. The simulated electrode structure is the same as that in the PNP-S model 
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without the introduction of the stern layer. Additionally, based on our previous molecule 

simulation (MD) results, the average dielectric constant inside the nano-slit channel of 

graphene is around 10. The hydration size of K+, Cl- and H+ is 0.66 nm, 0.66 nm, and 0.56 

nm.171 The electrode surface potential was imposed to 0.35 V to evaluate the ion concentration 

and distribution as well as the stored surface charge under the thermodynamic equilibrium state. 

From Fig. 3.22a and b, we can see the densities and distribution of the ions of the two 

electrolytes as well as the potential profile inside the nanoslit channel, and they are the same 

after the positive charge of the electrode surface. Fig. 3.22c presents that the stored surface 

charge density in two electrolytes is almost the same, which is quite different to the observed 

practical electrochemical results even with the considering of ions size. All these simulation 

results indicate that the better performance observed in the HCl electrolyte than in KCl 

electrolyte for positive polarization under thermodynamic charge conditions is not due to the 

ion size effect.  

 

Figure 3.22. (a) shows the ion distribution curves of 10 nm pore size graphene layers in 1 M KCl and 

1 M HCl electrolytes charged to 0.35V with thermodynamic charging condition; (b) Potential profiles 

of the EDL inside the slit channel; (c) The stored surface charge density of the electrode in 1 M KCl 

and 1 M HCl electrolytes.  

3.6 Conclusion  

Overall, this chapter systematically investigates the ion-specific effects on the EDL capacitance 

of nanoporous graphene-based electrodes in six different aqueous chloride-based electrolytes 

through the combination of electrochemical characterization and continuum simulations. The 

following conclusions can be drawn: 

1. Based on our ion-specific effect studies on the graphene-based electrodes with three different 

average slit pore size (10 nm, 1 nm, and 0.7 nm), we conclude that the negative electrode EDL 

capacitance depends on the types of counter-ions (H+, Li+, Na+, K+, Cs+, Bmim+). At 2 mV/s, 

the EDL capacitance is quite similar (around 80 F/g), except in the 1 M HCl (about 140 F/g). 
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At high charging rates (20 – 200 mV/s), a similar trend is observed, i.e., 1 M HCl having 

significantly higher capacitances. These experimental results indicate the special EDL charge 

storage of proton in graphene-based electrodes, which also depends on the charging rate.  

2. We also observed unusual co-ion effects (H+, Li+, Na+, K+, Cs+, and Bmim+) on EDL 

capacitance of the graphene-based positive electrodes. At 2 mV/s, the positive electrode 

capacitance of the NPGE-10nm in 1 M HCl is around 30% higher than those of other chloride-

based electrolytes. Besides, with the increase of scan rate (from 2 to 1000 mV/s), there is an 

increase of capacitance ratio of the electrodes in 1 M HCl and KCl (NPGE-10nm: from 1.25 to 

1.5; NPGE-1nm: from 1.3 to 1.8; NPGE-0.7nm: from 1.5 to 3.0), indicating the importance of 

electrode pore size and charging rates on the proton co-ion effect for EDL capacitance. 

3. Increasing the proton concentration (from 0 to 1 M), there is an increase of the OCP (NPGE-

10nm: from 0.2 to 0.42 V; NPGE-0.7nm: from 0.22 to 0.47 V)  and PZC (NPGE-10nm: from 

0.24 to 0.45 V; NPGE-0.7nm: from 0.22 to 0.47 V) of our graphene-based electrodes, 

suggesting the specific proton adsorption on the surface of graphene-based electrodes.  

4. The potential change (after charging the same surface charge) and potential decrease (after 

resting the same time) of the NPGE-10nm in 1 M HCl are around 0.17 V and 37 mV, which is 

much lower than that of the NPGE-10nm in 1 M KCl (potential change: 0.27 V; potential 

decrease: 68 mV). These results indicate that when injecting positive charge to the graphene-

based electrodes in 1 M HCl, the adsorbed proton is possibly repulsed from the electrode 

surface, leading to the increase of stored charge in the same potential range. 

5. The discharge time (after resting for 1,800 s) of NPGE-10nm is the same as that of the 

NPGE-0.7nm (around 50 s in 1 M HCl and 42 s in 1M KCl), indicating that decreasing the 

pore size of graphene-based materials has a negligible contribution for suppressing the self-

discharge. Instead, manipulating the ion-specific effect could be a promising way to suppress 

the self-discharge of the EDL electrodes due to the different self-discharge time in 1 M HCl 

(around 50 s) and KCl (around 42 s).   

6. Our continuum model results show that the higher capacitance of the NPGE-10nm achieved 

in 1 M HCl electrolyte (compared to that of 1 M KCl electrolyte) for positive polarization under 

slow charging rate is not due to the high diffusion coefficient of proton, the asymmetric stern 

layer thickness of counter-ions and co-ions, and the ion steric effect. The underlying physical 
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mechanism still remains elusive. More works related to proton specific adsorption should be 

done in the future. Our systematic experimental works provide a solid ground.  

The comprehensive ion-specific effect study in this chapter could also help to increase the 

understanding of ion properties in a nanoconfinement space. Particularly, the study results of 

the co-ion effect could contribute to new charging storage mechanism exploration and guiding 

the working electrolyte selection in the supercapacitor community. Additionally, the specific 

proton adsorption results and discussion presented in this chapter could provide inspiration and 

knowledge contribution for other research communities, such as metal corrosion, hydrogen 

evolution reaction (HER), and fuel cell design. 
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Chapter 4 Nanoconfinement effects on the electrochemical 

performance of the redox-active electrolytes 

The charging storage mechanism of the EDLCs is based on physical ions adsorption to form 

EDL to store charge. Thus, the low energy density property is the intrinsic drawback feature of 

EDLCs. To further increase the energy density and keep the high-power delivery merit of the 

supercapacitors, the introduction of a surface redox-type charge storage mechanism to the 

EDLCs is a very promising concept to further increase the charge storage ability of the 

supercapacitors and keep the high-power delivery property.116 

4.1 Introduction 

With the development of smart electronic devices and the advantage of electric vehicles on 

building the low-carbon society, the designing of green energy storage devices for providing 

energy and power for these important electric devices is highly important.62 While, currently, 

the developed energy storage devices (ESDs) are still not able to meet the high demand for 

energy storage devices, such as high energy and power density, long lifespan, low cost, and 

environmentally friendly. Surface-redox ESDs (also called pseudocapacitors) present relative 

high charge storage and fast charging storage ability due to the interface charge transfer 

mechanism, which is quite different from the batteries.19 Besides, due to the advanced surface 

charge transfer mechanism, the surface-redox ESDs present a high potential to achieve high 

energy density and fast power delivery for the energy storage field.4,116,179 Moreover, the 

nanoporous materials with the high specific surface area have been well demonstrated for the 

improvement of the charge storage performance compared to that of the micro or bulk materials. 

Thus, the fundamental understanding of the interface charge transfer mechanism in different 

nanoporous structure electrodes is the basis for advancing the design of next-generation ESDs.  

Previously, the research concepts about improving the performance of surface-redox ESDs 

mainly focus on developing new electrochemical active materials, tailoring nano-morphology 

and composition, engineering electrolytes and electrode surfaces, and designing hybrid 

supercapacitors.10,180-182 With the contribution of these research concepts on the energy storage 

community, the development of surface-redox ESDs has achieved considerable improvement. 

However, the fundamental understanding focusing on surface charge transfer at the electrode-

electrolyte interface under different nanoconfinement level is much less. The in-depth 

theoretical knowledge and charge storage mechanism understanding at the nanoconfinement 
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interface has the possibility to provide a relatively new charge storage theory or novel research 

concept for guiding the design of next-generation high-performance surface-redox ESDs.  

With the importance and significant role of the electrochemical reaction behaviour at the 

nanoconfined interface for charging storage performance,43 the comprehensive electrochemical 

study for different nanopore-size electrodes in redox-active electrolytes is necessary to reveal 

the relationship between interface reaction rate and pore size. Due to the limitation of the 

electrodes, which exhibit disorder and complex porous structure and untenable pore size, the 

fundamental research issues about confined redox-active ion effects on nanoporous graphene-

based electrodes for energy storage have not been well studied and addressed from 

experimental results. Based on the previous pore size study on EDL structure and capacitance 

in Chapter 3, we propose the confined interface reaction rate possible depends on the nanopore 

size of the conductive electrodes due to the difference of the EDL structure. Engineering the 

nanopore structure could contribute to the design of ESDs with both high energy and high 

power densities. Taking advantage of our multilayered graphene membranes (MGMs) with a 

tunable slit pore size in the sub-10 nm range, we could carry out systematically experiment 

studies to gain deep insight understanding and knowledge about interface charge storage 

behaviour under different nanoconfinement level. 

In this work, we systematically investigate the electrochemical performance of nanoporous 

graphene-based electrodes with different pore size in various aqueous electrolytes with redox-

active ions (0.1 M ZnI2, 1.0 M ZnI2, and 1.0 M ZnSO4). We find that the nanoporous electrode 

with a smaller pore size (1nm) presents a larger electrochemical reaction rate. Considering the 

studied graphene-based electrodes have the same surface chemistry and the same amounts of 

electrochemically active sites, the graphene-based electrodes should present a similar charge 

transfer behavior from the viewpoint of traditional electrochemical theory. Recently, some 

published research work about ‘the effects of confinement inside carbon nanotubes on catalysis’ 

demonstrate that the confined active materials (metals, metal oxides) could exhibit better 

catalytic activity compared to the same active materials located at the outer surface.106 The 

continuum simulation studies show that there is a difference of EDL structure of graphene-

based electrodes with different pore size during charging. The EDL structure of the small pore 

size graphene electrode is much compact than that of large pore size electrodes. The more 

compact EDL structure could induce a higher interface concentration of reactive ions. The 

research study presented in this chapter could stimulate the development and understanding of 
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nanoconfined electrochemical theory and provide a new design concept for guiding the rational 

design of next-generation energy storage devices with both high energy and power densities. 

At the same time, the deep understanding and new charge storage behavior observation of 

charge transfer at the nanoconfined solid-liquid interface could also advance the design of high-

efficient electrochemical catalysis. 

4.2 Materials and Methods 

4.2.1 Synthesis of nanoporous graphene-based electrodes. 

Firstly, chemically converted graphene (CCG) dispersion was synthesized by following the 

method described in Reference.166 Briefly, graphene oxide colloid (0.5 mg/ml, 200 ml) made 

from the modified Hummers’ method was mixed with 0.35 ml hydrazine (64wt% in water) and 

0.8 ml ammonia (28wt% in water) solution in a glass vial. After being vigorously shaken for a 

few minutes, the flask was put in a water bath (~100 ℃) for 3 hr. 

Then nanoporous graphene-based electrodes (also called chemical converted graphene 

membrane electrodes) were fabricated by following the method we provided in chapter 3. 

Generally, taking 20 ml of the reduced CCG dispersion for the vacuum filtration until no CCG 

solution on the top of the membrane. After that, the achieved membranes were washed with 

distilled water several times to remove the extra hydrazine and ammonia. Then, the membranes 

were exchanged in the H2SO4 solution with different concentrations for two days, followed by 

a freezing dry process for two days. Afterword, the freezing dry membranes were washed with 

distilled water to remove the inside H2SO4. Through controlling the concentration of H2SO4 

and filtration time, we could achieve the nanoporous graphene-based electrodes with different 

average slit pore sizes. 

The thickness of the nanoporous graphene-based electrodes was measured using a digital 

micrometer at 1 um resolution. Based on the formula presented in chapter 3, we could calculate 

the average interlayer distance of our synthesized nanoporous graphene-based electrodes.  
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Figure 4.1. Reduction potential and demonstrated volumetric capacity for various aqueous redox 

couples.116 

Considering the aqueous electrolytes have the advantages of low cost, high power delivery, 

more safety, and simple manufacture, we choose the aqueous electrolytes with redox-active 

ions as our research working electrolytes for the nanoconfinement charge transfer study. 

According to the advantage (easily achieved, suitable working voltage, and low cost) of iodide 

and zinc ions compared to other redox-active ions (Fig. 4.1),116 we decided to choose ZnI2 and 

ZnSO4 aqueous electrolytes as the research electrolyte platform. 

4.2.2 Electrochemical characterization of nanoporous graphene-based electrodes. 

The electrochemical characterizations include open-circuit potential, electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV), galvanostatic cycling with potential 

limitation (GCPL). They were performed using Bio-logic VSP-300. Both three-electrode and 

two-electrode configuration setup are applied for the comprehensive electrochemical studies. 

In the two-electrode setup, the working electrode is our synthesized nanoporous graphene-

based electrodes, the counter and reference electrodes are zinc foil. In the three-electrode test 

configuration, the working electrode is our synthesized nanoporous graphene-based electrodes, 

and the counter electrode is Zinc foil; the reference electrode is a saturated calomel electrode 

(SCE).  

The electrodes used for the research study are the synthesized hydrogel nanoporous graphene-

based electrode with an average pore size of 10 nm (NPGE-10nm), 0.1 M H2SO4 solution 

mediated nanoporous graphene-based electrode with an average pore size of 1.0 nm (NPGE-

1nm), filtration dry nanoporous graphene-based electrode with the average pore size of 0.7 nm 

(NPGE-0.7nm). The area density of the electrodes is around 0.6 mg/cm2.  

4.2.3 The simulation model for EDL structure of nanoporous graphene-based electrodes 
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We apply a continuum model to identify ion density and ion distribution inside the EDL of the 

nanoporous graphene-based electrodes during charge/discharge based on the classic Poisson-

Nernst-Plank (PNP) theory with inducing a stern layer (called as PNP-S model). 

