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ABSTRACT 
 

The Electric Double Layer (EDL) supercapacitors can have extremely high-power densities, 

incomparable cycle life, s tability, a nd r eliability, a s a  r esult t hey are a lready u sed in 

uninterruptible power systems (UPS), memory back-up systems and even in the emergency 

doors of A irbus A 380. Graphene-based e lectrodes w ith ap propriate d efects ( encapsulated 

metal or metal oxide nanocomposite) and optimized alignment display enhanced capacitive 

behavior and can provide good cycling performance of energy storage material. Graphene is 

a mo no-atomic layer o f S p2 hybridized car bon with ho neycomb l attice structure. W hen 

engineered with m etal oxides, they s how high e lectrochemical d ouble l ayer cap acitance 

through synergistic effect. MnO2 has been investigated extensively as a suitable material for 

high-performance electrochemical c apacitor due t o it s low-cost, r ich r edox behavior a nd 

good environmental compatibility. In this work, the potential for rGO-MnO2 nanocomposite 

to be used as supercapacitor material has been examined in detail, both experimentally and 

via molecular d ynamics simulation. To ex amine t he p erformance o f t he nanocomposite 

experimentally, Cyclic V oltammetry a nd G alvanostatic C harging D ischarging e xperiment 

(Chronopotentiometry) have b een p erformed at  s everal s can r ates an d s everal cu rrent 

densities, respectively. For act ive mass o f 0.000405g and potential window of -100 – 800 

mV, s pecific cap acitance o f 2 61 F/g has been obtained from G alvanostatic C harging 

Discharging, which is moderately good enough to use in a supercapacitor. In depth analysis 

using molecular d ynamic ( MD) simulation method h as p erformed t o u nderstand t he 

atomistic configuration of existing rGO-MnO2 structure and to improve the nanocomposite 

electrode structure for better performance. Our study suggests an improved design of rGO-

MnO2 nanocomposite e lectrode by adding nano slit-pore in a p articular way which can be 

called ‘ nano s lit-pore’ model. U sing this model electric p otential as  a result specific 

capacitance shows higher values than typical planer model. This is because adding slit-pore 

in the electrode surface increases the ion-electrode interaction as a result more solvent and 

electrolyte ions clustered near electrode surface and provides higher capacitance values. Our 

results clearly indicate that slit-pore in nanoscale creates opportunity to use the potential o f 

graphene sheet edges to improve the capacitance. Upon charging, the structure of the EDL 

exhibits a g reater r esponse near t he ed ges d ue t o t he p referential accu mulation o f e xcess 

charge c arriers t oward the edges. And a lso t he r GO-MnO2 sheets incorporate its potential 

which is c alculated t hrough experiment and s howed qualitatively through s imulation. 



Summation o f t hese t wo effects increases the specific capacitance o f e lectric double layer 

supercapacitor an d w e p roposed the model as ‘nano s lit-pore’ mo del. Findings from t his 

study will enable us to enhance the energy storage capability of rGO-MnO2 nanocomposite 

EDL supercapacitor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Nomenclature 

A : Surface area of the electrode 

C. : Capacitance of the EDLC 

CS
St : Capacitance of the Stern layer 

CS
D : Capacitance of the diffuse layer 

CT : Total capacitance 

d : Effective thickness of the double layer 

e  : Elementary charge (C) 

E : Energy density 

P : Power density 

Q : Charge quantity 

T : Temperature (K) 

V : Potential 

                                                      Subscripts 

p : Positive electrode 

n : Negative electrode 

A : Anode 

C : Cathode 

                                                    Greek letters 

ε0 : Vacuum’s dielectric constant 

ε : Relative dielectric constant 

 

 

 

 

 

 

 



Abbreviation 

AN  : Acetonitrile 

CNT  : Carbon nanotube 

c-DFT  : Classical density functional theory 

Cl- : Chloride 

DFT  : Density functional theory 

EC : Equivalent-circuit 

EDL  : Electric double-layer 

EDLC  : Electrical double layer capacitor 

        ES  : Electrochemical supercapacitor 

ESR                  : Equivalent series resistance 

GC  : Gouy-Chapman 

GCS  : Gouy-Chapman-Stern 

IHP  : Inner Helmholtz plane 
        MC   : Monte Carlo 

MD  : Molecular dynamics 

Mn : Manganese  

MnOx : Manganese oxide 

Na+ : Sodium 

OHP : Outer Helmholtz plane 

q-DFT : Quantum density functional theory 

RS : Equivalent inner resistance 

 RTIL : Room-temperature ionic liquids 

SPC/E  : Simple point charge 

TIP3P  : Three-point transferrable intermolecular potential 
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CHAPTER 1 

Introduction 
 

1.1 Background 

In t his modern w orld, extraordinary growth o f electronic equipment such a s po rtable 

communication devices a nd hybrid el ectric vehicles h as created a n increasing de mand for 

high-power en ergy r esources. As a common e xample b attery h as s hown i ts i mportance i n 

everyday life because it can s tore sufficient a mount o f e nergy in a relatively s mall v olume 

and w eight. However, as  illustrated in figure 1 .1 for t he most i mportant en ergy storage 

systems, batteries have high e nergy de nsity in t he o rder of 180 Wh kg −1 but unfortunately 

suffer from slow power delivery [1]. This limitation reduces the widespread use of batteries, 

especially in  the field o f high po wer-coupled w ith f ast storage s ystems. An a lternative 

approach of this problem is to use ‘Electrochemical capacitors’ (EC), which are also known 

as su percapacitors o r u ltracapacitors. The EC  can p rovide some ex cellent f eatures w hich 

stimulate extensive interests to study these components such as high specific power (10 kW 

kg −1), a long cycle life (>105), and fast charge/discharge processes [2]. 

 

Fig 1. 1: The plot shows the specific power against specific energy for different energy 

storage systems. Here, time shown in the plot is obtained from the division of energy density 

to power. As an example to explain the plot, the specific power indicates how fast the vehicle 



can move where as the specific energy indicates the distance a vehicle can move on a single 

charge [3]. 

Currently, widespread uses o f e lectrochemical capacitors show its importance in the energy 

industry. For e xample, supercapacitors are u sed in electronic d evices, m emory ba ck-up 

systems, industrial activities [4]. One o f the major advantages is their ability to provide the 

energy necessary to accelerate a vehicle’s start-up by acting as an intermediate power source 

along with batteries. This phenomenon enables the battery to reduce the stress develops on it 

due to the fast discharging requirement at the starting of vehicle.  

1.2 Electrochemical capacitors  

The mechanism by w hich el ectrochemical c apacitors s tore energy has be en d iscussed in 

detail in this chapter. In principle, capacitive behaviour can be classified into two categories: 

the e lectrical double layer cap acitance and ps eudo-capacitance. The p hysics o f electrical 

double layer cap acitance is t he pure e lectrostatic a ttraction between ions a nd t he c harged 

electrode surface [5] whereas for pseudo-capacitance the r eason is fast an d r eversible 

oxidation-reduction o r F aradic charge t ransfer r eactions o n t he electrode surface [6]. As  

schematically represented in Fig. no . 1.2, 1.3 and 1.4, while the c harging occurs, the anions 

and cations o f e lectrolytes  in electric double layer c apacitors ( EDLCs) are attracted t o 

positive and negative electrode surface, respectively [7]. Though the electrolyte ions  

 
Fig 1. 2: Schematic representation of a porous carbon electrical double layer capacitor in a 

charged (left) and discharged state (right) [8]. 



are at tracted to the e lectrode surfaces during charging process, there is no reaction between 

the io ns a nd surface material o r no adsorption of ions i n surface. T he resultant capacitance 

from t he el ectric double l ayer cap acitors are l argely dependent o n t he e lectrode’s s urface 

composition, s urface ar ea, e lectrolyte types and t he Debye length w here D ebye length 

represents t he effective thickness o f t he double layer. The following formula r epresents t he 

specific capacitance of EDLCs: 

                                                                 C =  𝜀𝜀𝑟𝑟 ∗𝜀𝜀0∗𝐴𝐴
𝑑𝑑

                                                         (1.1) 

where C is the capacitance o f the EDLC, εr is the electrolyte’s dielectric constant, ε0 is t he 

vacuum’s dielectric co nstant, d is the effective t hickness o f t he double layer, and A is t he 

surface area of the electrode. Electrolyte ions can access only to the surface o f the electrode 

that means o nly t he s urface contributes to ch arge s torage. T herefore, o ptimization of p ore 

size, pore structure, surface properties and conductivity of the electrode materials is essential 

to improve the performance. Advantages of this mechanism include very fast energy storing 

and delivery and a lso high stability of EDLCs dur ing charge-discharge cycles. On t he o ther 

hand, redox reaction is the key for pseudo-capacitance between the electrode and electrolyte. 

In t his mechanism, c harges w hich ac cumulate in t he e lectrode an d e lectric p otential are 

strongly related to each other. This relation can be expressed by eqn. 1.2 as follow: 

                                                                      C = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                                            (1.2) 

where C is the pseudo-capacitor’s capacitance, Q is the charge quantity and V is the potential. 

Pseudo-capacitors typically show much higher capacitance than that of EDLCs. But this type 

of capacitors generally suffers from low power density and lack of stability. These problems 

occur due to poor electrical conductivity and swelling of framework during cycling. 

1.3 Development of mean-field electrical double layer theory 

1.3.1 Electric double layer (EDL) 

Due t o it s high-power density, supercapacitor’s demand has b een i ncreased all ar ound the 

world. Graphene with a h igh surface area as well as the ionic liquid ( IL) with many unique 

properties, make them highly desirable. Thus, a t heoretical understanding of the capacitance 

behavior on such newly developed materials is greatly needed. Over the past few decades, a 

mean-field t heory ( MFT) is o bserved a nd r eferred frequently by scientists. T he G ouy–

Chapman (GC) EDL model is one o f these MFT theories. In this article, the development of 

mean field based E DL t heories w ill be o verviewed w hich has t o b ecome a g reat d eal o f 

attention in the energy industry. 



The first EDL model had been proposed by Helmholtz [9], 

                                                               CH = 𝜀𝜀∗ε0

𝑑𝑑
                                                                (1.3) 

where ε is r elative d ielectric c onstant, ε0 is free sp ace’s permittivity and d is t he w idth 

between the two parallel plates with opposite charge. Eqn. 1.3 is used to calculate the specific 

capacitance CH of p arallel p late cap acitor, w hich indicates that higher r elative d ielectric 

constant and shorter distance between the two plates can give enhanced capacitance. 

As depicted in Fig. no . 1.3 and 1.4, the counterions will accumulate on the electrode due to 

the e lectrostatic interactions in t he interface between a  c harged e lectrode an d ionic 

electrolyte. Such arrangement may be analogous to the parallel plate capacitor, with the other 

plate f orming b y t he co unter-ion layer. A  d istinct f eature of s uch a cap acitor i s t hat the 

distance between t he t wo “ plates” is much s hortened. T heoretically, t he d istance is o ften 

attributed to the radius o f the ions on the nanometer scale. Due to such short distance d, the 

capacitance CH by eqn. 1.3 is much enhanced, and a capacitor formed by such EDL is the so-

called electrochemical capacitor or supercapacitor. 

In this model, it is assumed that only an electrolyte composes the solution. And no  electron 

transfer reactions occur in this model. Further, the ions in the solution interact with electrode 

surface b y electrostatic interactions which resulted from t he fact that t he e lectrode holds a  

charge density (qm). This charge density is created at the electrode surface by either an excess 

or deficiency of electrons. The charge held on the electrode is balanced by the redistribution 

of ions close to the electrode surface because of keeping the interface neutral.  

 
Fig 1. 3: Potential profile with distance from electrode in EDLC [10]. 