The PNP theory used in PNP-S was presented as: 

𝜖𝜖0𝜖𝜖∇2∅ =  −𝜌𝜌 =  −∑ 𝑧𝑧𝑖𝑖𝐴𝐴𝑁𝑁𝐴𝐴𝑑𝑑𝑖𝑖𝑁𝑁
𝑖𝑖=1                  (4-1) 

𝜕𝜕𝑛𝑛𝑖𝑖
𝜕𝜕𝑡𝑡

= 𝐷𝐷𝑖𝑖∇2𝑑𝑑𝑖𝑖 + 𝐴𝐴𝑧𝑧𝑖𝑖𝜇𝜇𝑖𝑖𝑑𝑑𝑖𝑖∇∅                              (4-2) 

Where 𝜖𝜖0  and 𝜖𝜖  are the vacuum and relative permittivity of the solution; ∅ is the electric 

potential; 𝜌𝜌  is the net charge density; 𝑁𝑁𝐴𝐴  is the Avogadro constant; 𝐷𝐷𝑖𝑖 , 𝜇𝜇𝑖𝑖 , 𝑧𝑧𝑖𝑖 , and 𝑑𝑑𝑖𝑖  are 

diffusivity, electro-mobility, valence number, and concentration for species 𝑑𝑑, respectively.46  

The model is simulated on the COMSOL Multiphysics software (5.3a) with the applying of the 

Transport of diluted species and Electrostatic physical models. Based on our previous research, 

our nanoporous electrode has three key structure parameters,102 which is graphene lateral size 

(L), defect size (d) and nano-slit height (h), according to the published work, we know the (L) 

is around 55 nm, the (d) is around 2 nm, in our case,  the average slit height is 10 nm and 1 nm. 

Additionally, based on our previous molecule simulation (MD) results, we know that there is 

the distance between ions and charged electrodes, and the dielectric of water in this space is 

much smaller (due to the high electric field intensity in this region) compared to that of the 

bulk solution. Therefore, we introduce a thin stern layer with a thickness of 0.33 nm to our 

model, the dielectric constant in this stern layer is around 2.5 based on our previous MD 

results.70 The electrolytes that we used for the simulation study are 0.1 M and 1 MZnI2, 

respectively. The diffusion coefficient of I- and Zn2+ is 1.91 *10-9 (m2/s), and 0.7 *10-9 (m2/s) 

for the simulation model study.172 The dielectric constant is 80, except for the stern layer.  

4.3 Experimental Results and Discussion 

4.3.1 Nanoconfined iodide ions on the charge storage performance of nanoporous 

graphene-based electrodes. 

To explore the confined redox-active ion effects on the interface charge transfer of nanoporous 

electrodes, I studied the electrochemical characterization of nanoporous graphene-based 

electrodes with a different slit pore size (10 nm and 1 nm) in zinc iodide-redox active 
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electrolytes (with the concentration of 1.0 M and 0.1 M) at different charge rates using a two-

electrode configuration setup. 

4.3.1.1  Zinc iodide redox-active electrolyte with a concentration of 0.1 M. 

4.3.1.1.1 Electrochemical reaction rate 

To explore the ion effects on the charge transfer rates of nanoporous electrodes, I first studied 

the cyclic voltammetry (CV) characterization of nanoporous graphene-based electrodes with 

different pore sizes (10 nm and 1 nm) at various dynamic charging rate in 0.1 M ZnI2 aqueous 

electrolyte. Fig. 4.2 presents the curves of current density-working potential at different scan 

rates. All these curves show pronounced redox peaks, which are corresponding to the 

electrochemical redox-reaction of I-/I3
-.44 With the increase of the scan rate, there is an increase 

in the peak current density. Generally, during the charging process, when the overpotential for 

the I-/I3
- redox-reaction is small, the current density for the NPGE-1nm is smaller than that of 

the NPGE-10nm. Further increasing the overpotential, there is the appearance of peak currents 

for both NPGE-10nm and NPGE-1nm, and the peak current for the NPGE-10nm is smaller 

than that of the much confined nanoporous electrodes at low scan rates. For example, at the 

scan rate of 0.5 mV/s, the peak current for the NPGE-1nm is around 3 times that of the NPGE-

10nm. 
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Figure 4.2. CV curves of NPGE-10nm and NPGE-1nm in 0.1 M ZnI2 aqueous electrolyte under the 

scan rates of 0.5 mV/s (a), 2 mV/s (b), and 5 mV/s (c) and 20 mV/s (d), respectively. 

Later, I conducted the electrochemical impedance spectroscopy test for further investigating 

the confined interface charge transfer behaviors in the above redox-active electrolyte. Fig. 4.3 

shows the experimental Nyquist plots of the NPGE-10nm and NPGE-1nm in the 0.1 M ZnI2 

electrolyte at the frequency range from 1,000 kHz to 100 mHz at the working potential of 1.3 

V vs. Zn/Zn2+, 1.4 V vs. Zn/Zn2+, 1.5 V vs. Zn/Zn2+, and 1.6 V vs. Zn/Zn2+. At 1.3 V and 1.4 

V/Ref (Fig. 4.3a and b), in the middle frequency range, quite different plot shapes are observed 

for the NPGE-10nm and NPGE-1nm, which higher value of the real impedance for the NPGE-

1nm is observed, which reveals there is a higher charge transfer resistance of the higher 

confined nanoporous electrode at these two working potentials. The charge transfer resistance 

results indicate that there is a smaller charge transfer current density of the NPGE-1nm 

compared to that of the NPGE-10nm in this potential range. Further increasing the working 

potential to 1.5 and 1.6 V/Ref (Fig. 4.3c and d), we can see the electrode with 1.0 nm pore size 

exhibits the lower value of the real impedance, which stands for better charge transfer behavior, 

especially at the working potential of 1.5 V/Ref. These observed EIS results quite agree with 

the CV results, further demonstrating the higher interface charge transfer rate of the higher 

confined nanoporous electrodes in the 0.1 M ZnI2 redox-active electrolyte at the peak current 

working potential.  
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Figure 4.3. Nyquist plots of NPGE-10nm and NPGE-1nm in 0.1 M ZnI2 electrolytes at the frequency 

of 1,000 kHz to 100 mHz at the working potential of 1.3 V vs. Zn/Zn2+ (a), 1.4 V vs. Zn/Zn2+ (b), 1.5 

V vs. Zn/Zn2+ (c) and 1.6 V vs. Zn/Zn2+ (d). Ref: Zn/Zn2+. 

According to the equation used to calculate the net rate of an electrode reaction183: 

𝑣𝑣 = 𝑑𝑑/(𝑑𝑑𝑛𝑛𝐴𝐴)                       (4-3) 

Where 𝑣𝑣 is the net reaction rate, 𝑑𝑑 is the net reaction current, 𝑛𝑛 is the Faraday constant, 𝐴𝐴 is the 

electrode surface area or mass.  

We could know that at the peak current potential, the 1.0 nm pore size electrode presents a 

higher interface reaction rate. Additionally, according to the well-established complete current-

potential characteristic equation, we could achieve the following formula183: 

𝑑𝑑 = 𝑛𝑛𝐴𝐴𝐾𝐾0[𝐶𝐶𝑖𝑖−(0, 𝑑𝑑)𝐴𝐴𝛼𝛼𝛼𝛼ƞ − 𝐶𝐶𝑖𝑖3−(0, 𝑑𝑑)𝐴𝐴−(1−𝛼𝛼)𝛼𝛼ƞ]    (4-4) 

Where 𝑑𝑑 is the net reaction current, 𝑛𝑛 is the Faraday constant, 𝐴𝐴 is the electrode surface area or 

mass, 𝐾𝐾0 is the standard rate constant, 𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) is the surface concentration of the reactant (I-),  
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𝛼𝛼  is the anodic charge transfer coefficient, 𝑜𝑜 = 𝐹𝐹
𝑅𝑅𝑅𝑅

, 𝑅𝑅  is the universal gas constant, 𝑇𝑇  is 

absolute temperature, ƞ is the applied over-potential, 𝐶𝐶𝑖𝑖3−(0, 𝑑𝑑) is the surface concentration of 

the product (I3
-).183 

Therefore, from the equation (4-4), we know that the net current depends on the following 

parameters presented in that equation, which is effective active surface area, standard rate 

constant, anodic charge transfer coefficient, and reactant and product surface concentration at 

the interface. Thus, for revealing the behind mechanism, in the following text of this chapter, I 

will focus on the discussion about these parameters of the two electrodes to explain the possible 

reasons for the observed surprising increased interface reaction rate at the highly confined pore 

size electrode. 

4.3.1.1.2 Effective active surface area 

In the above CV characterization of nanoporous graphene-based electrodes with different pore 

sizes (10 nm and 1 nm) in 0.1 M ZnI2 aqueous electrolyte, the mass and physical area of the 

two electrodes is the same (0.3 mg or 0.5 cm2). In order to further compare the effective active 

surface area of the two electrodes, we conducted the CV test and compared the CV curves of 

the two samples at the EDL capacitance working potential range. From Fig. 4.4a, we can see 

the electrodes with 10 nm pore size and 1.0 nm pore size exhibit the same CV curves, and the 

capacitive current for the two samples is also almost the same, indicating the same effective 

active surface area of the two samples. With the increase of the applied scan rates, there is an 

increase in the current density difference between two electrodes (Fig. 4.4b and c), which is 

mainly due to the mass transport effect. Therefore, the EDL characterization results 

demonstrate that the two tested pore size samples possess the same effective active surface area, 

indicating the difference of interface charge transfer rate should come from other parameters.  

 

Figure 4.4. CV curves of NPGE-10nm and NPGE-1nm in 0.1 M ZnI2 electrolytes at the scan rate of 

0.5 mV/s (a), 2 mV/s (b), and 20 mV/s (c) with the capacitive working potential range. 
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4.3.1.1.3 The standard rate constant 

According to equation (4-4), we know that the net interface reaction rate also depends on the 

standard rate constant of the redox-reaction. At the beginning of the CV test, the redox-active 

is I-, and there is almost no I3
- at the interface. Thus, the backward current contribution from 

the product could be negligible due to the very low concentration of the product when the 

overpotential is very low (less than 10 mV). Therefore, the equation (4-4) could derive to the 

following equation: 

𝑑𝑑 = 𝑛𝑛𝐴𝐴𝐾𝐾0𝐶𝐶𝑖𝑖−(0, 𝑑𝑑)𝐴𝐴𝛼𝛼𝛼𝛼ƞ                         (4-5) 

Considering the minimal value of over-potential ƞ, the value of 𝛼𝛼𝑜𝑜ƞ  will be small, the 

exponential 𝐴𝐴𝛼𝛼𝛼𝛼ƞ can be approximated as 1+ 𝛼𝛼𝑜𝑜ƞ. In detail, the value of f is 38.95/V based on 

the definition (𝑜𝑜 = 𝐹𝐹
𝑅𝑅𝑅𝑅

), 𝛼𝛼 is in the range of [0, 1], so 𝛼𝛼𝑜𝑜ƞ is in the range of [0, 0.3895]. 𝐴𝐴𝛼𝛼𝛼𝛼ƞ 

is in the range of [1, 1.47], which is close to the range of [1, 1.39]. Therefore, when the over-

potential is very small (≤10 mV), the above equation (4-5) could simplify to the following 

equation183: 

𝑑𝑑 = 𝑛𝑛𝐴𝐴𝐾𝐾0𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) ∗ (1 +  𝛼𝛼𝑜𝑜ƞ)                         (4-6) 

𝑑𝑑 = 𝑛𝑛𝐴𝐴𝐾𝐾0𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) + 𝑛𝑛𝐴𝐴𝐾𝐾0𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) ∗  𝛼𝛼𝑜𝑜ƞ     (4-7) 

We can see that equation (4-7) is a liner function. Then, we plotted the CV results at the low 

overpotential range and fitted the current-overpotential curve at the overpotential range of [0, 

0.01 V] to achieve the onset potential of the I-/I3
- redox-reaction as well as the standard rate 

constant of the NPGE-10nm and NPGE-1nm (Fig. 4.5a and b). The results show that the two 

samples have a similar onset redox potential (Fig. 4.5c), and the slope of the liner function for 

NPGE-10nm is slightly higher than that of the NPGE-1nm (0.159 vs. 0.133) (Fig. 4.5d). 

Comparing the fitting results and the equation (4-7), we could achieve the following result:  

0.159 mA/V=𝑛𝑛𝐴𝐴𝐾𝐾10𝑛𝑛𝑛𝑛0 𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) ∗ 𝛼𝛼10𝑛𝑛𝑛𝑛𝑜𝑜;  0.133 mA/V=  𝑛𝑛𝐴𝐴𝐾𝐾1𝑛𝑛𝑛𝑛0 𝐶𝐶𝑖𝑖−(0, 𝑑𝑑) ∗ 𝛼𝛼1𝑛𝑛𝑛𝑛𝑜𝑜  (4-8) 

where 𝑛𝑛 is the Faraday constant, 𝐴𝐴 is the electrode surface area or mass, 𝐾𝐾10𝑛𝑛𝑛𝑛0  and 𝐾𝐾1𝑛𝑛𝑛𝑛0  are 

the standard rate constant of NPGE-10nm and NPGE-1nm, respectively, 𝐶𝐶𝑖𝑖−(0, 𝑑𝑑)  is the 

surface concentration of the reactant (I-) at this overpotential range, 𝛼𝛼10𝑛𝑛𝑛𝑛 and 𝛼𝛼1𝑛𝑛𝑛𝑛 are the 

anodic charge transfer coefficient of NPGE-10nm and NPGE-1nm. In our study, the NPGE-

10nm and NPGE-1nm have the same effective active surface area, and the electrolyte 

concentration is 0.1 M. At the onset potential, the anodic charge transfer coefficient is close to 
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1 due to the absence of the I3
- at the start of the electrochemical reaction. Therefore, in this 

study, the standard rate constant of the NPGE-10nm is around 1.19 times that of the NPGE-

1nm. If we only consider the standard rate constant parameter on the interface charge transfer 

rate, theoretically, the net electrochemical reaction rate of a large pore size electrode should be 

slightly larger than that of the higher confined electrodes, which is quite a controversy with the 

experimental observation. Therefore, we could conclude that the standard rate constant is not 

the primary parameter for inducing the large net electrochemical reaction rate of the studied 

pore size electrodes. 

 

Figure 4.5. Fitting line of the CV curves of NPGE-10nm (a) and NPGE-1nm (b) at the scan rates of 

0.5 mV/s with low overpotential range; (c) The onset potential of the I-/I3
- redox-reaction inside NPGE-

10nm and NPGE-1nm. (d) The slope of the fitting line at the overpotential range of [0, 0.01V]. 

4.3.1.1.4 The anodic charge transfer coefficient 

With the assumption of no mass (ion) transfer effects and the surface concentration of the 

redox-active ions do not differ appreciably from that of the bulk values during the charging 

process, then the complete current-potential characteristic could derive to the broadly know 

Butler-Volmer formulation183,184: 
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𝑑𝑑 = 𝑑𝑑0[𝐴𝐴𝛼𝛼𝛼𝛼ƞ − 𝐴𝐴−(1−𝛼𝛼)𝛼𝛼ƞ]             (4-9) 

Where 𝑑𝑑0 is the exchange current. In our study case, 𝑑𝑑0 = 𝑛𝑛𝐴𝐴𝐾𝐾0𝐶𝐶𝑖𝑖−(0, 0), where  𝐶𝐶𝑖𝑖−(0,0) is the 

surface concentration of the reactant (I-) at the onset potential.  

At large values of the overpotential (ƞ), the current contribution from the 𝐴𝐴−(1−𝛼𝛼)𝛼𝛼ƞ part to the 

total net current could be very small, and in our case, we assume that when the current from 

the backward electrochemical reaction contributes less than 10% of the current, then the 

equation (8) could simplify to the following equation: 

        𝑑𝑑 = 𝑑𝑑0𝐴𝐴𝛼𝛼𝛼𝛼ƞ                             (4-10) 

Or                                            ln(𝑑𝑑) = ln(𝑑𝑑0) +  𝛼𝛼𝑜𝑜ƞ             (4-11) 

Therefore, we selected the CV characterization results of NPGE-10nm and NPGE-1nm at the 

low scan rate (could largely avoid the mass transfer effect) and plotted the ln (i)-working 

potential curves. Considering the current from the backward electrochemical reaction 

contributes less than 10% of the current, then we could achieve the following relationship: 

𝐴𝐴−(1−𝛼𝛼)𝛼𝛼ƞ/(𝐴𝐴𝛼𝛼𝛼𝛼ƞ) =  𝐴𝐴−𝛼𝛼ƞ ≤ 0.1     (4-12) 

The calculation results imply the overpotential (ƞ) is larger than 59 mV. Based on the previous 

research results (Fig.4.5c), we know the onset potentials of the NPGE-10nm and NPGE-1nm 

are 1.165 and 1.155 V, respectively. So when the working potentials on the NPGE-10nm and 

NPGE-1nm are larger than 1.165 V+0.059 V=1.224 V and 1.155 V+0.059 V=1.214 V, the 

equation (4-10) could be reliable based on the Butler-Volmer assumption. Fitting ln (i)-working 

potential curves with the potential range from 1.225 V to peak current potential, the 𝛼𝛼𝑜𝑜 results 

for NPGE-10nm and NPGE-1nm could be achieved (Fig. 4.6a and b). In detail, the 𝛼𝛼𝑜𝑜 value 

for NPGE-10nm at the working potential range from 1.225 V to 1.35 V (corresponding to peak 

current) is 23.5/V, which indicates the anodic charge transfer coefficient of the redox-reaction 

happened at the interface of 10 nm pore is around 0.6. The 𝛼𝛼𝑜𝑜 value for the NPGE-1nm at the 

working potential range from 1.225 V to 1.46 V (corresponding to peak current) is 16.2/V, 

which indicates the anodic charge transfer coefficient of the redox-reaction happened at the 

interface of the 1 nm pore is around 0.4. The smaller transfer coefficient value of the NPGE-

1nm indicates at the same overpotential, the current of the NPGE-10nm should be larger than 

that of the NPGE-1nm (according to equation 4-11). However, from our experimental results, 

we can see the current of the nanoporous electrodes with 1.0 nm pore size, at 1.46 V (Fig. 4.6c), 

is much higher than that of the NPGE-10nm (around 2 times higher). Therefore, we could 
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conclude the anodic charge transfer coefficient should not be the major parameter for inducing 

the high net electrochemical reaction rate of the studied pore size electrodes at the peak current 

potential.  

 

Figure 4.6. (a) ln (i)-potential curves of electrodes with 10 nm pore size and the corresponding linear 

fitting line at the potential range of [1.225V, 1.35 V]; (b) ln (i)-potential curves of the electrodes with 

1.0 nm pore size and the corresponding linear fitting line at the potential range of [1.225V, 1.46 V]; (c) 

current-potential curves of the electrodes with 10 nm and 1nm pore sizes. Electrolyte: 0.1 M ZnI2. 

4.3.1.1.5 Interface iodide ion concentration 

Based on the established knowledge of EDL, we know that increasing the potential of the 

electrode, there is the electrostatic attraction between the ions of the electrolyte and the charge 

confined at the electrode surface, which allows the formation of EDL at the electrode-

electrolyte interface. In the case of our study, there is the formation of the EDL and charge 

transfer at the electrode/electrolyte interface during the potential scanning process. The EDL 

structure of the electrodes with 10 nm and 1 nm pore sizes could be different during the 

charging process and possibly leading to a different surface concentration of reactant ions.  

According to equation (4-4), we know the net redox-reaction rate depends on the surface iodide 
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ion concentration. Therefore, we propose the different interface charge transfer rates could 

come from the different EDL structures of the two studied pore size electrodes. 

 

Figure 4.7. 2D continuum modeling system with 6 layers of graphene sheets with L=55 nm, h = 10 nm, 

and d = 2 nm. 

Considering the difficulty of detecting EDL structure and surface ion concentration inside the 

nanopore from the experimental aspects, we carried out simulations to investigate the EDL 

structure and surface ion concentration during the dynamic charging process. The details about 

the simulation are presented in the materials and methods part (4.2.3). We studied the CV 

simulation test of the charge storage behavior of the 6 layers of graphene sheet electrodes 

(GSEs) using the simulation models, in which the surface potential is imposed to vary 

periodically and linearly with time t. Fig.4.8 plots the surface charge density and ion 

concentration curves of the simulated graphene sheet electrodes with 10 nm (GSE-10nm) and 

1 nm (GSE-1nm) slit pore size in 0.1 M ZnI2 electrolyte at the scan rate of 5 V/s. Considering 

the simulated electrode with only 6 layers of the graphene sheets, which is much less than that 

of the 3-dimensional bulk graphene-based membrane electrode, which is around 8000 layers 

of graphene. Thus, the 5 V/s scan rate simulated results could be quite in agreement with the 

experimental results achieved at 0.5 mV/s. From Fig.4.8a, we can see the simulated surface 

charge density of the GSE-10nm and GSE-1nm are very similar, which quite agrees with the 

EDL test of these two pore size electrodes, demonstrating the negligible dynamic ion transport 

effect for the EDL at the low scan rate. We also calculate the I- distribution inside the slit 

nanopore along with the electrode thickness for the two electrodes when charging the 

electrodes to 0.5 V (Fig 4.8b and c), the calculated results illustrate that the I- concentration 

inside the 1 nm slit-nanopore is much higher than that of the 10 nm nanopore. Particularly, we 

observe the EDL overlap in the 1 nm slit pore, where the inside I- concentration is much higher 
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than that of the bulk I- concentration (0.2 M). Importantly, the simulated results exhibited here 

(Fig 4.8d) show that the average I- concentration at the interface of the GSE-1nm is around 5.2 

M, which is about 2.4 times higher than that of the GSE-10nm. Interestingly, the surface 

concentration ratio ( 𝐶𝐶1𝑛𝑛𝑛𝑛
𝐼𝐼−

𝐶𝐶10𝑛𝑛𝑛𝑛𝐼𝐼− = 3.4) of the two electrodes is quite close to the electrochemical 

current ratio ( 𝐼𝐼1 𝑛𝑛𝑛𝑛/𝐼𝐼10 𝑛𝑛𝑛𝑛 = 2.8) of the two electrodes at the peak current potential. These 

simulation results indicate that the higher peak current achieved for the GSE-1nm possible due 

to the higher surface reactive ion concentration of the GSE-1nm compared to that of the GSE-

10nm. 

 

Figure 4.8. (a) shows the surface charge density of the GSE-10 nm and GSE-1nm at the scan rate of 5 

V/s; (b) and (c) show the ion distribution curves of the GSE-10nm and GSE-1nm  at the scan rate of 5 

V/s; (d) shows the average surface concentration of I- on the GSE-10nm and GSE-1nm at the scan rate 

of 5 V/s. Electrolyte: 0.1 M ZnI2, working voltage: 0-0.5 V. 

Then, we increased the scan rate to 5,000,000 V/s to further evaluate the surface charge density, 

ion distribution, and concentration at such a high dynamic charging rate, which is around 

1,000,000 times the charge rate increases. We observed the surface charge densities of the two 

electrodes are quite different from the calculated results at 5 V/s (Fig 4.9a), in which the surface 

charge density of the larger slit pore graphene electrodes is much higher than that of the highly 
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confined nanoslit graphene sheets, indicating the dynamic effect for the stored surface charge. 

Besides, with the charge/discharge cycling simulation, we found there was an increase of the 

surface charge density for these two nanoslit graphene electrodes, indicating there is the surface 

charge unbalance at the high charge/discharge rate. The ion distribution curves were simulated 

for achieving the ion profile inside the nanoslit channel after charging to 0.5 V with the first 

cycle charge (Fig 4.9b and c). The results show that the I- concentration inside the five 

nanochannels is quite uneven, especially for the 1.0 nm nanoslit graphene electrode, in which 

there is a sharp I- concentration decrease inside the nanochannels along with the graphene 

electrode thickness direction (from outer-surface to the 0 nm position). We further calculated 

the average surface concentration of I- during the cycling dynamic charging process on the 

GSE-10 nm and GSE-1nm at the scan rate of 5,000,000 V/s (Fig. 4.9d and e). The results show 

that there is an increase in the average surface I- concentration during the cycles for both 

nanoslit graphene electrodes. Especially during one charge/discharge cycle, the highest iodide 

ion concentration on the interface is not achieved at the highest voltage. Instead, the largest 

concentration is observed at the discharge process, which indicates there is the I- concentration 

hysteresis during the charging process at a high charging rate, especially for GSE-1nm. 

Interestingly, even the GSE-1nm possesses a higher hysteretic response of the I- concentration, 

while the average I- concentration at the surface of GSE-1nm is still higher than that of the 

GSE-10nm (Fig. 4.9f), further revealing the special ion effects inside the high confined slit 

pore. Charging the electrodes to 0.5 V, the I- concentration at the surface of GSE-1nm is around 

2 times that of the GSE-10nm. Therefore, in theoretical, with the absence of the standard rate 

constant and the transfer coefficient effects on the current, the observed electrochemical redox 

current for GSE-1nm should also be around 2 times that of the GSE-10nm at fast charging rate, 

which is quite different from our observed experiment results (Fig. 4.2d). These controversial 

results possibly come from the un-negligible effect of the product (I3
-) and the ion (mass) 

transfer at a high charge rate. At a very high charge rate, the I3
- is not able to fully diffuse from 

the surface of the nanoconfinement space to the bulk electrolyte due to the time limitations, 

leading to the accumulation of the I3
- at the interface. Considering the GSE-1nm has the slit 

pore size of 1nm which is much lower than that of the GSE-10nm, so with the accumulation of 

the same amount of I3
-, the I3

- concentration inside the 1 nm slit channel is 10 times that of the 

10 nm slit channel, resulting to a much higher backward current contribute from the reduction 

of I3
-. Therefore, the net current of GSE-1nm could be lower than that of GSE-10nm during the 

charging process at a high charge rate as observed from the experiment.  
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Figure 4.9. (a) shows the surface charge density of the GSE-10 nm and GSE-1nm with cycling 

charge/discharge at the scan rate of 5,000,000 V/s; (b) and (c) show the ion distribution curves of the 

GSE-10 nm and GSE-1nm after initial charging at the scan rate of 5,000,000 V/s; (d) and (e) present 

the average surface concentration of I- during the cycling dynamic charging process on the GSE-10 nm 

and GSE-1nm  at the scan rate of 5,000,000 V/s; (f) shows the average surface concentration of I- on 

the GSE-10 nm and GSE-1nm for the initial charging process at the scan rate of 5,000,000 V/s. 

Electrolyte: 0.1 M ZnI2, working voltage: 0-0.5 V. one cycle: 200 ns. 

4.3.1.2  Zinc iodide redox-active electrolyte with a concentration of 1.0 M. 

4.3.1.2.1 Electrochemical reaction rate 

Considering the importance of electrolyte concentration on the EDL structure (debye length 

depends on ion concentration) as well as the energy storage performance (theoretically, the 

interface electrochemical reaction rate depends on I- concentration), we further evaluated the 

redox-ion effects on the charge transfer rates of graphene-based nanoporous electrodes in 1.0 

M ZnI2 aqueous electrolyte. I first studied the cyclic voltammetry characterization of NPGE-

10nm and NPGE-1nm at different dynamic charging rates in 1.0 M ZnI2 aqueous electrolyte. 
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Fig. 4.10 presents the curves of current density-working potential at different scan rates. 

Generally, with the increase of the polarized potential from onset potential to peak current 

potential of NPGE-1nm, the observed current density for the NPGE-1nm is always higher than 

that of the NPGE-10nm except in the small overpotential range which is around 50 mV. 

Furthermore, the peak current observed at 1.0 M ZnI2 electrolyte for both two porous electrodes 

at 0.5 mV/s are more than ten times of that in 0.1 M ZnI2 electrolyte, which is about 20 times 

increase for the NPGE-1nm, 40 times increase for the NPGE-10nm compared in the 0.1 M 

ZnI2. Note that, according to the classic Butler-Volmer formulation, in theoretical, the achieved 

current density for the identical electrode in 1.0 M ZnI2 electrolyte should be ten times of that 

in 0.1 M ZnI2. These interesting results indicate that nanoconfinement plays a significant role 

in determining the interface charge transfer rate, which profoundly demonstrates that the 

interface electrochemical reaction mechanism under nanoconfinement space is quite different 

from that of the well-studied bulk (or plane) interface. 
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Figure 4.10. CV curves of NPGE-10nm and NPGE-1nm in 1.0 M ZnI2 aqueous electrolyte under the 

scan rates of 0.5 mV/s (a), 2 mV/s (b), and 5 mV/s (c) and 20 mV/s (d), respectively. 