A layer o f ions attracted to the electrode surface has been formed by balancing the electrode 

charge. The approach distance of this layer is assumed to be limited to the combination of ion 

radius and a  single sphere of solvation shell round each ion. This results in combination o f 

two layers of charges which is called the double layer. A potential drop also happens only in 

this region which is known as ‘Helmholtz Region’ in solution [10]. 
 

 
Fig 1. 4: Schematic diagram of electric double layer (EDL). The single charged ion layer 

adjacent to the electrode forms the compact layer or Stern layer, while the outer layer forms 

the diffuse layer. The series of the two layers is called the Gouy–Chapman–Stern (GCS) EDL 

model [11]. 

1.3.2 Gouy–Chapman–Stern (GCS) model 

It i s n otable t hat the s imple model d escribed b y eq n. 1.3 can not p redict accu rately t he 

complicated E DL s tructure and e lectrolyte solution even t hough it is f requently a dopted to 

study the super-capacitance behavior [12].  It is clear that a single charged layer cannot even 

closely s how t he counterions d istribution close t o the e lectrode s urface. A more r ealistic 

picture is the diffuse layer as in Fig. no. 1.4 , as proposed by Gouy and Chapman [13]. 

In t he G ouy–Chapman model, t he nu mber d ensity o f monovalence ion in t he e lectrolyte 

solution is given by the Boltzmann distribution 

                                                           c± = c∞ 𝑒𝑒±eϕ/kT                                                          (1.4)  



in which c+ and c− are the density of the cation and anion, respectively, c∞ is the equilibrium 

bulk density o f individual ions far from t he e lectrode at x =  0 , e  is t he e lementary e lectron 

charge, ϕ is the electrostatic potential, k is Boltzmann constant and T is the temperature. The 

Boltzmann distribution in eqn. 1.4 is a mean field approximation to the ionic density, and the 

charge density ρ in the diffuse layer is given by 

                                                     ρ = 𝑒𝑒 (c+-c∞) = - 2 𝑒𝑒c∞ sinh( 𝑒𝑒ϕ
𝑘𝑘𝑘𝑘

) R                                                             (1.5) 
Eqn. 1.5 gives charge density of 1:1 electrolyte system, for which an analytical expression of 

differential capacitance is available. Applying Poisson equation, i.e., 

                                                                𝑑𝑑
2ϕ

 𝑑𝑑𝑥𝑥2 = − ρ  
𝜀𝜀∗ε0

                                                        (1.6) 

the differential capacitance Cd is given by 

                                                            Cd = 𝜀𝜀𝜀𝜀𝑜𝑜
λD

cosh  (𝑒𝑒𝜙𝜙𝑜𝑜
2𝑘𝑘𝑘𝑘

)                                                 (1.7) 

in which ϕ0 is the electrode potential, and λD is the Debye length, i.e., 

                                                         λD= �𝜀𝜀𝜀𝜀𝑜𝑜𝑘𝑘𝑘𝑘
2𝑐𝑐∞ 𝑒𝑒2                                                           (1.8) 

This Gouy–Chapman model in  eqn. 1.7 differs f rom the Helmholtz model of eqn. 1.3 in it s 

extra dependence on ϕ 0. From the electrochemical perspective, C d in eqn. 1.7 is the natural 

response o f t he e lectrode p otential d ependent E DL at  d ifferent ϕ0, which a lters E DL 

structures and re sults in d ifferent C d. H owever, t he h yperbolic c osine function in e qn. 1.7 

implies that C d increases with ϕ 0 , and this never happens in reality. In order to remedy this, 

Stern [14]  proposed the series of eqns. 1.3 and 1.7, so that the capacitance is given by 

                                                    1
𝐶𝐶

=  1
𝐶𝐶𝐻𝐻

+ 1
𝐶𝐶𝐺𝐺𝐶𝐶

                                                 (1.9) 

in which CH and CGC  are given by eqns. 1.3 and 1.7 respectively. 

Eqn. 1.9 is w ell kn own as t he G ouy–Chapman–Stern (G CS) m odel. It ha s been w idely 

accepted an d bears t he standard d efinition o f a n e lectric d ouble la yer [9].  Besides, t he 

success of the GCS model has been demonstrated in many works [14].  

1.4 Characterization of EDLC performance 

The two i mportant p arameters, w ho ch aracterize t he p erformance o f a n E DLC cell, are 

known a s energy de nsity a nd po wer density, de noted by E (in Wa tt-hours per unit mass o r 

volume) and P (in Watts per unit mass or volume). E and P can be expressed as the following 

[15], 

                                                           E = 1
2
 CTV2 = 𝑑𝑑𝑑𝑑

2
                                                       (1.10) 



                                                                  P = 𝑑𝑑
2

4𝑅𝑅
                                                               (1.11) 

where V (in v olt) i s the operating v oltage, Q denotes t he t otal c harges stored in t he 

electrochemical supercapacitor (ES), CT (in F) is the total capacitance of the cell, and R (in 

Ω) is  the E quivalent s eries r esistance (ESR). From t he eq ns. 1.10 a nd 1. 11, it is c lear t hat 

increasing CT and/or V will in crease the e nergy d ensity o f t he e lectric d ouble layer 

supercapacitor. Interactions be tween electrode an d e lectrolyte ar e r esponsible for t he t otal 

capacitance o f a ce ll w here as  o perating voltage is mainly in fluenced by t he e lectrolyte. 

Several parameters affect the equivalent series resistance such the material and construction 

of s eparator, el ectrode an d e lectrical co nductivity o f t he separator, electrolyte, e lectrode, 

binder. 

From the eqn. 1.11, it can be said that EDLCs have a relatively high power density because of 

low E SR d ue t o ab sence o f charge adsorption and d esorption between e lectrode an d 

electrolytes. On the other hand, energy density is re latively lower for EDLCs. As V is g iven 

for an electrolyte, the only option left to increase E is to increase CT, which can be obtained 

from the following equation, 

                                                               1
𝐶𝐶𝑘𝑘

=  1
𝐶𝐶𝐴𝐴

+  1
𝐶𝐶𝐶𝐶

                                                     (1.12) 

where CA and CC  are t he c apacitances o f t he a node a nd cat hode, respectively. E qn. 1.12 

indicates that it is desirable to increase CA and CC simultaneously to avoid limiting the total 

cell capacitance by t he e lectrode. According t o the Helmholtz model, t he cap acitance o f a 

single electrode can be expressed as following [16]: 

                                                                     CS= 𝜀𝜀𝑟𝑟 𝜀𝜀𝑜𝑜   

𝐻𝐻
 [Fm-2]                                             (1.13) 

where εr is the relative permittivity, and ε0 is the permittivity of vacuum (in Fm-1). Based on 

the Gouy-Chapman-Stern model, CS consists of two contributions given in eqn. 1.14 - one is 

from the Stern layer and the other one is from the diffuse layer,[16] 

                                                                1
𝐶𝐶𝑆𝑆

=  1
𝐶𝐶𝑆𝑆 𝑆𝑆𝑆𝑆

+ 1
𝐶𝐶𝑆𝑆𝐷𝐷

                                                (1.14) 

where CS
St  is t he c apacitance o f t he S tern layer a nd CS

D is t he cap acitance o f t he d iffuse 

layer, w hich ca n be c alculated, for a b inary symmetric e lectrolyte w ith a co nstant r elative 

permittivity, from [16], 

                                                        CS
D = 4𝑧𝑧𝑒𝑒𝑁𝑁𝐴𝐴 𝑐𝑐∞ λ𝐷𝐷

ψ𝐷𝐷
sinh  (𝑧𝑧𝑒𝑒ψ𝐷𝐷

2𝑘𝑘𝐵𝐵𝑘𝑘
)                                  (1.15) 

where z is the valency of the electrolyte, e is the elemental charge, NA is Avogadro’s number 

(NA = 6.022 * 1023 mol-1), c∞  is the molar concentration of the electrolyte in the bulk (in mol 



L-1), ψD is the electric potential in the diffuse layer, T is the absolute temperature (in K), kB is 

the Boltzmann constant(kB = 1.381 * 10-23 m2 kg K-1 s-2), and λD is the Debye length defined 

as [16] 

                                                  λD= �𝜀𝜀𝑟𝑟𝜀𝜀𝑜𝑜𝑘𝑘𝐵𝐵𝑘𝑘 / �2𝑧𝑧2𝑒𝑒2𝑁𝑁𝐴𝐴𝑐𝑐∞                                  (1.16) 

If Cp and Cn  represents the positive a nd negative capacitances o f t he t wo el ectrodes 

respectively, the overall capacitance (CT) o f the entire cell can be defined by the following 

eqn. 1.17:[7] 

                                                                   1
𝐶𝐶𝑘𝑘

=  1
𝐶𝐶𝑃𝑃

+  1
𝐶𝐶𝑛𝑛

                                                 (1.17) 

Depending on the values of Cp and Cn, the ES can be defined as symmetric and asymmetric. 

For s ymmetric E S, materials as w ell as c apacitance, of b oth electrodes will b e the s ame, 

namely, Cp = Cn. As a  r esult, the total capacitance (CT) w ill be half o f either o ne’s 

capacitance. Again for asymmetric ES, materials, as well as capacitance will be different for 

positive a nd negative electrode. In this case, the total capacitance will b e mainly dominated 

by the electrode with lower capacitance. 

 In general, it is c lear that electrode materials essentially co ntrol the capacitance and stored 

charge. The ES voltage (V) develops across e lectrodes by c harging process whose value is 

dependent on electrolyte and electrode materials. For example, for aqueous electrolytes with 

carbon electrodes, the cell voltage window is about 1 V where it is in the range of 3–3.5 V for 

organic e lectrolytes. According t o eqns. 1.10 a nd 1. 11, power and energy densities ar e 

directly proportional t o the square o f applied voltage of t he cell. Due t o this factor higher 

voltage ha s a more p ositive impact o n E DLCs en ergy a nd p ower d ensities r ather t han 

increasing capacitance o r d ecreasing E SR. Higher o perating voltage ca n be a chieved by 

optimizing the electrode surface structures and a lso optimizing the materials that consist the 

electrode. Furthermore, from eqn. 1.11 another m ajor focus c an be t he o ptimization o f t he 

electrodes t hat w ill r educe t he internal r esistance o f ce ll which w ill increase t he p ower 

density. In g eneral, it is w ell established t hat d ue t o r apid c ombination o f c harges w ith 

electrodes, internal r esistance o f E S is r elatively much smaller t han t hat in batteries. E ven 

faradic-type E S h as higher internal r esistance t han E DLCs t hough it involves fast e lectron 

and ion transfer. 

In o rder to i ncrease total capacitance of a s upercapacitor cel l, both positive a nd negative 

electrode materials and surface have to develop using research and development. To evaluate 



an ES’s overall performance, the specific capacitance, Cs (Fg-1) is generally used.  Cs can be 

defiend using the following eqn. 1.18: 

                                                                  CS = 
𝐶𝐶𝑖𝑖
𝑊𝑊

                                                              (1.18) 

where Ci is the electrode capacitance (positive or negative electrode) and W is the weight (in 

grams) of t he e lectrode m aterial. Though the specific cap acitance has b een a n es sential 

parameter to evaluate an ES cell, it has some limitations. A better electrode material will have 

a higher specific capacitance but not always a higher specific capacitance indicates the best 

electrode m aterial. B ecause specific capacitance largely d epends o n t he s tructure an d 

thickness o f e lectrode double layer. For example, an extremely t hin film by e lectrolyte ions 

on the electrode surface will have very low weight and as a result it will yield a huge specific 

capacitance v alue. At t he e nd, if it is p ossible t o form a  t hick d ouble layer using t his high 

capacitance material, a highly capable energy storage system will be developed which will be 

examined and studied in this research.  