Later, we did the electrochemical impedance spectroscopy test for further investigating the 

confined interface charge transfer behaviors. Fig. 4.11 shows the experimental Nyquist plots 

of the NPGE-10nm and NPGE-1nm in 1.0 M ZnI2 electrolytes at the frequency range from 

1,000 kHz to 100 mHz at the working potential of 1.2 V vs. Zn/Zn2+, 1.3 V vs. Zn/Zn2+, 1.4 V 

vs. Zn/Zn2+, and 1.5 V vs. Zn/Zn2+. At 1.2 V and 1.3 V/Ref (Fig. 4.11a and b), in the middle 

frequency range, quite different plot shapes are observed for the NPGE-10nm and NPGE-1nm, 

which higher value of the real impedance of the NPGE-1nm is observed, revealing the higher 

charge transfer resistance of the higher confined nanoporous electrode at these two working 

potentials. Increasing the working potential to 1.5 V/Ref (Fig. 4.11d), we can see NPGE-1nm 

exhibits the lower value of the real impedance, which stands for better charge transfer behavior. 

These observed EIS results quite agree with the CV results (the slight potential shift compare 

to the CV results possible due to inner resistance effect for the EIS study), further 

demonstrating the higher interface charge transfer rate of the higher confined 1.0 nm 

nanoporous electrodes in the redox-active electrolyte at the peak current working potential.  



81 
 

 

Figure 4.11. Nyquist plots of NPGE-10nm and NPGE-1nm in 1.0 M ZnI2 electrolyte at the frequency 

of 1000 kHz to 100 mHz at the working potential of 1.2 V vs. Zn/Zn2+ (a), 1.3 V vs. Zn/Zn2+ (b), 1.4 V 

vs. Zn/Zn2+ (c) and 1.5 V vs. Zn/Zn2+ (d). Ref: Zn/Zn2+. 

4.3.1.2.2 Effective surface area 

Based on the discussion and equations presented in the electrochemical redox reaction study in 

0.1 M ZnI2, these studied parameters could direct transfer to the interface reaction rate study in 

1 M ZnI2 electrolyte. Therefore, firstly, I studied the cyclic voltammetry characterization of the 

nanoporous graphene-based electrodes in 1.0 M ZnI2 aqueous electrolyte. The mass and 

physical area of the two electrodes is also the same (0.3 mg or 0.5 cm2). To compare the 

effective surface area of the two electrodes, we did the CV test and compared the CV curves 

of the two samples at the EDL capacitance working potential range (Fig. 4.12). The results 

show that the NPGE-10nm and NPGE-1nm exhibit the very close current density at the scan 

rate of 0.5 and 2 mV/s (Fig. 4.12a and b), indicating a very similar effective surface area for 

the interface reaction of the two samples. Increase the scan rate to 20 mV/s, the difference of 

the current densities of the two samples become obvious (Fig. 4.12c), which is mainly due to 

the hindered ion transport in the higher confined nanoporous electrode. Generally, the EDL 

characterization results demonstrate that the two tested pore size samples have the closing 
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effective surface area, and the difference of net reaction current should come from other 

parameters.  

 

Figure 4.12. CV curves of NPGE-10nm and NPGE-1nm in 1.0 M ZnI2 electrolyte with the scan rate of 

0.5 mV/s (a), 2 mV/s (b), and 20 mV/s (c) at the capacitive working potential range. 

4.3.1.2.3 The standard rate constant 

Based on the discussion results about the standard rate constant above (3.1.1.3), the CV results 

of the NPGE-10nm and NPGE-1nm were fitted at the low overpotential range (0, 0.01 V) to 

calculate the onset potential of the I-/I3
- redox-reaction and the standard rate constants (Fig. 

4.13a and b). From the results, we can see that the onset redox potential and the slope of the 

fitting line of the two electrodes is similar (Fig. 4.13c and d), indicating the same standard rate 

constant for the two pore-structure electrodes (referring 3.1.1.3). Therefore, in theoretical, the 

net electrochemical reaction rate of NPGE-1nm should be equal to that of the NPGE-1nm, 

which is quite different from the experimental observation results. Thus, the standard rate 

constant is not the major parameter which induces the difference of the net electrochemical 

reaction rates for the two pore-structure electrodes.  
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Figure 4.13. Fitting line of the CV curves of NPGE-10nm (a) and NPGE-1nm (b) with the scan rates 

of 0.5 mV/s at low overpotential range; (c) The onset potential of the I-/I3- redox-reaction inside the 

NPGE-10nm and NPGE-1nm; (d) The slope of the fitting line at the overpotential range of [0, 0.01V]. 

4.3.1.2.4 Charge transfer coefficient 

Based on the discussion results about the anodic charge transfer coefficient of I-/I3
-, the ln (i)- 

potential curves of the NPGE-10nm and NPGE-1nm were fitted at the potential range from 

1.25 V to 1.38 V to calculate the anodic charge transfer coefficient of the two electrodes (Fig. 

4.14a and b). The fitted 𝛼𝛼𝑜𝑜 values for the NPGE-10nm and NPGE-1nm are 17.5/V and 15.9/V, 

respectively. Thus, the calculated anodic charge transfer coefficients of the NPGE-10nm and 

NPGE-1nm are around 0.45 and 0.41. The smaller anodic charge transfer coefficient value of 

the NPGE-1nm indicates that at the same overpotential, the current for the NPGE-10nm should 

be higher than that of the NPGE-1nm (according to equation 4-11). However, current-potential 

curves (Fig. 4.14c and d) show both the current and increasing rate of current for the NPGE-

1nm is higher than that of the NPGE-10nm (around 1.35 times). Therefore, we could conclude 

the anodic charge transfer coefficient is not the major parameter for inducing the large net 

electrochemical reaction rate of the NPGE-1nm.  
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Figure 4.14. (a) ln (i)-potential curves of NPGE-10nm and the corresponding linear fitting line at the 

potential range of [1.25V, 1.38 V]; (b) ln (i)-potential curves of  NPGE-1nm and the corresponding 

linear fitting line at the potential range of [1.25V, 1.38 V]; (c) Current-potential curves of NPGE-10nm 

and the corresponding linear fitting line at the potential range of [1.25V, 1.38 V]; (d) Current-potential 

curves of NPGE-1nm and the corresponding linear fitting line at the potential range of [1.25V, 1.38 V]. 

4.3.1.2.5 Interface iodide ion concentration 

We carried out simulations to further investigate the EDL structure and surface ion 

concentration during the dynamic charging process in 1 M ZnI2 electrolyte. The details about 

the simulation are presented in 4.2.3 and 4.3.1.1.5. The surface charge density of GSE-10 nm 

and GSE-1nm were plotted in Fig. 4.15a. We can see the simulated surface charge densities of 

the two electrodes in 1 M ZnI2 electrolyte are the same at the low scan rate, which quite agrees 

with the experimental EDL test results, proving the negligible dynamic ion transport effect for 

the final electrochemical performance. The curves of I- distribution inside the slit nanopore 

along with the electrode thickness for the two electrodes illustrate that the I- concentration 

inside the 1 nm slit-nanopore is slightly higher than that of the 10 nm slit-nanopore (Fig. 4.15b 

and c). Particularly, we also observe the EDL overlap for the 1 nm slit pore in the 1 M ZnI2 
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electrolyte, where the inside I- concentration is much higher than that of the bulk I- 

concentration (2.0 M). 

Moreover, from Fig. 4.15d, we can see the simulated average interface I- concentration for the 

GSE-1nm is around 7.0 M, which is higher than that of the GSE-10nm (around 5.0 M). 

Interestingly, the surface concentration ratio ( 𝐶𝐶1𝑛𝑛𝑛𝑛
𝐼𝐼−

𝐶𝐶10𝑛𝑛𝑛𝑛𝐼𝐼− = 1.4) of the two electrodes is quite similar 

to the electrochemical current ratio ( 𝐼𝐼1 𝑛𝑛𝑛𝑛/𝐼𝐼10 𝑛𝑛𝑛𝑛 = 1.35) of the two electrodes at the peak 

current potential of NPGE-1nm, which further indicates the higher peak current achieved for 

the GSE-1nm, maybe comes from the higher surface reactive ion concentration of the GSE-

1nm compared to that of the GSE-10nm. 

 

Figure 4.15. (a) shows the surface charge density of the GSE-10 nm and GSE-1nm at the scan rate of 

5 V/s; (b) and (c) show the ion distribution curves of the GSE-10nm and GSE-1nm  at the scan rate of 

5 V/s; (d) shows the average surface concentration of I- on the GSE-10nm and GSE-1nm at the scan 

rate of 5 V/s. Electrolyte: 1.0 M ZnI2, working voltage: 0-0.5 V. 

Later, we further increased the scan rate to 5,000,000 V/s to study the surface charge density, 

ion distribution, and concentration at this high scan rate. The results presented here (Fig. 4.16a) 

show the surface charge densities of the two electrodes are quite different from that of 5 V/s, 
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and the stored surface charge density here is also higher than that in 0.1 M ZnI2. These 

simulated results indicate the dynamic ion transport and initial ion centration effects on the 

surface charge densities. Additionally, during the cycling simulation, the stored surface charge 

densities of the two electrodes are quite stable compared to the large variation of the stored 

charge with the cycling simulation in 0.1 M ZnI2 electrolyte. Moreover, the ion distribution 

profiles were also simulated for detecting the ion distribution inside the nano-slit channel after 

charging to 0.5 V at the initial cycling charge (Fig. 4.16b and c). The results show that the I- 

concentration inside the nanochannels of the GSE-1nm is quite uneven, in which a sharp I- 

concentration decrease is observed along with the electrode thickness direction (from outer-

surface to the 0 nm position). We further calculated the average surface concentration of I- 

during the cycling dynamic charging process of the GSE-10 nm and GSE-1nm at the scan rate 

of 5,000,000 V/s (Fig. 4.9d and e). The results show that the average surface I- concentration 

during the cycles for both GSE-10 nm and GSE-1nm is much stable compared to the results in 

0.1 M ZnI2, especially for the large slit channel size electrode. Note that the hysteretic 

phenomenon of average surface I- concentration during the charging/discharging process was 

still be observed in this electrolyte at the high scan rate simulation test. Interestingly, at the 

initial charging simulation, the average surface I- concentration of GSE-1nm is much lower 

than that of the GSE-10nm, while with the cycling simulation, the average I- concentration at 

the surface of GSE-1nm turns to higher than that of the GSE-10nm.  

 

Figure 4.16. (a) shows the surface charge density of the GSE-10 nm and GSE-1nm with cycling 

charge/discharge at the scan rate of 5,000,000 V/s; (b) and (c) show the ion distribution curves of the 

GSE-10 nm and GSE-1nm after initial charging at the scan rate of 5,000,000 V/s; (d) and (e) present 
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the average surface concentration of I- during the cycling dynamic charging process on the GSE-10 nm 

and GSE-1nm  at the scan rate of 5,000,000 V/s. Electrolyte: 1.0 M ZnI2, working voltage: 0-0.5 V. one 

cycle: 200 ns. 

4.3.2 Nanoconfined zinc ions on the charge storage performance of nanoporous 

graphene-based electrodes. 

Recently, the metal-ion batteries have been widely studied for engineering the energy storage 

devices with high charge storage performance.185,186 Due to the tremendous advantage of 

directly applying metals as the negative electrodes for energy storage devices, the fundamental 

research studies on the electrochemical metal deposition play a crucial role in engineering the 

next-generation high-performance metal electrodes. In order to avoid the surface roughness 

effect on the electrochemical metal deposition, we control the filtration time instead of the 

mediated electrolyte concentration to tune the slit pore size of the electrodes.  

To explore the electrochemical interface behaviour of the metal deposition, we studied the 

comprehensive electrochemical characterization of NPGE-10nm and NPGE-0.7nm in 1 M 

ZnSO4 electrolyte. We first investigated the cyclic voltammetry characterization of the two 

electrodes at different dynamic scan rates. The EDL test (Fig. 4.17a) shows that the two 

electrodes have the same EDL current at a low scan rate (0.5 mV/s), indicating the two 

electrodes have the same effective surface area for ion adsorption. The NPGE-10nm exhibits a 

higher EDL current at the scan rate to 20 mV/s (Fig. 4.17b), which is mainly due to the hindered 

ion transport behaviour in the highly confined slit channel. The current-potential curves at the 

electrochemical reaction potential range show that the net current of NPGE-10nm and NPGE-

0.7nm largely depends on the applied overpotential. In detail, at 0.5 mV/s, when the 

overpotential less than 50 mV, the NPGE-10nm presents a higher current, further increases the 

overpotential to 100 mV, the net current of the NPGE-0.7nm is higher than that of the NPGE-

10nm (Fig. 4.17c). These results further indicate there are pore size effects on the 

electrochemical deposition rate. Increasing the scan rate to 20 mV/s, we can see the 

electrochemical zinc deposition rate of the NPGE-10nm is always higher than that of the 

NPGE-0.7nm (Fig. 4.17d), indicating that the dynamic ion transport effects paly dominate role 

on the zinc deposition rate at fast charging rate.  

To better explore the nanoconfinement effects on the standard deposition rate of zinc, we 

further investigated the i-v curves of the two electrodes at the overpotential range of 5mV (Fig. 

4.17e and f). The results show the onset potential of Zn2+/Zn is almost the same in the two 
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electrodes (Fig. 4.17g). The NPGE-10nm possesses a better electrochemical rate performance 

near the onset potential, which is quite an agreement with the CV results (Fig. 4.17h). The 

better electrochemical reaction rate observed near the onset potential may be due to the higher 

standard rate constant of the NPGE-10nm.  

 

Figure 4.17. CV curves of NPGE-10nm and NPGE-0.7nm at the scan rate of 0.5 mV/s (a), 20 mV/s 

(b), at the capacitive working potential range. CV curves of NPGE-10nm and NPGE-0.7nm with the 

electrochemical working potential at the scan rate of 0.5 mV/s (c), 20 mV/s (d). Fitting line of the CV 
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curves of NPGE-10nm (e) and NPGE-0.7nm (f) with the scan rates of 0.5 mV/s at low overpotential 

range (5 mV); (g) The onset potential of the Zn2+/Zn on the NPGE-10nm and NPGE-0.7nm; (h) The 

slope of the fitting line at the overpotential range of [0, 0.005V]. 

Next, we further did the constant charge and discharge characterization to analyze the charging 

platform, coulombic efficiency (CE), and cycling performance of the Zn2+/Zn redox-reaction. 

The results presented here indicate that the energy barrier of the Zn2+/Zn in NPGE-0.7nm is 

slightly higher than that in NPGE-10nm at the slow charge rate (Fig. 4.18a). Further increasing 

the charge rate to 25 mA/cm2, there is an increase in the energy barrier, and the energy barrier 

of the zinc deposition in NPGE-0.7nm has a significant increase compared to that in NPGE-

10nm (Fig. 4.18b). These observed charge rates-depend energy barrier of the zinc deposition 

possible comes from the dynamic ion transport effect. Furthermore, we evaluated the CE of the 

two electrodes during charge/discharge at different charge rates. The results show both 

electrodes present very high CE (above 98%) during the initial five cycles except at the low 

charge rate (0.5 mA/cm2). The CE of the two electrodes is very similar, and only a slight 

difference of CE when charging/discharge at the low charge rate (Fig. 4.18c). The cycling 

performance of the two electrodes at a high charge rate (25 mA/cm2) shows that the NPGE-

0.7nm possesses a stable cycling performance with excellent CE retention during the 1000 

cycles, which is much more stable than that of the NPGE-10nm (Fig. 4.18d). The 

electrochemical characterization results presented here indicate the nanoconfinement indeed 

could induce the difference of metal deposition, which could provide a new concept/strategy 

for further engineering the metal electrodes with comprehensive and excellent electrochemical 

performance. The results presented here also advance the knowledge development for the metal 

corrosion field.  
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Figure 4.18. Initial charge curves of NPGE-10nm and NPGE-0.7nm at the charge rate of 0.5 mA/cm2 

(a), 25 mA/cm2 (b); CE performance of NPGE-10nm and NPGE-0.7nm at different charge rates (c); 

(d). cycling performance of NPGE-10nm and NPGE-0.7nm at the charge rate of 25 mA/cm2. 

4.3.3 Nanoconfinement effects on the charge storage performance of nanoporous 

graphene-based devices 

To further evaluate the nanoconfinement effect on the charge storage performance of the 

devices, we fabricated the two types of nanoporous graphene-based devices to do the 

electrochemical performance test. The positive electrode is nanoporous multilayered graphene 

electrodes with an average pore size of 1 nm and 10 nm, which has been fully exchanged with 

1.0 M ZnI2 electrolyte at 350 r/min for 3 days before the test. The negative electrode is the zinc 

foil (the mass of zinc is much higher than that of the multilayered graphene to avoid the 

insufficient charge/discharge of positive electrodes). The electrolyte is 5 M ZnSO4 (the high 

concentration of electrolyte used here is to avoid the electrolyte effect on the performance). 

The devices are marked as NPGD-10nm and NPGD-1nm when the positive electrodes have an 

average pore size of 10 nm and 1nm, respectively.  
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Firstly, we studied the CV characterization to identify the redox peaks of the I-/I3
- for the 

devices, and the plotted curves show that both two devices exhibit pronounced redox peaks 

(Fig. 4.19). At the studied scan rates, the peak potential for the two devices is also very similar, 

and the peak potential only holds a very slight shift with the increase of the scan rate, which 

indicates good electrochemical kinetics of the I-/I3
- charge storage. The amounts of redox-active 

ions (I-) confined in the NPGD-10nm positive electrodes is around 10 times that of NPGD-

1nm. Theoretically, the total charge stored for the NPGD-10nm should be 10 times that of 

NPGD-1nm. While from the CV curves of the two devices, we observed the peak current of 

the NPGD-10nm was only around 4 times that of NPGD-1nm. 

 

Figure 4.19. CV curves of NPG-10nm and NPG-1nm devices under the scan rates of 0.5 mV/s (a), 2 

mV/s (b), and 5 mV/s (c) and 20 mV/s (d), respectively. 

Later, we further did the constant charge/discharge test of the two devices. The results show 

that the NPGD-1.0nm presents a higher volumetric capacity compared to that of the NPGD-

10nm at the charge rate of 1 mA/cm2 (Fig. 4.20a), which is around three times that of the 

NPGD-10nm. The cycling performance of the two fabricated devices was also conducted (Fig. 

4.20b). The results show that both devices have high CE, which is close to 100% during cycling. 

Self-discharge is the main electrochemical performance feature of the redox-electrolyte type 
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energy storage devices. To evaluate this feature, we rested the devices for a different time at 

the open-circuit voltage condition. The achieved results show that the NPGD-1.0nm holds 

much higher capacity retention compared to that of the NPGD-10nm after rest for 2 hours and 

6 hours. The stored capacity retention of the NPGD-1.0nm could reach to 98% (Fig. 4.20c and 

d). 

The charge storage performance presented here indicates the performance of the device 

depends on the confined level of the electrodes. The engineering of the nanoconfined electrode-

electrolyte interface could provide the potential to achieve the EEDs with high comprehensive 

electrochemical performance.  

 

Figure 4.20. (a) Charge/discharge curves of NPGD-10nm and NPGD-1nm at the charge rate of 1 

mA/cm2; (b) Cycling performance of NPGD-10nm and NPGD-1nm at the charge rate of 10 mA/cm2. 

The capacity retention of NPGD-10nm and NPGD-1nm after resting at OCV for 2 hours (c) and 6 hours 

(d). 

4.4 Conclusion  

This chapter systematically investigates the nanoconfinement effects (graphene-based 

electrodes with average slit pore size of 10 nm, 1.0 nm, and 0.7 nm) on the electrochemical 
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interface performance of redox-active ions (I- and Zn2+) through the combination of 

electrochemical characterization and continuum simulations. The following conclusions can 

be drawn: 

1. At 0.5 mV/s, the peak current for the NPGE-1nm is around 2.8 times and 1.4 times of that 

of the NPGE-10nm in 0.1 M ZnI2 and 1.0 M ZnI2 electrolytes, respectively, indicating the 

interface reaction rate of I- ions depend on the slit pore size of the graphene-based electrodes. 

This is a strong experimental evidence to demonstrate the nano-confinement effect on 

electrochemical reaction in graphene-based membranes.  

 2. Our studies demonstrate that the difference in the charge transfer rate of NPGE-1nm and 

NPGE-10nm is not due to the difference of active surface area, the standard rate constant, and 

the anodic charge transfer coefficient of these two electrodes. The continuum simulation results 

show that the concentration ratio (𝐶𝐶1𝑛𝑛𝑛𝑛𝐼𝐼− /𝐶𝐶10𝑛𝑛𝑛𝑛𝐼𝐼− ) of surface I- in the above electrodes are around 

3.4 and 1.4 in 0.1 M and 1 M ZnI2 electrolytes, which is close to the experiment peak current 

ratio (0.1 M ZnI2: 2.8; 1 M ZnI2: 1.35).  These experimental and simulation results suggest that 

the higher charge transfer rate at peak current achieved for the NPGE-1nm possible due to the 

higher surface reactive ion concentration of the NPGE-1nm compared to that of the NPGE-

10nm.    

3. The NPGE-10nm and NPGE-1.0nm have very similar onset potential (vs. Zn2+/Zn reference) 

in the studied redox-active electrolytes (0.1 M ZnI2: 1.165 V vs. 1.155 V; 1.0 M ZnI2: 1.132V 

vs. 1.135 V), indicating the negligible pore size ( 10 nm vs. 1nm) effect on the onset potential 

of  I- based redox-active electrolytes. There is a need to carry out more experimental works for 

nanoconfinement effect on the onset potential of other redox-active electrolytes.     

4. At 25 mA/cm2, the NPGE-0.7nm negative electrodes possess a stable cycling performance 

with excellent coulombic efficiency (around 100%) during the 1000 cycling test, which is much 

more stable than that of the NPGE-10nm (large variation of coulombic efficiency during 

cycling). This result indicates that engineering the pore size of the conductive electrode could 

be a very promising strategy to enhance the coulombic efficiency and cycling life of zinc 

deposition. Perhaps, this strategy is also available for the electrodeposition reaction of other 

metals, such as Li+/Li, Na+/Na, K+/K, etc.  

5. The NPGD-1nm has a volumetric capacity of 110 mAh/cm3, which is higher than that of the 

NGGD-10nm (40 mAh/cm3). Additionally, the NPGD-1.0nm holds much better capacity 
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retention compared to that of the NPGD-10nm after resting for 6 hours (98% vs. 50%). These 

results indicate that engineering the electrodes with micropore could be a promising strategy 

to increase the charge storage performance of the redox-active electrolyte based devices. 

Overall, we believe our fundamental findings and comprehensive discussion about 
nanoconfined interface redox-reaction could contribute to the understanding of 
nanoconfinement effects on the interface electrochemical charge transfer. Our research results 
also indicate that the engineering of the EDL structure could be a very promising strategy for 
designing the next-generation electrode-electrolyte system with high energy and fast power 
delivery. Besides, the research results and discussion presented here also could provide 
inspiration and knowledge contribution for accelerating the design of better electrodes or 
devices in other research communities, such as the electrochemical catalysis. 
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Chapter 5 Machine learning-assisted device-level design of 

graphene-based supercapacitors 

 
5.1 Introduction 

Supercapacitors, also called electrochemical double-layer capacitors (EDLCs), store and 

deliver energy through ion adsorption/desorption at the electrical double layers.19 They have 

attracted intense attention in the energy storage field in light of their fast charging capability, 

high power density, and long-life span.23 However, their low volumetric energy density 

(amount of energy stored per unit volume) is a crucial drawback index for impeding the broad 

application of EDLCs. The strategies used to increase EDLC energy density include developing 

new capacitive materials, new electrode structures, applying high working voltage electrolytes, 

and designing asymmetric supercapacitors. Currently, quantitative, time and cost-effective 

optimization design of supercapacitor devices are crucial in accelerating supercapacitor 

development. However, due to the high dimensional design space consisting of variable main 

design parameters (pore size, thickness, working voltage, and operation charging rate), the 

optimal design of supercapacitor devices still remains a major challenge for the supercapacitor 

community.  

Two-dimensional (2D) materials with a layered structure, high conductivity, favorable ion 

transport properties, and excellent volumetric capacitive performance, have been widely 

studied for engineering high-performance supercapacitor electrodes, such as graphene-based 

materials, Mexnes, and metal oxide.10,47,156 As we know, the capacitance of electrodes largely 

depends on the electrode structure.47 Therefore, a well-developed quantitative relationship 

between 2D active materials’ structure and electrochemical performance could provide 

valuable information for the design of high-performance 2D active materials. The established 

relationship could boost the optimal design of high-performance supercapacitors. Additionally, 

the concepts used to design supercapacitors have been well developed. For example, the 

methods used, including asymmetric design, injecting free charge to the electrodes, and the 

introduction of mixture electrolyte, could all effectively increase the energy density of 

supercapacitors.55,57,91,158  

Even though these design concepts could enhance the energy density of supercapacitors, we 

still need more information on the optimal design of the supercapacitors at the device-level. 
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Particularly, we need the device design that will cover the design parameters with an extensive 

value range instead of several random design combinations. Typically, there are two 

conventional methods used to study the electrochemical performance of electrodes and the 

design of supercapacitors: experimental measurement and computational simulation. In 

experiments, establishing a quantitative relationship between capacitance and electrode 

structure needs thousands of electrodes with various structures, which is an exceptionally 

complicated, time, and resource-consuming process. 

Meanwhile, due to the complexity of the studied system, building and developing a reliable 

physical model to fully predict and capture the complicated relationship between the 

performance of electrodes and their related structure is extremely difficult. Notably, the 

physical model is also usually not on the same length scale as the experiment platform.70 The 

optimal design based on the developed physical model is not able to directly transfer to the 

practical condition. Therefore, it is urgent to develop an intelligent and reliable model that 

could correctly predict the performance of electrode materials with time efficiently and cost-

effectively. Machine learning (ML), as the study and construction of computer algorithms, 

could learn from data and has been successfully demonstrated as a powerful and useful tool in 

many disciplines.95,101,187-189 

In this chapter, we present that utilizing an artificial neural network (ANN) could successfully 

predict the 2D materials electrode performance and thus efficiently guide and accelerate the 

supercapacitor device design. Briefly, we adopted the nanoporous multilayered graphene with 

a tunable slit pore size as the suitable materials platform with the standard KCl (1M) electrolyte. 

Using the capillary compression technique developed in our group, we tuned the pore size of 

nanoporous graphene-based electrodes (NPGEs) from 1.7 down to 0.8 nm. The thickness of 

the electrodes was varied from 11 to 276 um. We did 200 separate experiments to measure the 

capacitance of electrodes with different thicknesses and pore size under different charging rates. 

The obtained experimental database was used to train the ANN model. Then, we applied the 

well-trained ANN model to predict the capacitance of positive and negative electrodes with 

various electrode structures, leading to the establishment of a comprehensive and continuous 

quantitative relationship between NPGE structure and the capacitance of both electrodes. After 

that, the numerical method was applied to explore the high dimensional design space modeled 

by ANN for the optimized matching of positive and negative electrodes for achieving optimal 

design on the device-level. The calculation results indicate that there are more than 1 million 

matching combinations for positive and negative electrodes that meet the general design rules. 
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This result shows that it is an extremely complicated task for optimizing a supercapacitor 

design based on a conventional method. Additionally, a random forest regressor is employed 

to extract featured parameters of electrodes and devices, providing an insightful relationship 

between parameters and performance. Lastly, we carried out experiments to successfully 

confirm the validity of our optimized supercapacitor design. The optimal device design results 

indicate that the positive and negative electrode structures, including pore size and thickness, 

are hard to determine quantitatively from conventional trial-and-error experiments. Besides, 

the optimal design parameters depend on the charging rate. In conclusion, this work provides 

a general and effective solution to design graphene-based 2D materials supercapacitor devices 

on-demand. This project indicates that the introduction of machine learning to the energy 

storage filed is a promising research direction that is worthy of further exploration. 

5.2 Overall picture of this project  

 
Figure 5.1. Flow chart of this project. 

 

5.3 Methodology 

5.3.1 Synthesis and characterization of NPGEs. 

Chemically converted graphene (CCG) dispersion was synthesized by following the method 

described in Reference.166 Briefly, graphene oxide colloid (0.5 mg/ml, 200 ml) made from the 

modified Hummers’ method was mixed with 0.6 ml hydrazine (35wt% in water) and 0.8 ml 

ammonia (28wt% in water) solution in a glass vial. After being vigorously shaken for a few 

minutes, the flask was put in a water bath (~100 ℃) for 3 hr. 
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Then NPGEs were fabricated by following the method we provided in chapter 3. 