1.5 Advantages of Electrochemical Supercapacitors (ES) 

Electrochemical Supercapacitors have several advantages when compared to batteries. Some 

of them are discussed below:  

(1) H igh po wer density. Specific power versus specific energy of modern storage devices 

has been shown i n F ig. no . 1.5. It is  w ell k nown that E S di splay a  much higher po wer 

delivery (1–10 kW kg-1) when compared to lithium ion batteries (150 W kg-1). The charging-

discharging process is significantly faster than those in the batteries which lead to high power 

density in supercapacitors. The reason behind of fast charging-discharging in the ES is that it 

stores electrical charges both at  the electrode surface and in the bulk near the surface of the 

solid e lectrode. Ionic conduction into the electrode bulk does not limit the charge–discharge 

process. As a result, rapid rates can be achieved which lead to high power density in ES. For 

example, a normal battery can be fully charged on the scale o f hours; on the o ther hand, an 

ES can be fully charged or discharged in seconds. Again the energy stored in ES can be used 

very fast, within 0.1 s, indicating high power density [18].  

(2) L ong l ife e xpectancy. Faradic r edox r eactions ar e t he main factor t o store 

electrochemical energy i n b atteries. This r edox p rocess r estricts t he inter-conversion o f 

chemical electrode r eagents an d a lso r estricts t he p hase c hange w hich makes t he p rocess 

irreversible. On the other hand, there is a negligible amount of phase change phenomena and 



very f ew chemical charge t ransfer r eactions involved while e nergy is s tored i n 

supercapacitor. These extraordinary phenomena give unlimited cyclability to ES. 

 

Fig 1. 5: Specific power versus specific energy of modern storage devices [19-20]. 

Electrochemical supercapacitors can go t hrough a hu ge number o f c harge-discharge cycles 

(for e xample, up t o 1000000)  b ut n eed n o m aintenance dur ing t heir o perating pe riod. 

Moreover, E S c an r un de eply at hi gh r ates for 500000 –1000000 c ycles w ith o nly small 

changes in their characteristics. Such longevity is impossible for batteries even if the depth of 

discharge i s as s mall as  10–20% o f t he o verall e nergy. T he life expectancy for E S i s 

estimated t o be up t o 30 y ears, w hich is much longer t han for lithium ion batteries (1000–

10000 c ycles a nd a  life e xpectancy o f 5 –10 years). E ven faradic s upercapacitor h as b etter 

operating l ifetime than b attery  although r edox r eactions ar e involved during c harging a nd 

recharging in both cases [21]. 

(3) L ong s helf l ife. Long s helf life is a  noticeable advantage for e lectrochemical 

supercapacitors. Self-discharging a nd corrosion ar e t he t wo f actors w hich degrade t he 

performance o f u nused r echargeable b atteries. On t he o ther ha nd, supercapacitors can  hold 

the capacitance like the original condition even though they are kept in self for a long t ime. 

According t o s ome r eports, supercapacitors practically s howed it s lo ng shelf l ife b y 

remaining close to their original condition even when they are unused for several years.[21] 

(4) High efficiency. One of the major advantages of ES is that heat loss management is easier 

due to r eversible behavior dur ing c harging-discharging t hroughout the c omplete op erating 

range o f voltage. T he en ergy loss, as a r esult, the h eat loss i s ve ry l ow during charging-

discharging for ES which can be readily removed. For example, high cycle efficiency o f ES 

(around 95%) has been reported even for operating at rates above 1 kWkg-1 [22]. 



(5) Wide range of operating temperatures. ES can  function effectively at  extremely h igh 

and low t emperatures. The t ypical o perating t emperature for E S r anges from -40 t o 70 °C. 

This is ad vantageous for military applications, w here r eliable energy storage i s r equired t o 

run proprietary electronic devices under all temperature conditions during war.   

1.5.1 Applications of ES  

With their many advantages, ES has become very competitive choices for applications such 

as electric vehicles, electric hybrid vehicles, digital communication devices, digital cameras, 

mobile phones, electrical equipments, uninterruptible power supplies etc [23]. For example, 

due t o p oorer cy cle life o f batteries, ap proximately 2 0%  ex tra c ost  f or r eplacement of 

battery has to be done in battery installed devices [24]. In addition, battery-powered electric 

vehicles are facing some limitations when peak load needed ( i.e. accelerating and c limbing) 

as b atteries h ave lower power density i n general. ES can  ea sily solve t hese p roblems w ith 

their higher po wer de nsity [20]. Combining E S w ith batteries c an yield improved 

performance in hybrid e lectric ve hicles, including po werful ac celeration, b raking e nergy 

recovery, excellent cold weather starting, and increased battery life. Thus, it can be said that 

electrochemical s upercapacitors have immense potential t o s erve in t he field o f e nergy 

storage along w ith batteries. The main market t argeted by ES manufacturers in t he co ming 

decades may be transportation, including hybrid electric vehicles and metro trains [20]. Due 

to their relatively low energy density and high cost, the market development of ES is still in 

the ear ly commercialization s tage. At p resent, E S o ccupies a very s mall portion o f e nergy 

storage market (less than 1%)  and most of the market is in the advanced countries like Japan, 

South K orea, USA, France [20]. The E S m arket i s moving a head s teadily a nd c hanging 

significantly every year. Continuing improvements will open new markets, leading to a bright 

future for supercapacitors. 

1.6 Challenges for ES  

Although E S has many advantages o ver batteries an d fuel c ells, t hey also face s ome 

challenges at the current stage of technology. 

(1) L ow e nergy d ensity. E S s uffer from limited e nergy d ensity ( about 5 Whkg-1) when 

compared with batteries (> 50Whkg-1). C ommercially av ailable E S can  p rovide e nergy 

densities o f o nly 3 –4 W h kg -1. I f a large en ergy cap acity is r equired for an  ap plication, a  

larger s upercapacitor must b e co nstructed, d riving u p the co st. L ow en ergy d ensity is t he 

major challenge for ES applications in the short and medium terms. 



(2) H igh c ost. One o f t he major ch allenges for el ectrochemical s upercapacitor 

commercialization is the costs of manufacturing and raw materials. The majority cost comes 

from electrode material, s eparator and e lectrolyte where electrode materials generally share 

the largest por tion. For e xample, Carbon and R uO2 are the most c ommon and hi gh 

performance electrode materials now-a-days where it has to be mentioned that RuO2 is a rare 

metal oxide and  carbon materials with a high surface area are pretty expensive (US$50–100 

per kg) [21]. In addition, if organic electrolytes are used the cost will definitely increase.  

(3) High self-discharging rate. ES ha ve an alarming li mitation in  the f ield of practical use 

that is its high self discharging rate. For some application- it shows a high discharging rate of 

10–40% per day and also low duration [25].  

 (4) Wide range of operating temperatures. ES can function effectively at extremely high 

and low t emperatures. The t ypical o perating t emperature for E S ra nges from -40 t o 70 °C. 

This is ad vantageous for military applications, w here r eliable energy storage i s r equired t o 

run proprietary electronic devices under all temperature conditions during war.   

In summary, above mentioned challenges limits the use of EC in commercial sectors though 

noticeable parameters such a s e fficiency, r eversibility, shelf life, environmental friendliness 

also show more positive impact for EC than others [26]. 

1.7 Objectives of the Present Study 

From the previous sections, it is evident that, the use of EDLCs as efficient energy storage 

devices is a r apidly advancing field. O ptimization o f E DLCs as  a w hole s ystem, an d 

discovery o f new e lectrode m aterials a nd e lectrolyte co mbinations with high e lectro-

capacitive p erformance ar e cr itical ar eas, where m olecular m odeling can ma ke i mportant 

contributions. In r ecent years, molecular mo deling has c ontributed gr eatly t o the 

understanding o f ch arge s torage m echanisms an d d ynamics in E DLCs in r esponse t o 

experiments t hat ha ve c hallenged long held views o f t he E DL. Molecular m odeling h as 

largely focused o n p lanar e lectrodes to s tudy s teric a nd pot ential e ffects, a nd po rous 

electrodes to s tudy c onfinement e ffects, u nder eq uilibrium co nditions. Polarisation of  t he 

electrode by t he e lectrolyte e nhances s urface charge v ia induced c harges, resulting in a n 

increase in e lectric field s trength a nd capacitance. This is a cr itical feature that needs t o be 

included in molecular models t hat a im t o quantitatively r eproduce experimental results a nd 

accurately r epresent r eal systems. In co mparison, dynamic effects have been modeled t o a  

lesser extent and suggestions for exploiting these effects to increase EDLC performance are 

lacking. Focusing pr operly on ionic t ransport a nd charging-discharging k inetics using 



molecular modeling will improve the performance of dense RTIL electrolytes in nanoporous 

carbons. F urthermore, as charging-discharging ha s a direct r elation w ith e nergy a nd p ower 

densities, pe rforming simulations to predict the kinetics of different c harging-discharging 

rates will be very useful. So far, some of the performance manipulating parameters for EDLC 

such as polarisation relaxation, temperature, electrode geometry, and ion size effects has been 

studied using the Dynamic EDLC phenomena. 

Developing e ffective m odels i n these areas may b e crucial f or efficiently id entifying 

conditions and materials that can lead to huge gains in EDLC performance. The goal of the 

present r esearch is t o an alyze a nd u nderstand t he cap ability o f Graphene-MnOx 

nanocomposite as a promising energy storage material in supercapacitor applications.  

The specific objectives of the present study are- 

• To study the specific capacitance and cyclic charging/discharging performance of 

the G raphene/MnOx nanocomposite u sing c yclic voltammetry ( CV) a nd 

chronopotentiometry (CP) experiments, respectively, for examining its suitability 

for practical applications. 

• To perform molecular d ynamics ( MD) s imulations, c haracterizing t he e lectrode, 

electrolytes and solvent interactions, to explain the findings from the CV and CP. 

• To examine t he energy storage p erformance o f t he Graphene/MnOx 

nanocomposite via molecular dynamic simulation. 

• To s tudy t he a tomistic behavior of  t he nanocomposite for e nergy s torage 

capability w ith d ifferent at omistic s tructures an d d esign modifications for 

performance enhancement. 

• To analyze t he en ergy a nd p ower d ensity c haracteristics o f t he G raphene/MnOx 

nanocomposite as a supercapacitor. 

The present study is expected to provide considerable insight into establishing an appropriate 

algorithm t o s imulate t he c haracteristics o f g eneric d ouble-layer cap acitive system u sing 

Graphene/MnOx na nocomposite. The f indings o f t he e ffect o f incorporating de sign 

modifications a t the mic ro-structural l evel, s uch a s carbon slit-pores, will e nable u s t o 

understand t heir r ole in t he p ossible p erformance en hancement o f t he supercapacitors. T he 

cyclic voltammetry ( CV) an d ch ronopotentiometry ex periments w ill p rovide p erformance 

data to assess the potential of the Graphene/MnOx nanocomposite in real-life applications as 

supercapacitors. 



CHAPTER 2 
Literature Review 

2.1.  Pioneering Works 

Pure carbon-based c apacitors cannot meet t he requirements in  h igh energy s torage field by 

the specific capacitance derives from EDLC. Adding additional co ntributions from pseudo-

capacitance is an efficient method to enhance the capacitance. To enhance the energy storage 

capacity, transition metal oxides (MOx) such as RuO2, MnO2 might be a promising material 

to u se w ith car bon as t hey p ossess high t heoretical p seudo-capacitance. Despite of  having 

lower capacitance in bulk than the theoretical value, deposition of MOx onto carbon increases 

the e ffective utilization o f the act ive materials and also improves the e lectrical co nductivity 

of t he co mposites. This is because co mposite o f porous carbon and t ransition metal o xides 

can show high surface area and good electrical conductivity. This indicates the limitations of 

MOx as independent electrode materials and tremendous opportunity to act as composite with 

carbon in the field of high power supercapacitors. 

The most p romising e lectrode material f or supercapacitors i s RuO2 due to  i ts much l ong 

cycle life, highly r eversible r edox r eactions a nd high s pecific capacitance. For e xample, a  

specific capacitance up to 599 Fg−1 has been obtained for RuO2 /carbon composites with 80 

wt% o f RuO2 loading [27]. Though RuO2 shows excellent performance in ca se o f specific 

capacitance, t he h igh c ost greatly r estricts its co mmercial application. R ecently, M nO2 has 

been investigated a s a  suitable alternative material due to it s lo w-cost, r ich redox behavior 

and go od e nvironmental compatibility. G ao et a l. [28] have p repared homogenous M nO2 

/MWNT(multi-walled na notubes) composite vi a an in s itu coating t echnique. The specific 

capacitance of the composite is 250.5 Fg −1, which is about eight times higher than that of the 

pure M WNT. D ong et a l.[29] have prepared M nO2 /mesoporous c arbon c omposites w ith 

different nanoparticle s izes e mbedded into t he matrix t hrough r edox reaction b etween 

permanganate i ons and c arbons. They ha ve found t hat t he cap acitance o f t he co mposites 

improved with increasing MnO2 amount. A high capacitance up to 220 Fg –1 was obtained for 

the composite w ith t he h ighest M nO2 loading a nd 600 F g−1 was ca lculated b ased o n t he 

MnO2 content. Carbon nanotube a rray ( CNTA) is a nother ideal support which i s ve rtically 

grown on the current collector. By using this CNTA as a support, a binder-free MnO2 /CNTA 

electrode with hierarchical porous structure, high surface area and superior conductivity has 



been s uccessfully f abricated [27]. This CNTA-MnO2 composite s howed h igh cap acitance 

(199 F g−1 and 305 F cm−3) w ith a long c ycle life ( 3% cap acity loss a fter 2 0,000 

charge/discharge cycles). 

The cap acitance for car bon-MnO2 composite varies w ith p reparation method. For instance, 

materials modified with a 1 nm thick film of MnO2 prepared by a post-synthesis method, [30] 

retained its cap acitance at  much h igher s can r ates t han t he mesoporous carbons c ontaining 

MnO2 nanocrystals in t he mesopore w alls (one-pot s ynthesis) [29]. The f ormer m aterials 

exhibited twice as large mesopores (∼ 8 nm), compared to the latter composites. This feature 

implied lower e lectrolyte r esistance a nd better diffusion in  the ma terials with la rger 

mesopores. Furthermore, similar oxide contents deposited on MWNT afforded thicker MnO2 

films (6 nm) [28] than on the surface of mesoporous carbons, resulting in better conductivity 

in the latter case at  100 mV s −1 scan rates [30]. While for MnO2 - MWNT the gravimetric 

capacitance dropped from 350 F g−1 MnO2 at 2 mV s–1 down to 37 Fg−1  MnO2 at 100 mVs−1, 

the capacitance approached 137 Fg−1 MnO2 at 100 mV s −1 for the MnO2 coated mesoporous 

carbon. 

Nanostructured el ectrodes having ultra-high s pecific s urface ar ea as w ell as micropores 

comparable t o t he ionic s ize advances the p erformance o f E DLC in r ecent d ays. Charge 

carriers su ch a s r oom-temperature i onic liquids ( RTIL) or organic e lectrolytes ca n further 

enhance t he E DLC p erformance, es pecially in t he field o f the e nergy d ensity a nd t hermal 

stability [31]. T he s enon-aqueous e lectrolytes a llow E DLC o peration at a w ider voltage 

window, thereby providing higher energy density. Interest has been growing to theoretically 

examine the interfacial structure and the electro kinetic behavior o f electronic double layers 

(EDLs) c onsisting o f ionic liquids ( ILs) along w ith e xperiments t o u nderstand t he 

characteristics o f E DLC [32]. These simulation and theoretical studies h ave h elped to 

elucidate phenomena related to electrochemical behavior in atomistic scale. The microscopic 

structures and changes in the pore size responsible for the drastic increase o f capacitance in 

nanoporous electrodes have been investigated using these theoretical simulation studies. Few 

investigations have been devoted to understand the dynamics and transport behavior of RTIL 

in co nfined g eometry and their co nnections w ith t he u nique microscopic d etails o f E DLs. 

Though there are numerous reports on the equilibrium properties of RTIL-EDLs. Theoretical 

interpretation o f th e experimental cyclic voltammetry d ata ar e generally based o n 

conventional equivalent-circuit (EC) systems. And also, microscopic electro kinetic theories 

are typically based o n t he systems containing ions in d ilute aqueous solutions. On t he other 



hand, electrokinetics in RTIL systems has been distinctively different from the electrokinetics 

for aqueous e lectrolyte s olutions. The c onventional methods g enerally d eals w ith 

macroscopic e lectrochemical phenomena and entail drastic approximations suitable only for 

macroscopic ca ses w hereas RTIL-EDLs ha s showed its a pplicability from a  microscopic 

perspective [31]. For a n ionic liquid a nd nanoporous c arbon, P éan et  a l. studied t he 

supercapacitor ch arging d ynamics based o n molecular d ynamics ( MD) s imulations [33]. It  

was found t hat the ch arging k inetics ca n be p roperly fitted w ith a n E C s imulation model. 

Also, for n anoporous materials ion t ransport i s n ot m uch affected by t he c onfinement. 

However, i on d iffusion could b e faster in i onophilic nanopores than t hat i n t he bulk for 

simulations o f s impler models o f ionic liquids a nd p orous e lectrodes [34]. I n a ddition, a 

diffusive process w ith “overfilling” a t short t ime and “defilling” in t he later s tage has been 

found w hile c harging E DL in R TIL. This ki nd of  charging behavior c annot be  properly 

explained with c onventional E C models [34]. In t his w ork, we investigate the behaviour of  

EDLC using MD simulations for a  realistic model o f  RTIL but w ith nanostructured MnO2 

over graphene electrodes. The model system has been designed for fast equilibrium and better 

control of the temperature without compromising the essential features of EDL charging. We 

show that kinetics of EDL in ionic liquids severely depends on the positioning of co-ions and 

counter-ions near t he e lectrodes. U nlike t he p redictions o f co nventional electro k inetic 

models, pore size and variation of the surface charge density are the main sensitive areas for 

RTIL-EDL. 

2.2  Use of molecular modeling for EDLC design 

 Effective optimization of E DLC d esign is a  s ignificant challenge due t o the co mplicated 

relationships between electrode and electrolyte properties, and their influence on the overall 

energy and po wer de nsities. E xamples o f de sign considerations include which pa ir o f 

electrolytes should be used in combination with specific pore geometries and sizes [35]. If the 

anion and cat ion have different kinetic sizes under the charging–discharging conditions, then 

models for this kind of electrolytes need to be developed and the optimal pore size shall be 

different for the cathode and anode.[36] Organic solvents can be used to increase the electric 

conductivity of RTILs, [37] in w hich case t he o ptimal electrolyte concentration needs to be 

determined. Polarization of the e lectrode can change local pore structure and geometry,[38] 

therefore the chosen electric potential needs to be carefully considered. Another optimization 

problem is the effect of pore size on the power density [39]. Nanopores with diameters close 



to the ion diameter can increase the energy density of EDLCs,[40] however the power density 

can be limited d ue t o h igh d iffusion resistance imposed b y t he small p ores. Furthermore, 

there ar e s till s ignificant ar eas w here various EDL p henomena a re not w ell u nderstood. 

Examples in clude the influence o f specific adsorption o f ions t o the e lectrode surface, [37] 

and t he e lectro-kinetic a nd t ransport p henomena involving s olvated ions i n n anopores of 

varying g eometries and sizes. [37] Chmiola et a l. [41] conducted a n e xperiment us ing 

carbide-derived carbon (CDC) electrodes with a narrow pore size distribution (PSD) and pore 

diameters less t han 1  n m, a nd a [ TEA]+[BF4]- electrolyte in  acetonitrile (AN). T he 

experiment produced very high capacitance for an electrode with a pore diameter of about 0.7 

nm, w ith volumetric e nergy t wice a s high as  t hose o f activated carbon e lectrodes. T he 

observed anomalous capacitance behavior was also observed in a follow up experiment using 

Room temperature ionic l iquids as t he electrolyte [40] and challenged the long he ld be lief 

that small pores were inaccessible to solvated ions. To explain the experimental observations, 

Huang et a l.[42] developed heuristic models named t he e lectric d ouble-cylinder capacitor 

(EDCC) a nd e lectric w ire-in-cylinder c apacitor ( EWCC), to d escribe E DL cap acitance in 

cylindrical mesoporous a nd nanoporous electrodes, r espectively. Merletet et al.[38] 

performed an accurate molecular simulation by a ccounting the polarization of t he e lectrode 

by the electrolyte and managed to reproduce experimental results [40] quantitatively, giving 

realistic insights into i onic liquid s tructure i nside n anoporous e lectrodes. Other m olecular 

models have suggested a n o scillatory p attern in w hich cap acitance decays with i ncreasing 

pore s ize [43]. The a bove modeling and s imulation studies, as b rief e xamples demonstrate 

some o f t he kind’s contributions t hat molecular modeling can make to the f ield o f EDLCs. 

Molecular modeling is e ssential for t he d esign of  op timal EDLCs. O ne o f t he g reatest 

benefits o f molecular modeling is t he ability t o predict p henomena t hat c annot be  d irectly 

observed experimentally. For e xample, t he s patiotemporal d istribution and orientation o f 

electrolyte ions, [44] and the change in morphology of electrodes due to polarization [38] are 

both important f actors in fluencing the e lectrode cap acitance but ar e d ifficult t o m easure 

experimentally. Thanks t o s imulations a nd a ccurate phy sical modeling, the i ntertwined 

impact of these variables can be understood and used to optimize the design of new EDLCs. 

Molecular modeling ca n model t he e quilibrium and d ynamic p henomena o ccurring in an 

EDLC in atomistic level. The force fields help to define the physics of molecular interactions 

in t he simulation d omain and the a ccuracy o f molecular modeling d epends largely o n t he 

validity of the force fields parameters used. The two most popular molecular simulation tools 



are Monte Carlo (MC) and molecular dynamics ( MD) [37]. Based on s tatistical mechanics, 

MC uses s ampling t o sample t he p hase space o f a molecular system. The properties o f t he 

system are averaged over a large number of sampling steps to give ensemble averages which 

can be correlated to calculate thermodynamic and equilibrium structural properties. 

MC simulations are limited to calculating equilibrium properties using statistical mechanics. 

For a  s hort p eriod o f s imulated t ime, MD s imulations c an solve N ewton’s eq uations o f 

motion. The properties o f the molecular system are averaged over t his time to calculate the 

properties o f t he s ystem. M D s imulations have the ad vantage o f a lso being a ble t o p redict 

dynamic properties, such as ionic diffusion. 

In the development of molecular models, the selection of electrolyte and solvent models is a 

critical s tep t hat can  g reatly influence t he a ccuracy an d r eliability o f simulation r esults. 

Earlier simulations of EDLCs favored the use of primitive models that describe ions as hard 

spheres and electrodes as hard walls with solvents considered only as a dielectric constant, or 

with no n-primitive models t hat c onsider solvent molecules as  u ncharged hard spheres [37]. 