The average interlayer spacing can be estimated from the thickness of the membranes 

according to the formula102: 

𝑑𝑑 = 𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝐴𝐴𝑛𝑛𝑠𝑠𝑖𝑖𝑡𝑡𝑑𝑑 𝑜𝑜𝛼𝛼 𝑔𝑔𝑟𝑟𝐴𝐴𝑔𝑔ℎ𝐴𝐴𝑛𝑛𝐴𝐴 ×𝑅𝑅ℎ𝑖𝑖𝑐𝑐𝑖𝑖𝑛𝑛𝐴𝐴𝑠𝑠𝑠𝑠 𝑜𝑜𝛼𝛼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴 𝑛𝑛𝐴𝐴𝑠𝑠𝑠𝑠 𝐴𝐴𝑜𝑜𝐴𝐴𝑑𝑑𝑖𝑖𝑛𝑛𝑔𝑔 𝑜𝑜𝛼𝛼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 

where the areal mass density of graphene is reported to be 0.77 mg/m2,102 the thicknesses of 

the NPGEs were measured using a digital micrometer at 1 um resolution. The average slit pore 

(channel) size of our tunable NPGEs mediated with 0 M, 0.05 M, 0.1 M, 0.3 M, 0.5 M, and 3.0 

M H2SO4 are 0.8 nm, 0.9 nm, 1.0nm, 1.2 nm, and 1.7 nm and 6.8 nm respectively.  

Table 5.1 Pore size and thickness of NPGEs 

 

 

Figure 5.2. (a) and (b) are the SEM images of our synthesized freezing dry and H2SO4 mediated NPGEs 

respectively. 

5.3.2 Electrochemical characterization of NPGEs 

The electrochemical characterizations include open-circuit voltage and cyclic voltammetry 

(CV). They were performed using Bio-logic VMP300. 

Pore size 

(nm) 

Thickness 

(um) 

Thickness 

(um) 

Thickness 

(um) 

Thickness 

(um) 

Thickness 

(um) 

0.8 11 33 66 99 132 

0.9 12 36 72 108 144 

1.0 13 39 78 117 156 

1.2 15.5 46.5 93 139.5 186 

1.7 23 69 138 207 276 
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Figure 5.3. Three-electrode configuration setup, where the reference electrode is a saturated calomel 

electrode (SCE), the counter electrode is the hydrogel graphene membranes, which the mass is two 

times that of working electrodes. 

The equation used for calculating the capacitance of various NPGEs (different pore size and 

thickness at different scan rates) are based on CV results: C=∫ 𝑗𝑗𝑑𝑑𝑑𝑑/𝑣𝑣
𝑣𝑣 𝑠𝑠⁄
0 , where C is gravimetric 

capacitance (F/g), j is absolute gravimetric current density (A/g), s  is the scan rate (V/s), and 

𝑣𝑣  is the potential window (V). To calculate the volumetric capacitances, the gravimetric 

capacitance was multiplied by the volumetric (g/cm3) density of the electrodes. 

5.3.3 Artificial neural network model 

Artificial neural network (ANN), a learning algorithm of machine learning, is inspired by 

biological neural networks. It can learn from data, which has been successfully applied for 

materials discovery, chemical synthesis planning, and energy management systems, etc. While 

due to the lack of suitable materials platform and reliable experiment database, applying the 

ANN to assist the system-level design of supercapacitors has not been successfully achieved. 

Inspired by the significant reported research works on ANN, we plan to develop reliable ANN 

models that have the ability to predict the capacitance of positive and negative electrodes for 

assisting the on-demand device-level design of graphene-based supercapacitors. An Artificial 

Neural Network (ANN) is a network that is connected by the input layer, hidden layers, and 

output layer. The basic unit for the ANNN is the neuron. The applied function between each 

layer is called the active function, and the connection between each layer is called weight (w). 

Normally, the Bias for each neuron is constant (usually set to 1).190,191 In this work, we choose 

the backpropagation algorithm for training the ANN models. From the experimental results, 

we can conclude that the relationship between pore size, thickness, charging rate, and specific 

capacitance is nonlinear. 
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Additionally, based on the domain knowledge in the supercapacitor field, we know that the 

capacitance is convergent with minimum and maximum capacitance. Therefore, we chose 

sigmoid function as the activation function for training the network, and this function has the 

value range of (0,1). For better applying the sigmoid function, we normalized all input data 

(pore size, thickness, scan rates) and output data (specific volumetric capacitance) into the 

range between 0 and 1. Notably, the sigmoid function has the extremum of 0 and 1, which 

means with the significant change of the input over a specific range, there is almost no change 

of the sigmoid function value. This could lead to the over-saturated phenomenon in the ANN 

model during the training and validation process, which will primarily decrease the accuracy 

of the prediction results by the developed models. Therefore, for better solving this problem 

and minimizing the regularization value of the ANN model, we further normalized our output 

data in the range of (0.1, 0.9). The structure of the ANN is developed by python. In our case, 

for increasing the training speed, we choose three hidden layers for building the ANN 

architecture with 5, 6, and 2 neurons at each layer, respectively. The pore size, thickness, and 

scan rates are the input neurons at the input layer, and the specific volumetric capacitance is 

the output neuron at the output layer. 

5.4 Results 

5.4.1 Experimental results 

Typically, apart from positive and negative electrodes and electrolytes, each supercapacitor 

device contains a separator (to prevent a short circuit between electrodes) and two current 

collectors. Additionally, for practical applications, particularly for portable electronics and 

vehicles, the volumetric energy density of supercapacitors is more critical than the gravimetric 

energy density. Therefore, the supercapacitor design in an ideal space is the system-level design 

issue, and the optimal matching of each component is the core challenge for achieving high-

performance supercapacitors. 

Additionally, according to the previous research and published papers, pore size, electrode 

thickness, charging rate, working voltage, and electrolytes play a significant role in determining 

the capacitance of electrodes. Therefore, to obtain the insightful quantitative relationship of 

these parameters and electrode performance, we firstly applied nanoporous graphene-based 

membranes with different pore size and thickness as the materials platform in 1 M KCl 

electrolyte. Then we studied the positive and negative charging/discharging under a dynamic 
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process using the three-electrode configuration. Some preliminary experimental results and 

data were collected. 

 

Figure 5.4. (a), (b), and (c) show the capacitance of NPGEs with various pore size and thickness under 

the scan rates of 2 mV/s, 10 mV/s, and 50 mV/s for the positive electrodes; (d), (e), and (f) show the 

capacitance of graphene membrane electrodes with various pore size and thickness under the scan rates 

of 2 mV/s, 10 mV/s, and 50 mV/s for the negative electrodes, respectively. 

The experimental results (Fig. 5.4 and Fig. 5.5) further demonstrate that electrode structure, 

charging potential and frequency, largely determine the capacitance of both positive and 

negative electrodes in a typical choosing electrolyte. Therefore, we propose a hypothesis that 

there should exist a quantitative relationship among slit pore size (p), electrode thickness (t), 

charging rate (f), charging potential (v) and specific volumetric capacitance (Cs) of our 

developed NPGEs. We propose the numerical function as follows: Cs=𝑜𝑜 (𝑔𝑔. 𝑑𝑑.𝑜𝑜. 𝑣𝑣). Especially, 

from the experimental results presented in Fig. 5.4, we observed that the specific capacitance 

of NPGE with a pore size of 1.7 nm is smaller than that of the NPGE with a pore size of 1.2 

nm when their mass loading is the same. This result demonstrates that the optimized pore size 

is not larger than 1.7 nm. Moreover, as discussed before, the performance of the supercapacitor 

on device-level is determined by both positive and negative electrodes as well as electrolytes, 

separators and current collectors. All these results indicate that the design of supercapacitor on 

system level is a 10-dimensional design space, which is a complicated design task. Machine 

learning is an up-and-coming method for extracting the behind quantitative relationship from 
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this complicated 10-dimensional space, while the large database is needed for training the 

machine learning model.  

The separator in the supercapacitor is used to separate positive and negative electrodes to 

prevent short circuiting, and the current collector is applied for increasing charge transport in 

the electrical circuit. Theoretically, the separator and current collector do not store charge for 

the devices. Therefore, we controlled and determined their thickness in this work (the total 

thickness for one separator and two current collectors were 65 um). Then the system-level 

supercapacitor design is the matching of a positive electrode, a negative electrode, and 

electrolytes. In conclusion, for achieving the rational design of supercapacitors for practical 

application, it is much more reasonable and efficient to optimize the matching of positive and 

negative electrodes in the determined electrolyte. 

 

Figure 5.5. (a) (b) and (c) show the differential charging capacitance of graphene membrane positive 

(0.25-0.8 V) and negative (0.25- (-0.8) V) electrodes with 0.8 nm, 1.0 nm, and 1.7 nm pore size at the 

mass loading of 12 mg/cm2 under various scan rates in 1 M KCl; (a1) (b1) and (c1) show the differential 

charging capacitance of graphene membrane positive (0.25-0.8 V) and negative (0.25-(-0.8) V) 
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electrodes with 0.8 nm, 1.0 nm, and 1.7 nm pore size with different mass loading or thickness at the 

scan rate of 50 mV/s in 1 M KCl. vs. Saturated Calomel Electrode (SCE). 

According to the energy density equation of supercapacitor: 𝐸𝐸 = 1
2

 𝐶𝐶𝑉𝑉2, where C and V are 

the specific volumetric/gravimetric capacitance and a working voltage of the supercapacitor175, 

respectively, we can conclude that for achieving the higher energy density, the terminate 

charging potential of positive and negative electrodes should be the onset potential of the 

electrolyte decomposition for the positive and negative charging process. Notably, according 

to the experimental results (Fig. 5.5), we observe that with the increase of the working voltage 

of positive and negative electrodes, there is an increase of the differential capacitance of the 

electrodes, resulting in higher specific capacitance in this charging potential range. Therefore, 

for achieving the highest specific capacitance and energy density of a supercapacitor in a 

determined volume, the optimized working potential range of the electrodes in 1 M KCl 

aqueous electrolyte is 0.25-0.8 V and 0.25- (-0.8 V) for positive and negative electrodes, 

respectively. 0.25 V (vs. SCE) is the open circuit potential of NPGEs in 1 M KCl aqueous 

electrolyte.  

 

Figure 5.6. ANN model simplification based on experiment results and domain knowledge. 

Fortunately, based on the domain knowledge in the supercapacitor field ( 1
𝑐𝑐𝑑𝑑𝑒𝑒𝑑𝑑𝑖𝑖𝑡𝑡𝑒𝑒

= 1
𝐶𝐶+

+ 1
𝐶𝐶−

 ) 

and the determined positive and negative working potential24,175, we could divide the 

sophisticated 10-dimensional design space into two 3-dimensional spaces. This could primarily 

simplify the machine learning model and decrease the essential database for the model training. 

5.4.2 Results of the ANN model  

Firstly, based on the achieved electrochemical performance data, we listed the capacitance 

distribution of positive and negative electrodes with the corresponding pore size, thickness, 

and charging rate (Fig. 5.7a and b). Due to the small quantity of experimental data used for 
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training, partitioning to train and test sets was done with stratification to ensure that the 

distribution of data is maintained in both training and test sets. Fig. 5.7 (c) and (d) show the 

distribution of training and test sets with respect to the original dataset. 

 
Figure 5.7. Distribution of specific volumetric capacitance for (a) positive and (b) negative electrode. 

Using stratification to split the experimental dataset: (c) positive and (d) negative. 

Later, following from the previous discussion, we built two ANN models for positive and 

negative electrodes, respectively. We applied 80%, 10%, and 10% experimental data for 

training, validation, and test. According to the equation of gradient descent and loss function 

of ANN, the learning rate plays a core role in training the ANN model. A suitable learning rate 

could help us build a reliable model for performance prediction. Typically, the learning rate is 

in the range of (0,1), and it determines how quickly or how slowly to the update of weights. If 

the learning rate is minimal, the convergent speed is sluggish, and the loss function may not be 

able to reach the minimum value. If the learning rate is too large, the loss function will probably 

lose the global minimum value and induce an unreliable model. Therefore, for better training 

of the ANN model, we determined that the learning rate is a variable parameter with 56 

different values in the range of (0, 1). After that, we trained our model with 56 learning rates 

and compared the loss function value of the validation process. For gradient descent: ∆𝑤𝑤 =

−ƞ 𝜕𝜕𝐸𝐸
𝜕𝜕𝜕𝜕

 and loss function: 𝐸𝐸 = 1
𝑁𝑁
∑ (𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑖𝑖′)2𝑁𝑁
1 , where w is the weight, E is the loss function; N 

is the numbers of data used for training, validation or testing, 𝑌𝑌𝑖𝑖 is the output results from the 
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model prediction, 𝑌𝑌𝑖𝑖′ is the experimental data.190 From the validation results (Fig. 5.8), we can 

observe that the ANN model has the lowest mean squared error level when the learning rate is 

in the range of [0.48, 0.62] and [0.2, 0.42] for the positive and negative electrodes, respectively.  

 
Figure 5.8. (a) and (b) are the loss function value of positive and negative models with 56 different 

learning rates, respectively. 

Based on the ANN training and validation results, we determined that 0.62 and 0.2 were the 

suitable leaning rates to build reliable ANN models for positive and negative electrodes, 

respectively. We can see that all the model training results are well-matched with the 

experimental data (with the fitting slope of 0.982 and 0.997, respectively) when we apply the 

learning rates of 0.62 and 0.2 for the training process (Fig. 5.9a and d). The resulting mean 

squared error is 0.013% and 0.0096% for positive and negative ANN models, respectively.  

To evaluate the well-trained ANN models, we compared the validation results and 

experimental data after the validation procedure (Fig. 5.9b and e). The achieved results show 

that the prediction results coming from the building ANN models agree with the experimental 

data of positive and negative electrodes (with the fitting slope of 0.976 and 1.003, respectively), 

and with loss function values of 0.023% and 0.016% respectively, based on the normalization 

data. These low mean squared errors indicate the accuracy and reliability of our developed 

ANN models. 
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Figure 5.9. (a), (b) and (c) are the model training results vs. experimental data, model validation results 

vs. experimental data and model test results vs. experimental data for positive electrode ANN model 

when the learning rate is 0.62; (d), (e) and (f) are the model training results vs. experimental data, model 

validation results vs. experimental data and model test results vs. experimental data for negative 

electrode ANN model when the learning rate is 0.2.  