The use o f pr imitive models greatly reduces the s imulation cost due to their s implicity, and 

may have previously been considered a necessary concession when computational resources 

were lower than what is generally available today. However, the accurate simulations using 

primitive models is gr eatly hindered due  t o l ack o f a  r ealistic structure a nd inability t o 

calculate d ynamic e lectrostatic p roperties, specifically molecular d ipole moments, w hich 

change w ith electrolyte polarization. All-atom e lectrolyte models, as  t he name implies, 

include every single atom within an electrolyte molecule, and are the most realistic models of 

electrolytes a vailable. All-atom electrolytes ar e p articularly u seful models for s tudying 

specific molecular interaction, orientations, and overall structure within the EDL due to their 

accurate s tructure an d p olarisability. However, a ll-atom models h ave s ignificantly high 

computational cost which limits their use, particularly in simulating large systems and RTILs, 

which r equire long s imulation t imes t o equilibrate, due  t o their high viscosities [45]. To 

overcome t his co mputational limitation, simplifications ca n be made, such as using united-

atom models, w hich u nite CH2 and CH3 groups a s s ingle a toms, o r us ing c oarse-grained 

models, w hich group s everal sites o f at oms t ogether t o represent t hem as  a s ingle pseudo-

atom [45]. Coarse-grained models are o f particular interest for simulating RTILs, which are 

bulky in size a nd o ften r equire large simulation bo x s izes with m any hu ndreds of i ons to 

minimize the finite size effect. Coarse-grained models can implement larger simulation t ime 

steps and simplified interactions, which can result in s imulation t imes reduced by 100 t imes 



when co mpared t o a ll atom electrolyte model s imulations [45]. Another cr itical step in t he 

accuracy of molecular simulations of EDLCs is the selection of the electrode model, namely 

constant a nd u niform s urface c harges o r p olarisable e lectrodes with a  c onstant p otential 

where p artial charges o n e lectrode atoms f luctuate th roughout the s imulation [46]. Many 

researchers modeled electrodes with uniform surface charge to reduce the s imulation t imes, 

and p articularly in t he earlier s tudies w hen t echniques for electrode polarisability w ere not 

quite s o w ell developed. I ncluding e lectrode pol arisability is important no t only for t he 

numerical difference it creates in simulation results, but also because it accurately represents 

a fundamental physical aspect that occurs in EDLCs which affects not only capacitance, but 

also dynamics. Electrode polarization enhances the surface charge in local areas via induced 

charges, which co nsequently increases t he e lectric f ield strength and cap acitance. O mitting 

polarisation o f t he e lectrode w ill result in ar tificially low cap acitance w hen compared t o 

experimental results. Another simulation technique that is used is based on quantum density 

functional theory (q-DFT) [47]. The q-DFT method solves quantum mechanical equations for 

a many-body system. In q-DFT, the number of particles involved in a simulation is generally 

far less than what is used in MC and MD simulations. Though q-DFT simulations cannot yet 

be extended to a realistic representation of a porous electrode due to the computational costs 

this s imulation can be used as a complement to MC and MD simulations by validating force 

fields or other simulation results, such as the distance of the electrolyte ion from the surface 

of the electrode [37]. 

Classical density functional theory (c-DFT) simulation is the closest non-atomistic technique 

to MC  a nd MD  s imulations. c-DFT s imulations can  be ap plied t o d escribe E DLCs w ith 

porous electrodes by minimizing grand potential energy and obtaining local density profiles 

of s olvent a nd e lectrolyte models, w hich c an subsequently be us ed t o de termine E DL 

properties. S imulation t imes for c -DFT are far s horter than those o f MD o r MC. However, 

many important p henomena like surface r oughness, p olarization o f t he e lectrode s urface, 

complex e lectrode g eometry o r i onic c ompressibility c annot b e c alculated us ing  c -DFT. 

Often c -DFT is c ompared t o M C s imulations that m ake u se o f p rimitive models o r n on-

primitive models t o s tudy various E DL structures a s functions o f ion s ize, the valency o f 

electrolytes, and po re s ize [37]. These s imulations ar e often co mpared ag ainst m odified 

Poisson–Boltzmann t heory a nd can de monstrate de viation from G ouy–Chapman–Stern 

behaviours [48]. However, they are o f limited use in modelling realistic EDLC systems due 

to t heir simplification of i onic s tructure. Beyond this, c-DFT uses c ontinuum modelling 



which is an  efficient a pproach for p redicting c apacitance an d d ynamics o f E DLCs. 

Importantly, it a llows o ne t o s ystematically s tudy t he influence of ma ny in fluential 

parameters, such as  ion size, e lectrode geometry, and electric potential more easily than by 

using experimental m ethods [49]. However, c ontinuum models ca nnot b e u sed t o p redict 

capacitance in devices which employ nanoporous electrodes with pore sizes less than one nm 

and/or densely packed electrolyte molecules, such as in RTILs [50]. In these scenarios, which 

are becoming increasingly co mmon in EDLCs, u tilizing molecular simulations ar e favored 

for capacitance predictions due to their atomistic approach and ability to predict ion packing 

structure in the EDL. 

2.3  Electrolytes for EDLC applications 

Aqueous e lectrolytes, de spite offering s maller energy d ensity t han o rganic solvent ba sed 

electrolytes o r R TILs ( Room t emperature ionic liquid) d ue t o their lower e lectric p otential 

window, s till have at tractive p roperties such as high r elative permittivity, low E SR 

(Equivalent s eries r esistance), low t oxicity, a nd l ow c ost. They a re preferable to o ther 

electrolyte t ypes in certain ap plications. I t is also important t o n ote t hat ex ceptional 

performance o f EDLC can be achieved with aqueous electrolytes [51]. The extended simple 

point-charge m odel [52] was u sed t o conduct equilibrium a nd n on-equilibrium  MD 

simulations o f the t ransport of aqueous K+Cl- electrolyte in c harged c ylindrical nanoporous 

electrodes [53]. The surface of the electrode was modelled as smooth, and hydrophobic. The 

radius of the electrode was varied to investigate ionic confinement effects. It was found that 

strong confinement caused desolvation o f ions, increased the influence o f the external field 

on water molecule orientation, and decreased hydrogen bonding. Ionic conductivity was also 

found to decrease with decreasing pore radius.MD simulations were used to examine ion size 

effects i n negatively-charged nanoporous (5,5) armchair CNTs w ith a  diameter o f 0.67 nm 

and a length of 1.1 nm interacting with Na+, K+, and Cs+ cations in an aqueous solution. At 

zero surface potential, water molecules entered the CNTs in low concentrations and formed a 

single-layer wire down the centre of the CNT. At low negative surface charge densities, more 

water molecules were t ransferred into the CNTs with a p referred orientation, causing a low 

density ar ea in t he ce ntre o f the CNTs due t o w ater-water m olecule r epulsion. A t g reater 

negative s urface c harge d ensities, it w as t hermodynamically favorable for c ations t o b e 

partitioned into t he p ore. I nterestingly, the m edium-sized K+ ions w ere found t o ha ve t he 

least resistance t o en tering t he p ore, w hile t he smallest Na+ ions had t he g reatest p artition 



resistance. I t should be  no ted that no an ions w ere included in t hese simulations. I n fact, 

anions may be  present i n weakly n egatively-charged e lectrodes d ue to specific adsorption, 

which would drastically change the observed results. Feng et al.[54] used MD simulations to 

study t he e ffect o f slit type nanopore w idth o n t he d istribution o f K+ ions a nd o n t he 

capacitance at  a co nstant s urface c harge d ensity. B y e xamining long-range io n-ion 

interactions, no n-electrostatic i on-electrode interactions, ion hydration, h ydration w ater 

molecule-nonhydration water m olecule interactions, a nd e ntropic e ffects, the au thors w ere 

able t o make several interesting o bservations. For pore widths between 1.0 and 1.5 nm, K+ 

ions formed a  well-hydrated single layer in the centre of the pores. Below 1 nm, the K+ ions 

formed two separate layers near each slit wall. The transition from a s ingle to a double layer 

was d riven mainly by e nthalpic e ffects b etween hydrated w ater m olecules and t he 

surrounding no n-hydrated water molecules r ather than b y electrostatic interactions between 

ions. On the basis of t hese results, the authors suggested a ‘sandwich model’ describing the 

capacitance o f s ingle-layer io ns i n slit-type nanopores that i s capable o f p redicting t he 

anomalous increase in capacitance, [54] 

                                                               Ctot = 2𝐴𝐴𝜀𝜀𝑟𝑟  𝜀𝜀0
𝑏𝑏−𝑎𝑎0 

                                                           (2.1) 

where a0 is the solvated ion diameter and b is the slit-pore width. It is important to note that 

the results from this study are not valid for systems with lower surface charge densities where 

anions would be included inside the pore. The authors considered a simulation of an aqueous 

NaCl solution to examine t he e nergy penalty a ssociated w ith partial desolvation o f solvated 

ions e ntering a sub-nanometre pore [55]. Low free energy penalties were observed for both 

Na+ and Cl- ions and was attributed to van der Waals attractions between ions and pore walls, 

image c harge e ffects, a nd strengthening interactions between ions a nd t heir solvation 

molecules inside t he p ore. MD s imulations o f a queous NaCl solutions i n c ontact with 

uncharged s lit a nd c ylindrical po rous c arbon e lectrodes in mesoporous a nd nanoporous 

regimes w ere u sed t o s tudy interfacial c onfinement e ffects a nd p rovide a n atomic-scale 

depiction of ion transport dynamics [56]. Their s imulations indicate that ordered layers form 

parallel t o the s urface o f t he electrodes an d facilitate f ocused ion motion u nder co nfined 

conditions. This enhances ion d iffusivity in the d irection of the pore or slit. However, under 

increased confinement where the pore or slit size is reduced, the ionic diffusivity decreases. 

Similar M D s imulations o f a queous N aCl e lectrolytes inside charged nanoporous gr aphene 

and slit-pore electrodes were performed by Kalluri et al [57]. Opposite sides of the pore walls 

were modelled as  t he anode and cat hode. T he e lectrolyte concentration, t he surface ch arge 



densities, a nd t he po re diameter w ere a ll varied t o s tudy t he s tructural p roperties o f the 

aqueous electrolytes. At the highest surface charge density tested (+40 μC cm-2) it was found 

that the i onic co ncentration inside t he p ores reached ap proximately 1 0 t imes t he b ulk 

concentration. A lso a t ± 40 μC c m-2, it was o bserved that t he Na+ confined b etween 

electrodes (separated by 1.2 nm) approached the negatively charged grapheme surface more 

closely than the water molecules and partly lost their hydration shells. It was also found that 

multiple layers o f ad sorbed e lectrolytes formed near t he electrode s urface. T his behaviour 

was similar to that observed by Wander et al.[56] and was attributed not only to electrostatic 

interactions but a lso t o h ydration p henomena a nd ion-ion c orrelations. Recent M D 

simulations considered a s imilar s ystem, but included CaCl2 solutions a s well a s NaCl 

solutions t o i nvestigate ion size effects a longside t he e ffect o f nanopore w idth [57]. A 

schematic of the simulation cell is shown in Fig. no. 2.1. Maximum ionic densities inside the 

pore were dependent on the ion type and occurred at different pore widths for different ions. 

Analysis o f t he internal p ore s tructure r evealed t hat ion-ion correlations ar e o nly important 

for larger pore widths at  low surface charge densities. In smaller pores especially, water-ion 

correlations are important for determining the correct distribution of ions. This is crucial for 

estimating t he E DL thickness a nd t he r esulting cap acitance. Aqueous e lectrolytes o ffer 

exceptionally high power density for EDLCs, yet their energy densities are often lacking. To 

compete w ith high e nergy d ensities o ffered b y R TIL el ectrolytes, future s imulations o f 

EDLCs w ith a queous e lectrolytes must have a focus o n o ptimization o f novel e lectrode 

materials, as opposed to the slit-type nanopores used in previous simulations.  
 

 

 

 

 

 

Fig 2. 1. Two-dimensional schematic of simulation box with yellow Na+ ions, green Cl- ions, 

red and white water molecules, black neutral carbons, blue positively charged carbons, and 

purple negatively charged carbons [37].  



2.4  MnOx based composites for supercapacitor applications 

 From the early report by Lee and Goodenough in 1999, [58]  it has been claimed that MnOx 

is a promising material for ES applications [59]. In general, manganese oxides (MnOx) shows  

high t heoretical c apacities r anging from 1100 t o 1300 F g-1 and it  i s relatively less costly, 

more e nvironment friendly a nd less t oxic [59]. Pseudocapacitance is t he p rimary source o f 

capacitance for manganese oxides. Reversible redox transitions which conducts the exchange 

of p rotons an d/or ca tions w ith t he e lectrolyte , as  w ell as  t he t ransitions b etween M n(III)/ 

Mn(II), M n(IV)/Mn(III), a nd M n(VI)/Mn(IV) attributes t his p seudocapacitance [60]. The 

proposed mechanism is expressed in eqn 2.2: [59]  

                                             MnOα(OC)β + δC+ + δe+  ↔ MnOα- β(OC) β+δ                                          (2.2) 

Where C+ denotes the protons and alkali metal cations (Li+, Na+, K+) in the e lectrolyte, and 

MnOα(OC)β and M nOα- δ(OC)α+ δ indicate M nO2.nH2O in high a nd low o xidation s tates, 

respectively. The above-mentioned eqn 2.2 suggests that MnOx material must have high ionic 

and e lectronic co nductivity whereas in t he r edox r eaction p rocess b oth a lkali cat ions a nd 

protons are involved [61].  Despite the clearly redox nature of the energy storage mechanism, 

MnOx-based e lectrodes ca n a lso show non-faradic energy s torage m echanisms which can  

demonstrate by t ypical r ectangular-shaped c yclic voltammetry curves (Fig. no. 2.2 p resents 

an example) [62].  As reported in the previous studies, both physical properties and chemical 

factors such a s microstructure, surface m orphology and v alence, the h ydrous s tate of t he 

oxide, r espectively, affect Mn o xides capacitive p erformance [59]. It w as f ound th at 

microstructure co ntrols the c ycle stability o f M n o xides w hile chemically hydrous s tate 

controls their specific capacitance [63].  

2.4.1 Factors affecting the capacitance of MnOx  

Several physical and chemical factors that affect the capacitance of MnOx electrodes: 

(1) Crystallinity. High crystallinity has both positive and negative effects. It can give higher 

conductivity but loss o f surface ar ea ca n o ccur simultaneously. Crystallinity has d irect 

impact o n t he p rotonation ( or d eprotonation) r eaction and it  will b e limi ted i f t he 

crystallinity is too high in MnOx. 



 

Fig 2. 2: Cyclic voltammograms of MnO2-based electrodes in a 1 M Na2SO4 electrolyte at a 

potential scan rate of 5 mVs-1. (a) MnO2 obtained by using CNT and (b) MnO2 obtained by 

using mesoporous carbon [59]. 

On the other hand, the electrical conductivity of MnOx will be low for lower crystalline 

structure which can give highly porous microstructure. To achieve optimal conductivity, 

the annealing temperature plays an important role. When compared with those not heat-

treated, M nOx heat-treated a t 2 00°C s howed a lower specific capacitance at low scan 

rates and higher specific capacitance at high scan rates [64]. This phenomenon might be 

attributable to the fact that films treated at 200°C possess both lower open porosity and 

lower surface area. At a high scan rate, diffusion of H+ and Na+ ions is l imited and some 

pores an d v oids become inaccessible. O bviously, ex cellent p seudocapacitive behavior 

can be obtained when Mn oxide is treated at an appropriate annealing temperature [65].  

(2) Crystal s tructure. C rystallized M nO2 materials h ave s everal cr ystalline s tructures, 

including α-, β-, γ-, a nd δ-MnO2. A mong t hem, α-, β-, a nd γ-MnO2 have a  t unnel 

structure (2 × 2 octahedral units for α-MnO2, the relatively large tunnel structured phase; 

1 × 1 octahedral units for β- MnO2, the more compact and dense phase), and δ- MnO2 

has a relatively open layered structure (as shown in Fig. no. 2.3) [66].  



 
Fig 2. 3: Structural transitions of Manganese dioxide during material synthesis [66]. 

It h as been r ecognized t hat d ifferent p reparation c onditions c an occur in d ifferent M nOx 

structures. F or e xample, layered δ-MnO2 can be pr epared by increasing gr adually t he 

precursor acidity, t hrough t he r elatively large t unnel structured phase α- MnO2, t o a m ore 

compact and dense β- MnO2. The product from the process is mainly a  δ- MnO2 phase for 

NaOH o r KOH solution. Electronic a nd ionic conductivity have been highly influenced by 

the structural changes in MnO2, affecting the material’s pseudocapacitive behaviour [66].  It 

was r eported by  H u a nd T sou [60] that a n a morphous hy drous manganese o xide ( α- 

MnO2.nH2O) fabricated from a n M nSO4.5H2O s olution via a nodic de position showed a 

specific capacitance in the range of 265–320 Fg-1 for a potential range between 0 and 1.0 V 

using a 0.1 M Na2SO4 aqueous electrolyte solution. However, a specific capacitance of 168 

Fg-1 at a p otential s can r ate o f 1  mVs-1 has be en s hown b y the na nostructured α-MnO2 

synthesized via a hydrothermal technique under mild conditions [67]. Single-crystal α-MnO2 

prepared b y hydrothermal r eaction o f KMnO4 under acidic conditions exhibited a specific 

capacitance o f o nly 7 1.1 F g-1 at a cu rrent d ensity o f 3 00 mAg-1 [68]. For γ-MnO2 based 

materials, although one high specific capacitance of 240 F g-1 at a cu rrent density o f 1  mA 

cm-2 was reported [69], the majority of materials yielded specific capacitances of only 20–30 

Fg-1 [70]. The t wo-dimensional layered structure o f δ-MnO2 can facilitate cat ion 

intercalation/deintercalation w ith little s tructural r earrangement [71]. Several m ethods f or 



synthesizing δ-MnO2 have been d eveloped. δ-MnO2 obtained via a  h ydrothermal synthesis 

process exhibited a much higher specific capacitance than γ-MnO2 and β-MnO2.  

(3) Morphology. The morphology of MnO2 plays a  d eterminant role in its e lectrochemical 

performance as i t cl osely relates to the specific surface area and therefore the specific 

capacitance [72].  In t he literature, p repared manganese o xides have many d ifferent 

morphologies, such as nanowires, nanorods, nanobelts, flower-like m icrospheres, 

nanobundles, and flower-like nanowhiskers [59]. Depending on the morphology, the obtained 

material’s specific surface area can range from 20 to 150 m2g-1. N ormally, the p reparation 

process o r r eaction c onditions c ontrol t he morphology of  M nOx. Some morphologies of  

MnO2 and t heir effects on specific capacitance are worth discussing here. The first is one-

dimensional nanostructured M nOx. Short transport/diffusion p ath lengths for bo th ions a nd 

electrons can be realized for one-dimensional nanostructured materials which leads to faster 

kinetics, offers large specific surface areas, a nd r esults in high c harge/discharge cap acities. 

For example, nanowires with smaller diameters can o ffer larger specific surface area for the 

access of electrolyte ions, more act ive sites for charge transfer, and short transport/diffusion 

distance for proton diffusion. That may be the reason why they have a higher capacitance of 

350 F g -1 compared with nanorods’ capacitance o f 243 F g -1 [73]. Another example is o ne-

dimensional nanobelt materials. They not only offer large electrode surface area and provide 

conducting p athways for ions, leading t o h igh capacity a nd fast k inetics, but a lso be tter 

accommodate l arge v olume changes, resulting i n i mproved cycle performance f or cathode 

materials. B ased o n t he a bove and t he literature, o ne-dimensional nanostructured materials 

with special morphologies and large surface areas are necessary for potential applications in 

ES.  

(4) T hickness o f t he e lectrode layer. As t he c onductivity of M nO2 is lo w, the specific 

capacitance decreases with increasing thickness of the electrode layer. For example, when the 

deposited loading of nanostructured MnO2 was increased from 50 to 200 mg cm-2 the specific 

capacitance decreased from 400 to 177 F g-1[74]. Some researchers have also pointed out that 

the thicker MnO2 films deposited at higher potential are different from the thin films obtained 

at lower potentials. The difference between their specific capacitance can be as large as 100 F 

g-1 [75]. For instance, the specific capacitance of a MnO2 layer prepared from the oxidation of 

MnSO4 decreased from 220 to 50 F g-1 as the MnO2 loading was increased from 4 mg cm-2 to 

100 mg c m-2 [76]. Therefore, it is obvious that the thicker the film, the lower is the specific 

capacitance. The major benefits of thin layers can involve ( i) lower series resistance due to 



shorter t ransport p aths for the di ffusion of  p rotons ( low c oncentration p olarization o f t he 

electrolyte), (ii) easy access of the electrolyte to the active surface of manganese dioxide, and 

(iii) higher electronic conductivity. Hence, high specific capacitance and rate capability can 

be ach ieved, especially when a  t hin MnO2 layer is u niformly d ispersed o n conductive a nd 

porous carbonaceous materials with a high surface area. For example, Prasad and Miura [77] 

reported a  t hin a morphous MnO2  film o btained by p otentio-dynamic de position t hat 

exhibited a specific capacitance of 482 F g-1. When this thin layer was used for ES electrodes, 

high p ower d ensity and stability were achieved. M ost r eported M nO2 thin l ayers ha ve 

exhibited specific capacitances as high as 600 F g-1 or more within a potential window of 0.9–

1.2 V in aqueous electrolytes containing KCl, K2SO4, Na2SO4, or KOH [59].  

(5) Specific surface area and pore structure. Normally, the specific capacitance of a metal 

oxide material will increase significantly as its surface area increases [78]. For e xample, a  

fibrous electrode has a high surface area and contains more active sites for redox reactions. At 

the s ame t ime, electrochemical p olarization w ill b e lower a s the po rous structure o f th e 

material can  o ffer more ch annels for t he electrolyte. And due  t o low el ectrochemical 

polarization, dissolution of  Mn ox ide w ill b e mi nimum. Furthermore, h igh p orosity has a 

positive impact t o r educe the internal s tress cr eated d uring t he ch arging a nd d ischarging 

processes w hich au tomatically act  as a  protecting system f or the e lectrode f rom p hysical 

damage. Hence, the more fibrous or porous the oxide is, the better is the cycle stability [63]. 

Both the surface area and the pore-size d istribution of MnO2 electrode are major parameters 

to inhance the p erformance o f s upercapacitors. These parameters can b e optimized by 

manipulating the reaction time and the surfactant content in the aqueous phase [79].  

 (6) Chemical factors. It is well established that t ransportation o f e lectrolyte ions is highly 

beneficial u sing p hysically a nd c hemically bound w ater. Thus, t he loss o f w ater can ha ve 

negative impact o n ion t ransport that m eans in speicifc cap acitance. I f t he heat t reatment 

temperature is too high, there will be loss of water as a result poor ion conductivity as well as 

loss of pseudocapacitance will occur [80]. For instance, it was reported that heat treatment at 

a t emperature up to 200 °C c ould r esult in t he r emoval o f both p hysically a nd c hemically 

adsorbed water [81]. There are a lso suggestion for optimizing the heat t reatment to enhance 

overall pseudocapacitive behavior [82]. The Mn oxidation state is another very critical factor 

affecting the electrochemical performance of Mn oxides. Owing to the Jahn–Teller distortion 

of t he M n(III)O6 octahedron, M nOx involving t rivalent M n(III) s hows a  ra ther lower 

conductivity when compared with MnO2 or amorphous manganese oxides involving Mn(IV) 



[83]. Consequently, specific capacitance reduces due to the presence o f Mn3+ which maybe 

synthesized via pr ecipitation t echnique us ing KMnO4 and various a lcohols  [84]. It w as 

reported t hat w hen γ-MnO2 was t ransformed t o α-Mn2O3 and M n3O4 by me chanical 

grinding, the specific capacitance decreased linearly as the amount of γ-MnO2 decreased 

[83]. With r espect t o this issue, t he literature a lso s hows t hat M nO2 exhibits m uch be tter 

performance t han Mn(OH)2, Mn2O3, a nd Mn3O4. [59] The factors mentioned above are a ll 

related to the MnOx preparation processes and conditions. To improve Mn oxides’ capacitive 

performance, d eveloping more favorable p reparation p rocesses t o optimize t he 

microstructure, c rystallinity, a nd t he c hemical state o f M n o xides should be a n important 

approach. Several typical techniques reported in the literature are thermal decomposition, co-

precipitation, s ol–gel p rocesses, e lectrode position, mechanical milling p rocesses, an d 

hydrothermal s ynthesis. Among t hese, t he h ydrothermal r oute ha s be en p roven t o be  a n 

effective and controllable method to produce Mn oxides with various nanostructures such as 

nanowhiskers, na noplates, and na norods. [59] Note that the mechanical milling process can 

lead to a sequential phase transition from γ-MnO2 to the thermodynamically stable α-Mn2O3 

and subsequently to Mn3O4, depending on the duration of the mechanical grinding [83].  