To further confirm the reliability of the predictive ANN model. We did the model test. The 

data that applied for the testing process is the rest ten sets of data that do not appear on the 

training and validation process. From the testing results, we can find that all the model 

prediction results infinitely approach the values of the experimental data, with the fitting slope 

of 0.983 and 0.991, respectively (Fig. 5.9c and f). According to normalization data, the 

corresponding mean squared error for positive and negative models is 0.017% and 0.017%.  

The test results demonstrate the correctness and reliability of our developed ANN models. 

Lastly, to further confirm the reliability of the built ANN models, we also undertook the cross-

validation (Fig. 5.10). With the increase of the training examples, there is an increase of the 

validation score for both positive and negative ANN models with narrow variance, thus further 

demonstrating the reliability of the built ANN models. 
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Figure 5.10. (a) and (b) are the cross-validation learning curves of the built positive and negative ANN 

models 

5.4.3 Electrode performance prediction of positive and negative electrodes using 

developed ANN models. 

After the building, updating, training, validating, testing, and cross-validation confirmation of 

the artificial neuron network models, the successfully developed network models could have 

the chance to predict the ANN response for any input. As a result, we propose to employ the 

developed ANN models to predict the specific volumetric capacitance of positive and negative 

electrodes with comprehensive pore size and thickness range under various 

charging/discharging frequencies.  
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Figure 5.11. (a), (b), and (c) are the 3D surface figures (specific volumetric capacitance vs. pore size 

and thickness) based on the designed ANN model under the scan rates of 2 mV/s, 10 mV/s, and 50 

mV/s for the positive electrodes, respectively; (d), (e) and (f) are the 3D surface figures (specific 

volumetric capacitance vs. pore size and thickness) based on the designed ANN model under the scan 

rates of 2 mV/s, 10 mV/s, and 50 mV/s for the negative electrodes, respectively. The Triangle with 

black color located at the surface of 3D figures are the corresponding experimental data. 

The developed ANN models simulated outputs and predicted the specific capacitance of 

NPGEs on the comprehensive and continuous level with the pore size and thickness range of 

[0.8 nm, 1.7 nm] and [11 um, 276 um] under the scan rates of 2, 10, and 50 mv/s, respectively 

(Fig. 5.11). From the results, we can observe that all the experimental data are loaded on the 

predictive 3D graphs, and that they demonstrate the reliability of the ANN models as well as 

the prediction results. Thus, the electrode performance was well predicted by the predictive 

ANN model. The comprehensive and continuous quantitative relationship between 

performance and electrode structure has now been successfully achieved for the first time. 

Moreover, we also predicted the quantitative relationship between the capacitance and main 

performance parameters with the consideration of separator and current collectors at different 

charge rates (Fig. 5.12). The results show that with an increase of the charge rates for positive 

and negative electrodes, there is a decrease in the optimal thickness of the active materials for 

achieving the highest specific capacitance, thus demonstrating that the supercapacitor design 

should be based on charging rates. Interesting, when we considered the thickness of separator 

and current collectors for evaluating the electrode performance, the highest specific 

capacitance of the electrodes (including the thickness of separator and current collectors) 

achieved was at a wide pore size range with almost the same thickness value for all the three 

different charging rates. These significant research results indicate the importance of the 

electrode thickness when designing a supercapacitor on the device-level.  
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Figure 5.12. (a), (b), and (c) are the 3D surface figures (specific volumetric capacitance vs. pore size 

and thickness) based on the designed ANN model under the scan rates of 2 mV/s, 10 mV/s, and 50 

mV/s for the positive electrodes with the consideration of separator and current collectors, respectively. 

(d), (e) and (f) are the 3D surface figures (specific volumetric capacitance vs. pore size and thickness) 

based on the designed ANN model under the scan rates of 2 mV/s, 10 mV/s, and 50 mV/s for the 

negative electrodes with the consideration of separator and current collectors. The total thickness of 

separator and current collectors are 65 um. 

5.4.4 On-demand optimizing design of supercapacitors on device-level 

As we know, one supercapacitor module device is composited by two electrodes (positive and 

negative electrodes), electrolyte, one separator, and two current collectors. Importantly, the 

establishment of a quantitative relationship between basic parameters and capacitance of 

positive and negative electrodes lays the basis for guiding the optimal matching of positive and 

negative electrodes. It could profoundly accelerate the rational design of a high-performance 

supercapacitor on the device level. Based on the developed ANN models, there is the following 

relationship between specific volumetric capacitance of individual electrode and key 

parameters: 𝑐𝑐𝑠𝑠+ = 𝑜𝑜 (𝑔𝑔+, 𝑑𝑑+,𝑜𝑜, 𝑣𝑣+), 𝑐𝑐𝑠𝑠−=𝑜𝑜 (𝑔𝑔−, 𝑑𝑑−,𝑜𝑜, 𝑣𝑣−), where 𝑐𝑐𝑠𝑠+  and 𝑐𝑐𝑠𝑠−  are the specific 

volumetric capacitance of positive and negative electrodes, respectively, 𝑣𝑣+,𝑔𝑔+, 𝑑𝑑+ and 𝑣𝑣−,𝑔𝑔−,   

t- are the charging potential window, pore size and thickness of positive and negative electrodes, 

respectively, and 𝑜𝑜  is the charge rate. 
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Moreover, according to the charge balance of positive and negative electrodes, there is the 

following relationship between two electrodes: 𝑄𝑄+ =𝑄𝑄− ,  𝑐𝑐+ ∗ 𝑣𝑣+ = 𝑐𝑐− ∗ 𝑣𝑣− , where 𝑄𝑄+ , 

𝑐𝑐+,  𝑣𝑣+ and 𝑄𝑄−, 𝑐𝑐−,  𝑣𝑣− are the stored charge, capacitance, and working voltage window for 

positive and negative electrodes in the supercapacitor device. Because of the developed reliable 

ANN models for electrodes and the domain knowledge that used to calculate the capacitance 

of the supercapacitor175 (  1
𝑐𝑐𝑑𝑑𝑒𝑒𝑑𝑑𝑖𝑖𝑡𝑡𝑒𝑒

= 1
𝑐𝑐+

+ 1
𝑐𝑐−

, where 𝑐𝑐𝑑𝑑𝐴𝐴𝑣𝑣𝑖𝑖𝑐𝑐𝐴𝐴, 𝑐𝑐+ , and 𝑐𝑐−  are the capacitance of 

supercapacitor device, positive electrode, and negative electrode, respectively), the capacitance 

of the supercapacitor is available to be achieved. Lastly, we could apply the equation 𝐶𝐶𝑣𝑣 =

 𝐶𝐶/(𝑉𝑉𝑃𝑃 + 𝑉𝑉𝑁𝑁 + 𝑉𝑉𝐶𝐶), where 𝐶𝐶𝑣𝑣 is the specific volumetric capacitance of supercapacitor, 𝐶𝐶 is the 

total capacitance of supercapacitor; 𝑉𝑉𝑃𝑃 𝐴𝐴𝑑𝑑𝑑𝑑 𝑉𝑉𝑁𝑁  are the volume of positive and negative 

electrodes, respectively; 𝑉𝑉𝐶𝐶 is the total volume of the current collectors and separator, which is 

a constant value in our case (65 um*0.85 cm2)) to calculate the specific volumetric capacitance 

of the device. 

Thanks to the developed ANN models, we simulated 50,000 specific volumetric capacitances 

of positive and negative electrodes each for the corresponding parameters (pore size and 

thickness) at each on-demand charging/discharging frequency. Based on these predictive 

results at each charging/discharging frequency, theoretically, there are 50,000×50,000 

matching option for the supercapacitor design. As discussed before, for achieving higher 

energy density with the intrinsic electrodes and electrolyte, the working potential window of 

positive and negative electrodes are 0.55 and 1.05 V respectively. Therefore, there is the 

boundary condition: 𝑐𝑐+ ∗ 𝑣𝑣+ = 𝑐𝑐− ∗ 𝑣𝑣−, 𝑣𝑣+ = 0.55 V, 𝑣𝑣− = 1.05 V. The code for calculating 

the specific volumetric capacitance of the supercapacitor was written by Python. For avoiding 

the missing of the largest specific volumetric capacitance of supercapacitor, we output all 

specific volumetric capacitance with the corresponding design parameters when the stored 

charge ration between positive and negative electrodes is in the range of [0.99, 1.01].  
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Figure 5.13. (a), (d) and (g) are the top 100 specific volumetric capacitances of supercapacitor and the 

corresponding specific volumetric capacitances of positive and negative electrodes at the scan rate of 6 

mV/s, 30 mV/s and 75 mV/s, respectively. (b), (e) and (h) are the corresponding pore size of positive 

and negative electrodes for the top 100 matching combinations. (c), (f) and (i) are the corresponding 

thickness of positive and negative electrodes for the top 100 matching combinations. 

The calculating results show that there are more than one million matching combinations of 

positive and negative electrodes that meet the general design rules. This result indicates that 

searching for optimal design is an extremely complicated and impossible task if we apply the 

traditional trial and error strategies. After obtaining all the required combinations, we selected 

the top 100 specific volumetric capacitances of the supercapacitors at each charging/discharge. 

Their corresponding specific volumetric capacitance, pore size, and thickness are presented in 

Fig. 5.13. From the results, we can observe that when the scan rate of the supercapacitor is 6 

mV/s, the achieved highest specific volumetric capacitance of the device is 12.4 F/cm3 (based 

on the total volume of positive electrode, negative electrode, current collectors and separator), 

the corresponding specific volumetric capacitance of positive and negative electrodes are 

around 70 and 120 F/cm3 respectively (Fig. 5.13a), the corresponding pore size of positive and 

negative electrodes are both around 0.8 nm (Fig. 5.13b), the corresponding thickness of 

positive and negative electrodes are about 110 and 33 um (Fig. 5.13c). When the scan rate of 



112 
 

the supercapacitor increase to 30 mV/s, the calculated highest specific volumetric capacitance 

of supercapacitor is 9.1 F/cm3 (based on the total volume of positive electrode, negative 

electrode, current collectors and separator), the corresponding specific volumetric capacitance 

of positive and negative electrodes are around 50 and 120 F/cm3 respectively (Fig. 5.13d). The 

corresponding pore size of positive and negative electrodes are approximately 1.25 and 0.8 nm 

(Fig. 5.13e), the corresponding thickness of the positive and negative electrode are around 100 

and 22 um (Fig. 5.13f). When we further increase the scan rate of the supercapacitor to 75 

mV/s, the highest specific volumetric capacitance of the device is 7.8 F/cm3 (based on the total 

volume of positive electrode, negative electrode, current collectors and separator) with a 

corresponding specific volumetric capacitance for positive and negative electrodes of 47 and 

120 F/cm3 (Fig. 5.13g). The corresponding pore size of positive and negative materials are 

about 1.35 and 0.8 nm (Fig. 5.13h), the corresponding thickness of positive and negative 

electrodes are around 73 and 15 um (Fig. 5.13i). The optimal prediction parameters show that 

the optimal prediction at high charge rate is quite different from that of the slow charge rate, 

highly indicating that these optimal design parameters achieved here are hardly predicted just 

from the experiments, especially for high charge rate situations. 

5.5 Discussion 

5.5.1 Experiment confirmation based on the predictive matching parameters 

According to the developed ANN models, the quantitative structure-property relationship of 

supercapacitor electrodes is now successfully established. Meanwhile, the optimal design 

parameters of supercapacitors at the device-level at different charging rates are also predicted. 

For confirming the optimal supercapacitor design, we then fabricated the supercapacitor based 

on the predictive design parameters and did the experimental testing. The experiment results 

show that the specific capacitance of the supercapacitors matches very well with the predictive 

one (Fig. 5.14). In detail, at 6 mV/s, 30 mV/s, and 75 mV/s, the specific capacitance of the 

supercapacitor designed based on the predictive parameter values are 12.1 F/cm3, 8.7 F/cm3, 

and 7.4 F/cm3, respectively. Moreover, from the experiment results, the charging/discharging 

potential window of positive and negative electrodes in these devices is around 0.55 and 1.05 

V, respectively. These experiment results highly confirm the accuracy of the predictive optimal 

design parameters of the supercapacitor devices and further demonstrate the reliability of our 

developed ANN model. 
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Figure 5.14. (a), (d) and (g) are the experiment CV curves of graphene-based supercapacitor devices 

based on predictive matching parameters at the scan rates of 6, 30 and 75 mV/s respectively; (b), (e) 

and (h) are the experiment potential-time curves of the positive electrodes based on predictive matching 

parameters at the scan rates of 6, 30, and 75 mV/s respectively; (c), (f) and (i) are the experiment and 

prediction capacitances based on predictive matching parameters at the scan rates of 6, 30, and 75 mV/s 

respectively. 

5.5.2 Other design parameters and design results 

Importantly, we also fabricated the supercapacitors with other design parameters to further 

validate the optimal prediction parameters at different charge rates. At 6 mV/s, we assembled 

two other asymmetric supercapacitors based on the optimal prediction parameters at 30 mV/s 

and 75 mV/s. When using the optimal parameters at 30 mV/s to design the supercapacitor for 

6 mV/s case design, the design parameters for the positive electrode are the pore size of 1.25 

nm, thickness of 100 um, the design parameters for the negative electrode are the pore size of 

0.8 nm, thickness of 22 um. The achieved specific volumetric capacitance of the device is 9.3 

F/cm3, which is lower than that of 12.1 F/cm3. The corresponding specific volumetric 

capacitance of positive and negative electrodes is around 53 and 119 F/cm3, respectively. When 

selecting the optimal parameters at 75 mV/s to design the supercapacitor for 6 mV/s on-demand 

design, the design parameters for the positive electrode are the pore size of 1.35 nm, thickness 
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of 73 um. The design parameters for the negative electrode are the pore size of 0.8 nm, 

thickness of 15 um. The achieved specific volumetric capacitance of the device is 8.3 F/cm3, 

which is lower than that of 12.1 F/cm3. the corresponding specific volumetric capacitance of 

positive and negative electrodes are around 51 and 126 F/cm3 respectively (Fig. 5.15). 

 

Figure 5.15. Capacitance results comparison for the 6 mV/s design study 

At 30 mV/s, we fabricated other asymmetric supercapacitors based on the optimal prediction 

parameters at 75 mV/s. When selecting the optimal parameters at 75 mV/s to design the 

supercapacitor for 30 mV/s case design, the design parameters for the positive electrode are 

the pore size of 1.35 nm, thickness of 73 um, the design parameters for the negative electrode 

are the pore size of 0.8 nm, thickness of 13 um. The achieved specific volumetric capacitance 

of the device is 8.0 F/cm3, which is lower than that of 8.7 F/cm3. The corresponding specific 

volumetric capacitance of the positive and negative electrodes is around 49 and 125 F/cm3, 

respectively (Fig. 5.16). Additionally, we also fabricated two symmetric supercapacitors based 

on the predictive design parameters at 30 mV/s. When the symmetric supercapacitor has the 

pore size of 0.8 nm, thickness of 22 um for both positive and negative electrodes, when 

charging the supercapacitor, when the potential of the positive electrode reach to 0.8 V which 

is the highest electrolyte potential (Fig. 5.16a), the working voltage of the supercapacitor is 

around 1.0 V (Fig. 5.16b), which is much lower than that of 1.6 V for the asymmetric design. 

The achieved specific capacitance of the device is around 8 F/cm3, which is also smaller than 

that of the optimal design at 30 mV/s (Fig. 5.16f). When the symmetric supercapacitor has the 

pore size of 1.25 nm, thickness of 100 um for both positive and negative electrodes, when 
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charging the supercapacitor, when the potential of the positive electrode reach to 0.8 V (Fig. 

5.16d), the working voltage of the supercapacitor is around 1.2 V (Fig. 5.16e), which is much 

lower than the working voltage of the asymmetric design (1.6 V). The achieved specific 

capacitance of the device is around 8.6 F/cm3, which is close to the optimal design capacitance 

at 30 mV/s (Fig. 5.16 f). 

 

Figure 5.16. (a) and (b) are the experiment potential-time curve of the positive electrode and 

experiment CV curve of graphene-based supercapacitor device for the symmetric design with pore size 

of 0.8 nm, thickness of 22 um for both positive and negative electrodes at the scan rate of 30 mV/s; (c) 

the experiment capacitances based on predictive optimal and 75 mV/s optimal design parameters for 

the 30 mV/s design study; (d) and (e) are the experiment potential-time curves of the positive electrodes 

and experiment CV curves of graphene-based supercapacitor devices for the symmetric design with 

pore size of 1.25 nm, thickness of 100 um for both positive and negative electrodes at the scan rate of 

30 mV/s; (f) the experiment capacitances based on predictive optimal and symmetric optimal design 

parameters for the 30 mV/s design study.  

For 75 mV/s supercapacitor design, we fabricated other asymmetric supercapacitors based on 

the optimal prediction parameters at 6 and 30 mV/s. When selecting the optimal parameters at 

6 mV/s to design the supercapacitor for 75 mV/s case design, the design parameters for the 

positive electrode are the pore size of 0.8 nm, thickness of 110 um. The design parameters for 

the negative electrode are the pore size of 0.8 nm, thickness of 33 um. The achieved specific 

volumetric capacitance of the device is 4.3 F/cm3, which is lower than that of 7.4 F/cm3. The 

corresponding specific volumetric capacitance of positive and negative electrodes is around 

23.5 and 41 F/cm3, respectively (Fig. 5.17c). When selecting the optimal parameters at 30 mV/s 
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to design the supercapacitor for 75 mV/s case design, the design parameters for the positive 

electrode are the pore size of 1.25 nm, thickness of 100 um, the design parameters for the 

negative electrode are the pore size of 0.8 nm, thickness of 22 um. The achieved specific 

volumetric capacitance of the device is 7.0 F/cm3, which is lower than that of 7.4 F/cm3. The 

corresponding specific volumetric capacitance of positive and negative electrodes are around 

36.5 and 96 F/cm3 respectively. 

Additionally, we also fabricated two symmetric supercapacitors based on the predictive design 

parameters at 75 mV/s. When the symmetric supercapacitor has the pore size of 0.8 nm, 

thickness of 15 um for both positive and negative electrodes, when charge the supercapacitor, 

when the potential of the positive electrode reach to 0.8 V (Fig. 5.17a), the working voltage of 

the supercapacitor is around 1.0 V (Fig. 5.17b), which is much lower than 1.6 V for the 

asymmetric design. The achieved specific capacitance of the device is approximately 6.3 F/cm3, 

which is also lower than that of the optimal design at 75 mV/s (Fig. 5.17f). When the symmetric 

supercapacitor has the pore size of 1.35 nm, thickness of 73 um for both positive and negative 

electrodes, when charge the supercapacitor, when the potential of the positive electrode reach 

to 0.8 V (Fig. 5.17d), the working voltage of the supercapacitor is around 1.0 V (Fig. 5.17e), 

which is much lower than that of 1.6 V for the asymmetric design. The achieved specific 

capacitance of the device is around 7 F/cm3, which is close to the optimal design capacitance 

at 75 mV/s (Fig. 5.17f). 

 

Figure 5.17. (a) and (b) are the experiment potential-time curve of the positive electrode and 

experiment CV curve of graphene-based supercapacitor device for the symmetric design with pore size 
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of 0.8 nm, thickness of 15 um for both positive and negative electrodes at the scan rate of 75 mV/s; (c) 

the experiment capacitances based on predictive optimal and 6 and 30 mV/s optimal design parameters 

for the 75 mV/s design study; (d) and (e) are the experiment potential-time curves of the positive 

electrodes and experiment CV curves of graphene-based supercapacitor devices for the symmetric 

design with pore size of 1.35 nm, thickness of 73 um for both positive and negative electrodes at the 

scan rate of 75 mV/s; (f) the experiment capacitances based on predictive optimal and symmetric 

optimal design parameters for the 75 mV/s design study.  

The other design results further confirm the accuracy of the predictive optimal design 

parameters of the device. Moreover, these results also show that the optimal design parameters 

for one charge rate are not able to directly transfer to another charge rate, indicating the 

necessity of the optimal design based on charge rates and the limitations of the previous design 

strategies.  

5.5.3 Important Design Parameters 

Although ANNs can deliver high accuracies in modeling complex data, they are not 

interpretable. For this reason, we also did the work (supervised by Dr. Benyamin Motevalli 

from CSIRO, Australia), which is about applying a random forest regressor to define which 

design parameters are more influential in determining the capacitance. We have fitted a model 

for each positive and negative electrode as well as the combined supercapacitors. From Fig. 

5.18a and b, we can see the importance of each design parameter in determining the specific 

volumetric capacitance value of electrodes. As seen in both electrodes, tuning the thickness has 

the highest effect for capacitance, which is followed by charge rate and pore size. Interestingly, 

in a positive electrode, the contribution of thickness looks more significant. The correlation 

matrix of the dataset corresponding to each electrode is also shown in Fig. 5.18c and d. This 

matrix shows the correlation intensity between any two dimensions in our dataset. As seen, 

sampling of charging rates is independent of the two main design parameters. A degree of 

correlation is observed on how the pore size and thickness were sampled. Meanwhile, the 

correlation intensity of each design parameter with corresponding capacitance is consistent 

with extracted feature importance from the random forest. 
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Figure 5.18. Correlation matrix for (a) positive and (c) negative electrodes; Feature importance for (b) 

positive and (d) negative electrodes. 

Since the capacitance of a device is obtained from the prediction of our ANN model, we used 

the prediction dataset to analyze which design parameters are important in defining the device 

capacitance. In this regard, the random forest is employed to fit a model to the data generated 

by our ANN model. Then the feature importance is extracted. Due to the abundance of data, 

the random forest could perfectly fit our ANN predictions (with an R2-score of ~ 1.0), which 

indicates that our random forest model could serve as an equivalent of the ANN model. Thus, 

the feature importance extracted from the random forest is relevant to the ANN model. The 

distribution of predicted capacitance values is given in Fig. 5.19a, and d. The correlation 

matrix between the device's performance and designing parameters is also revealed (Fig. 5.19b 

and e). The correlation and feature parameter of the device at low and high charging rates show 

that the positive electrode plays a decisive role in determining the device capacitance. 

Interestingly, at a low charge rate for the device, the most important parameter is the pore size 

of the positive electrode, while when the charge rate increase to 75 mic-volt per second, the 

most influencing parameter becomes the thickness of the positive electrode (Fig. 5.19c, and f). 
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Figure 5.19. (a) and (d) are the distribution of specific volumetric capacitance of supercapacitor at 6 

and 75 mV/s; (b) and (e) are the correlation matrix among specific volumetric capacitance of 

supercapacitor and various design parameters at 6 and 75 mV/s; (c) and (f) are the important level of 

different design parameters for the final supercapacitor capacitance at the scan rate of 6 and 75 mV/s. 

5.6 Conclusions 

This work highly indicates and demonstrates that data-driven modeling could be a promising, 

highly time, and cost-effective route for the electrode performance prediction and device design 

optimization. We build capacitance prediction models using the obtain 200 sets of experimental 

datasets to further achieve the optimization and feature parameter determination of graphene-

based supercapacitors. For the ANN regression results, we obtain a test error of 0.017% and 

0.017% for positive and negative models based on the normalization data. This level of 

accuracy, combined with our experimental results, demonstrates the reliability of our 

developed ANN models. The success of the achieved optimal design of the supercapacitor and 

feature parameters at the device-level further reveal the advantage of a machine learning tool 

in the design of a complex dynamic device system. Generally, machine learning-assisted on-

demand optimal device-level design of supercapacitors is successfully demonstrated. The 

research presented here could also provide high promising design methodology and strategy 

for searching the optimal active materials and guiding the practical device design for other 

complex system fields, such as lithium-ion batteries, electrochemical catalysis, capacitive 

deionization. 
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Chapter 6 Conclusions and Perspective 

6.1 Conclusions 

This PhD thesis has studied the nanoconfinement effects on the electrochemical performance 

of nanoporous multilayered graphene-based electrodes in various aqueous electrolytes. It also 

explores the device-level design of the supercapacitor by using the machine learning method. 

Generally, the followings are the major contribution of this PhD thesis: 

(1) The mechanism of ion-specific effect on capacitance depends on the operating condition 

and working electrodes, such as charging rate, working potential, and electrodes’ nanostructure 

(pore size). The ion-specific adsorption effect could increase the EDL capacitance, especially 

for the proton adsorption. 

(2) The co-ions in the electrolyte could affect the EDL capacitance of the electrodes during 

charging. The co-ion of proton shows much higher EDL capacitance during the positive 

polarization. The behind mechanism is the proton adsorption at the open circuit potential. 

(3) There is a strong correlation between the interface reaction rate of ions and the slit pore size 

of the graphene-based electrodes (the electrodes have the same physical and chemical 

properties except for the slit pore size). For example, without mass-transfer effect, the redox-

active ions inside the higher nanoconfined slit pore (1 nm) present a larger interface reaction 

rate compared to that of the large slit pore (10 nm), which is due to the higher surface ion 

concentration. 

(4) The electrical double layer structure plays an important role in determining the interface 

reaction rate instead of the catalytic electrode itself. The high compact EDL structure could 

enhance the interface reaction rate, leading to improve the fast charging ability of electrodes 

and devices. 

(5) The metal deposition performance depends on the slit pore size of the conducting electrodes. 

The graphene-based electrodes have high coulombic efficiency (more than 98% at 25 mA/cm2). 

The electrodes with smaller pore sizes show higher cycling stability. Engineering the pore size 

of the conductive electrodes has the ability to regulate the nucleation, crystal growth, and 

charge/discharge reversibility of metal anodes for energy storage. 
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(6) Data-driven modeling is a promising, highly time, and cost-effective route for the electrode   

performance prediction and device-level design. The comprehensive quantitative relationship 

between capacitance and electrode structure is achieved. The optimal device-level design is 

successfully demonstrated through the combination of experiment and machine learning 

method. 

(7) The optimal design parameters are hard to determine from experiments. The optimal design 

parameters depend on the charging rate. 

In summary, the comprehensive nanoconfinement effect studies on interface electrochemical 

performance of nanoporous graphene-based materials contribute to the new knowledge and 

deep understanding of the interface EDL and redox-reaction, which provides solid clues for the 

establishment of new electrochemical theories under nanoconfinement and offers a new 

concept/view of designing the electrode-electrolyte system with high charge storage at fast 

charging rate. Furthermore, the success of the achieved optimal design of the supercapacitor 

and feature parameters at the device-level reveal the advantage of a machine learning tool in 

the design of a complex dynamic device system. 

6.2 Perspective 

The research findings and discussion presented in this PhD thesis indicate the following 

perspective research worthy to be further studied.  

(1) The interface of the electrocatalytic hydrogen evolution reaction remains unclear. The 

results of proton adsorption on EDL capacitance under nanoconfinement presented in this 

thesis provide valuable information for the molecular dynamics simulation to reveal the 

proton/catalyst interface information, guiding the future design of a high efficient 

electrocatalytic system. 

(2) Considering the difficulty and time-consuming of developing new materials with high 

catalytic performance, the fundamental study about the nanoconfinement effects on the 

electrochemical catalysis worthy of being studied for providing new theories for guiding the 

design of a high efficient electrocatalytic system. 

(3) The ion effects on the EDL capacitance indicates there is the different ion behaviour under 

nanoconfinement. In the future, regulating the EDL structure of the ions under 
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nanoconfinement could be a promising strategy to achieve ion selectivity in the mixture 

electrolytes. 

(4) The cathode electrodes limit the energy density of the lithium-ion battery, which is due to 

the insufficient ion intercalation. In the future, the study of the nanoconfinement effects on the 

ion intercalation worthy of being studied for achieving the cathode electrodes with multilayered 

ion intercalation. 

(5) The performance of batteries depends on many parameters (such as pore size, thickness, 

working potential, charging rates electrolytes, temperature, etc.). In the future, the machine 

learning method could be applied to identify the importance of each parameter and design the 

batteries on the device-level.  
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