2.4.2 Challenges for Mn oxides 
Though Mn oxides have shown high potential in the field of electrochemical capacitors, there 

are several challenges that must be addressed to make them usable in practice:  

(1) Dissolution problem. Capacitance degradation is a problem for MnO2 electrodes which 

occurs due  to pa rtial d issolution o f M nO2 in t he e lectrolyte d uring c ycling  [70]. The 

dissolution reactions can be expressed as eqns. 2.3 or 2.4 [85]: 

                               Mn2O3 + 2H+ → Mn2+ (aq) + MnO2(s) + H2O                              (2.3) 

                                2MnO(OH) → Mn2+ (aq) + MnO2(s) + 2OH-                                (2.4) 

Several methods have already been implemented to prevent this d issolution problem of Mn 

oxides during cycling. For example, scientists have developed electrolyte salts that can avoid 

forming acidic species in solution [86]. Another method to prevent dissolution problem is  to 

apply a p rotective shell t o the M n o xide surface. B abakhani and I vey [87] prepared a  M n 

oxide/CP coaxial core/shell electrode. Mn oxide rods were first synthesized through anodic 

deposition from an Mn acetate solution, and then were coated using electro polymerization of 

a conducting polymer to yield coaxial rods. The presence of a conducting polymer suppresses 

the dissolution o f Mn oxide and improves its resistance to failure, leading to both enhanced 

capacitance and high cycling rate capability.  



 (2) Low surface area. Low surface area of MnOx material is another concern for its use as a 

supercapacitor. To improve t hese, several approaches have been car ried o ut in ES material 

development. For example, a large surface area can be achieved by introducing multilayered 

film electrodes containing transition metal composite materials [88]. In this way, the formed 

Mn o xides have high e lectrochemical act ivities, leading t o ex cellent e lectrochemical 

capacitance and long cycling durability. Besides this method, doping shows positive impact 

for M nOx to i mprove t he s urface ar ea hence t he cap acitance. For e xample, in a  

nanostructured nickel–manganese oxide co mposite, surface area and specific capacitance of 

Mn oxide i ncreases by  46% a nd 37%  respectively due  t o ni ckel do ping. Adding Co i nto 

MnOx or surfactant component such as sodium lauryl sulfate or Triton X-100, increase in the 

surface areas of MnOx materials [89]. In addition, hierarchical hollow nanospheres of MnOx 

yielded a specific surface area of 253 m2 g-1. To address the issue o f enhancing manganese 

oxides’ po or e lectrical conductivity, do ping w ith r uthenium, nickel, and M o seems t o b e 

helpful. I n a ddition t o d oping, highly c onductive s upports s uch as active c arbon, C NTs, 

graphite, and conducting polymers have also been utilized to support manganese oxides in an 

attempt t o p romote their c onductivity [59]. In reality, both the e lectrical co nductivity and 

active surface area of M nOx increases due t o the p resence o f co nductive supports. U sing a  

supporting s trategy, maximum benefit o f M nO2 dispersion o ver e lectrode s urface c an b e 

attained.  By d ispersing over a large ar ea, MnO2 can p revent its further gr owth by 

agglomeration. Also, u sing t hese highly act ive materials o n e lectrode surface improved 

double-layer cap acitance can be ac hieved. T he most important f eature o f th e s upporting 

strategy is t hat t hese co nductive supports can  form a t hree-dimensional porous conducting 

network t o effectively assist e lectron t ransfer a nd ion t ransport w ithin M nOx [59]. For 

instance, a rectangular shape in a cyclic voltammogram and a volumetric specific capacitance 

of 253 F  c m-3 can be o btained from a manganese o xide/carbon co mposite e lectrode. M n 

oxide/CNT co mposite e lectrodes reached a specific capacitance of 415 Fg-1 because C NTs 

were able to provide electronic conductive paths and form a network of open mesopores [59].  

Li et a l. [90] reported that w hen M nO2particles w ere p artially co ated on t he s urfaces o f 

MCNTs through a hydrothermal process, a specific capacitance of 550 Fg-1 was o btained. 

The M nO2/C c omposite e lectrode a lso e xhibited hi ghly stable pe rformance up t o 10000  

cycles. I n addition, composites w ith a  s ingle-walled CNT support showed excellent c ycling 

capability even at a high current of 2Ag-1[59]. In summary, to achieve high energy and power 

densities for ES, MnOx based electrode materials can be modified through depositing MnOx 



onto carbon materials with high surface areas, highly ordered mesopores, and high electrical 

conductivity, which can then yield high specific capacitances. However, it should be noted 

that the specific capacitance of the composite electrode can be compromised by the low 

faradaic reaction activity of the conductive supports.  

(3) Poor ionic conductivity. The poor ionic conductivity o f Mn oxides is another challenge 

that hinders their practical application in ES [81]. To improve their ionic conductivity, great 

effort has been invested into nanostructured MnOx materials. For example, MnO2 electrode 

with multilayer a nd macropore s urface shows e xcellent c apacitive behaviour w ith high 

retention o f a r ectangular s hape d uring c harging/discharging a s the interlayer s pacing a nd 

pore s tructure yielded hi gh ionic conductivity [62]. In a ddition, a  nanoscopic MnO2 phase 

can minimize solid-state transport distances for ions going into the oxide. For example, Mn 

oxide nanowire ar rays w ith high as pect r atio an d high s urface ar ea, p repared o n an odic 

aluminium oxide templates, displayed a specific capacitance of 254 Fg-1 [91]. A uniformly 

dispersed fibrous manganese oxide electrode, which had a unique nanoporous structure, was 

able to deliver a high specific capacitance of 502 Fg-1 and excellent cyclic stability [92]. This 

is because t he high p orosity structure en hanced e lectrolyte accessibility, promoting i onic 

transportation w ithin t he e lectrode, k inetic r eversibility, a nd e lectrochemical r eaction 

homogeneity. 

2.4.3 Recent developments 

 In the recent years, considerable research is going on how to incorporate MnO2 in electrodes 

to i mprove t he p erformance of s upercapacitors.  N anostructured MnO2 and M nO2 

composites, and even asymmetric ES, have been studied which are described below.  

(1) Nanostructured MnO2. Intensive investigation for Nanostructured MnO2 materials have 

been occurring in  the recent y ears [59].  Nano-MnO2 can ex hibit an  el ectrochemical 

performance superior to its bulk counterpart because it possesses higher specific surface area 

and t he s hort transport/diffusion p ath lengths o f ions a nd e lectrons. S ome s ingle-crystal α-

MnO2 nanotubes [93], which w ere s ynthesized b y a  hydrothermal method w ithout the 

assistance o f t emplates, s urfactants an d heat-treatment, could possess a high specific 

capacitance. α - MnO2 nanowires with a diameter of 30 to 40 nm and mean pore diameter of 

3.1 nm could give a specific capacitance of 466 Fg-1 and high cycling efficiency as well at a 

current de nsity o f 10 mA cm-2 [59]. α - MnO2 nanorods w ith a  d iameter less t han 5 0 nm 

showed good cycling stabilities and could deliver a maximum capacitance of 166.2 Fg-1. [94] 

Nano-structured MnO2 can be prepared from the reduction of KMnO4 which can be done by 



alcohols or by structure-directing agents. For example alcohols such as methanol and ethanol 

[84], ethylene glycol [95], KBH4, fumaric acid can be used and as a structure-directing agent 

Pluronic P 123 can be u sed [96]. However, co mplicated o perations, t ime/energy-consuming 

and e xpensive r eagents s eemed t o b e serious o bstacles for t he industrialization o f nano-

MnO2. That is why further research is needed to develop simple and cost-effective processes.  

(2) M nO2 composite m aterials. In a ddition t o nanostructured M nO2, t he co mbination o f 

MnO2 with other materials such as graphite and CNTs has also been investigated extensively 

[97]. The introduction of other materials into MnO2 can improve the electron conductivity of 

the e lectrode, extend t he working potential, a nd guarantee an e ffective u tilization o f MnO2 

[98]. As a result, the composite electrodes can display higher specific capacitances, higher 

energy a nd higher p ower d ensities. Graphene–MnO2 composites ( 78 w t% MnO2), w hich 

were p repared by r edox r eaction between g raphene a nd p otassium permanganate u nder 

microwave irradiation, displayed a specific capacitance as high as 310 Fg-1at 2 mV s-1, which 

is almost three t imes higher than that of pure graphene (104 Fg-1) and birnessite t ype MnO2 

(103 Fg-1). The improved e lectrochemical p erformance might be at tributed to the increased 

electrode conductivity in the presence of graphene network, the increased effective interfacial 

area b etween M nO2 and t he e lectrolyte, as  w ell a s t he co ntact ar ea b etween MnO2 and 

graphene.[59] With respect to CNT composite materials, most of the reports dealt with non-

aligned a nd d isordered C NTs. C ompared t o n on-aligned C NTs, a ligned C NT-based 

electrodes could show advantages such as low contact resistance, large specific surface area, 

and fa st electron t ransfer k inetics [59]. For e xample, Amade et a l. [99] prepared a  

nanostructured composite electrode with dense, long and vertically aligned CNTs (with high 

specific surface area), coupled with a thinner layer of MnO2 by optimizing the CNT preparing 

parameters a nd e lectrode position p rocesses of  MnO2. A specific capacitance of 642 Fg-1 

[99], much higher than that of activated carbon/MnO2 electrodes [98], was obtained at a scan 

rate of 10 mVs-1. This high capacitance was mainly attributed to CNT’s high surface area and 

conductivity [99]. To s imultaneously achieve both high e nergy a nd p ower d ensities, o ne o f 

the challenges is to optimize the mass proportion of the composite [98].  

(3) A symmetric c ells. R ecently, coupling o f asymmetric ce lls w ith e lectrodes operating 

reversibly in d ifferent potential r anges have been presented as  a p romising way t o increase 

voltage in aqueous e lectrolyte, leading t o h igh e nergy density. For example, as  r eported by 

Gao et al.[100], a hybrid electrochemical supercapacitor consists with activated carbon as the 

negative electrode and a composite of activated carbon and MnO2 as the positive electrode. 



The b est p erformance for as ymmetric act ived car bon-MnO2 supercapacitor was o btained 

with R  = 2 .5 an d V  ( cell voltage) = 2  V , by o ptimizing t he mass r atio ( R) b etween t he 

positive and negative e lectrodes allowing t he maximum potentials for both e lectrodes to be 

close to the acceptable stability values [59]. However, it is a ch allenge to design a positive 

electrode with e nhanced capacitance ac cording t o the following formula to r educe t he R  

value. Eqn. 2.5 is based on the equivalence of charge passed through both electrodes. 

                                                               R =  𝑚𝑚+

𝑚𝑚−
=  𝐶𝐶−×∆𝐸𝐸−

𝐶𝐶+×∆𝐸𝐸+
                                                (2.5) 

 where C+ and C - are the specific capacitances, E+ and E– are the potential windows for the 

positive a nd negative e lectrodes, m+ and m- are t he m asses o f t he e lectrode m aterials 

respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

Experimental Method 
 

The experimental section in t he pr esent s tudy consists o f p reparation o f rGO-MnO2 in t he 

laboratory a nd characterizing t he synthesized material u sing Field E mission S canning 

Electron M icroscopy (FESEM), Energy D ispersive X-ray S pectroscopy (EDX), X-ray 

Diffraction S pectroscopy ( XRD). Electrochemical cap acitive behaviour w as i nvestigated 

using Cyclic V oltammetry ( CV) and Chronopotentiometry ( CP) experiments. The 

corresponding experimental method has been demonstrated in this chapter. 
 
3.1 Synthesis procedure 
3.1.1 Synthesis of GO and rGO 

GO was prepared from purified natural graphite powder according to the Modified Hummers 

method [101]. Graphite po wder ( 1.0 g) , N aNO3 (0.5 g)  a nd K MnO4 (3.0 g)  w ere s lowly 

added to a c oncentrated H 2SO4 solution ( 23 m l) w ithin a n ice b ath. The above-mentioned 

mixture w as properly stirred for 3 0 min at 3 5±3 ° C af ter r emoving the ice b ath. After t he 

reaction w as co mpleted, the mixture was mixed w ith deionized w ater ( 46 m l) keeping t he 

temperature at 98°C for 15 min. Then the temperature was reduced to 60°C with the addition 

of warm deionized water (140 ml) and H 2O2 (30%, 10 ml) and it w as stirring continuously 

for a period of 2 h. The obtained mixture was filtrated to collect the solid product. After that 

the mixture had been washed w ith 4  wt.% HCl solution for 5 times and then with deionized 

water so that neutral pH of the supernatant had been obtained. Finally, a loose brown powder 

had b een obtained by  drying the m aterial i n v acuum. The p rocess o f p reparing Graphene 

(rGO) from GO involved reducing the material with 5ml NH4OH and 6ml hydrazine solution 

and heating in a n o il b ath at  9 5 °C for 2  h . A fter the reaction, the d ispersed g raphene w as 

filtered an d the collected s olid w as w ashed s everal t imes w ith d eionized w ater a nd f inally 

dried at 80°C in an oven under vacuum. 

3.1.2 Synthesis of rGO-MnO2 

rGO-MnO2 was s ynthesized b y in situ c hemical r eduction o f K MnO4 using be nzyl a lcohol 

which was initially anchored to rGO in an aqueous suspension [102]. In br ief, 80µL be nzyl 

alcohol a nd t hen 360 mg rGO is added into 25 mL DI water u nder mild s tirring c ondition. 



The h ydrophobic benzyl a lcohol w as a dsorbed o n t he s urface o f r GO t hrough u ltrasonic 

treatment for 30 m in.60 m g K MnO4 was a dded into t he a bove solution a nd k ept o n mild 

stirring for 10 h.  In neutral or weak alkaline reaction medium, MnO4
− could be reduced into 

MnO2, which involved the following redox reaction. In this process, the benzyl a lcohol acts 

as a linker between RGO and MnO4
−, and also serves as a sacrificial reductant to reduce the 

aqueous MnO4
− ion into insoluble MnO2 on the surface of rGO. 

3.2 Experimental Set-up 
The p resent e xperimental s tudy has been c onducted in t he Nanochemistry R esearch 

Laboratory, Department of chemistry and Scanning E lectron Microscope (SEM) facility, X-

Ray Diffraction ( XRD) facility at  D epartment of G lass a nd C eramic E ngineering ( GCE), 

Bangladesh University of Engineering and Technology (BUET). The major la b facilities for 

characterizing the prepared samples used in the present study include:  

3.2.1 Field Emission Scanning Electron Microscopy (FESEM)  

FESEM is a n advanced tool which is t he upgr aded f orm o f s canning e lectron m icroscope 

(SEM). This t ool is us ed t o examine various pr operties of ma terials such a s e external 

morphology (texture), crystalline structure and materials orientation in the sample [103]. The 

term ‘SEM’ is substituted by ‘FESEM’ with the use of Field Emission GUN (FEG) instead of 

 

Fig 3. 1: Scanning Electron Microscopy (SEM) setup at Department of Glass and Ceramic 

Engineering (GCE), BUET. 



Thermionic E mission Gun (TEG) as  e lectron e mitter gun. In t his method, highly e nergized 

electrons from a  focused b eam have b een u sed t o g enerate a  variety o f s ignals at  the solid 

surface of specimens.   

Among the signals, two of them are commonly used for imaging samples-secondary electrons 

and backscattered electrons. To show the morphology and topography on samples, the most 

valuable is secondary electrons. On the other hand, composition in multiphase samples can be 

determined using backscattered electrons by illustrating contrasts. 

In most applications, data are collected over a specific position of sample’s surface, which is  

our point o f interest. A two-dimensional b lack-white image is generated for these positions 

which w ill display the spatial variations in properties. Typical SEM method can be  used t o 

image areas ranging from approximately 1 cm to 5 microns in width whose spatial resolution 

can be 50 to 100 nm whereas can magnify objects from 20X to 500000X, approximately.  

Advantages of SEM include its wide-range of applications, the versatile information garnered 

from d ifferent d etectors an d imaging that i ncludes de tailed t opographical a nd t wo-

dimensional v iew. Operation o f SEM instrument is  easier with t he pr oper training a nd 

advances in computer technology and associated software has made operation user-friendly. 

3.2.2 Energy Dispersive X-ray Spectroscopy (EDX)  

Energy Dispersive X-ray Spectroscopy (EDX), which is also called EDS, is a micro analysis 

technique u sed t o i dentify t he e lemental co mposition a nd in ch emical c haracterization o f 

materials. E DX s ystems ar e co mmonly u sed in co njunction w ith E lectron M icroscopy 

instruments ( Scanning E lectron M icroscopy ( SEM) or  Transmission E lectron M icroscopy 

(TEM)), w here t he specimen o f interest can b e i dentified using imaging capability o f t he 

microscope [104].  

When the SEM's electron beam bombarded the sample, atoms are excited and eject electrons 

from t he sample's surface. Electrons from a  higher s tate filled the e lectron vacancies due to 

bombardment. Therefore, as a r esult, x -ray emission o ccurs t o s tabilize t he u nbalanced 

energy between the two electrons' states. The x-ray energy being characteristic of the element 

from which it was emitted, identity o f e lements and their relative abundance can be marked 

by detecting this x-ray radiation.  

 



EDX offers t he ad vantages o f q uick, ‘ first look’ co mpositional a nalysis. Within a f ew 

seconds, a user can have full elemental spectrum using the "spot" mode. Software developed 

to support the experiment, makes it possible to easily identify peaks. As a result, it is possible 

to i dentify u nknown p hases before q uantitative a nalysis which makes E DX a  great s urvey 

tool. E DX can  a lso b e u sed for ca lculating c hemical co mposition by co mparing t he p eak-

height ration with a standard. 

3.2.3 X-Ray Diffraction Spectroscopy (XRD)  

XRD is one of the most powerful, reliable, non-destructive techniques for the qualitative and 

quantitative analysis of the crystalline materials, in form of powder or solid.  

XRD is ba sed o n a cr ystalline sample and constructive interference o f monochromatic X -

rays. Cathode ray tubes are used to generate X-rays and then these rays are filtered to produce 

monochromatic r adiation. Then they are collimated t o concentrate and directed t oward t he 

sample. By s atisfying B ragg's L aw, the interaction o f t he incident r ays w ith t he s ample 

produces constructive interference (and a diffracted ray). This law relates the electromagnetic 

radiation’s wavelength to the diffraction angle and the lattice spacing in a cr ystalline sample 

[105].  

These d iffracted X -rays ar e t hen d etected, p rocessed and co unted. Diffraction directions of  

the l attice can be o ccurred b y random o rientation o f t he p owdered sample, all o f t hem are 

attained by scanning the sample using a range of 2θ angles. As a set of unique d-spacing is 

available for each mineral, converting the diffraction peaks to d-spacing gives identification 

of a mineral. T ypically, standard references patterns are u sed t o c ompare w ith d -spacing 

achieve the mineral. The value of d-spacing is obtained from Bragg’s law-  

                                                          2d sinθ = nλ                                                (3.1) 



 

Fig 3. 2: X-Ray Diffraction Spectroscopy (XRD) setup at Department of Glass and Ceramic 

Engineering (GCE), BUET. 

Where, d is inter-layer spacing, θ is the x-ray angle of incidence (and of diffraction) measured 

with respect to the crystalline planes, n i s an integral value andλis the wavelength of incident 

beam. 

Crystallite size of crystals are calculated from Scherrer formulae- 

                                                         D = kλ/ βcos𝜃𝜃                                                              (3.2) 

Where D is the crystallite size, k is a shape factor which is dimensionless (typical value 0.9), l 

is t he x -ray wavelength, β is the line broadening at halfway of the maximum intensity 

(FWHM) and θ is the Bragg angle (in degrees). 

Successful XRD analysis depends largely on proper sample preparation. T ypically, samples 

are grinded to achieve a good S/N ratio, avoid spottiness and minimize preferred orientation. 

The ideal samples are crystalline powders.   

XRD offers many advantages over other available techniques in sample analysis. One of the 

main advantages is that it is relatively straight forward and easy to analyze and interpret data 



in X RD. I t a cts a s a  powerful t echnique to identify an u nknown mineral as t his method 

requires very small a mount of  s ample a nd c an p rovide an u nambiguous mineral 

determination. 

3.2.4 Cyclic Voltammetry (CV)  

CV is an electro-analytical technique based on the electric current response of a material as a 

function o f p otential [106]. In this method, the i nput pa rameter i s pot ential o f w orking 

electrode and the o utput p arameter is the c urrent f rom t he s ystem. B y c ycling t he w orking 

electrode potential, current is measured from the experimental domain. It is the modern form 

of polarography, developed by Jaroslav Heyrovsky in 1922. In the CV experiment, scanning 

is p erformed from a  s tarting pot ential t o a  f inal potential which is k nown a s t he s witching 

potential for an immersed, stationary e lectrode. After that, the reverse scan is performed for 

the same potential r ange. This g ives a 'cyclic' sweep of potentials which can be repeated as 

per i nterest. The c yclic v oltammogram ( CV) c urve us  de fined by  t he current vs . po tential 

curve d erived from t he d ata. T he p otential extreme ends are t ermed t he ' scan w indow' 

whereas first s weep i s ca lled t he ' forward s can' and t he r eturn w ave is ca lled t he ' reverse 

scan'.  

 

(a) 



 

(b) 

Fig 3. 3 : Experimental setup of Cyclic Voltammetry and Chronopotentiometry at Advanced 

Research Laboratory, Department of Chemistry, BUET (a) the control panel for applying 

voltage and current, and (b) the three electrode setup for experiment. 

When p otential is allowed t o i ncrease, i nitially current response is d efined as  cap acitive, 

originating from e lectrical d ouble layer ( EDL) f ormed at  the electrode s urface involving 

diffusion-controlled process. W hen t he p otential ap proaches a s pecific v alue favoring t he 

reduction of the active material, current response increases rapidly resulting in an anodic peak 

and t he co rresponding cu rrent an d p otential ar e ca lled a nodic p eak cu rrent an d an odic 

potential. Then current falls o ff as the maximum rate of mass t ransfer has been reached and 

goes d own o nly t o reach eq uilibrium at  s ome s teady value. A  s imilar b ut o pposite p eak 

current m ay be o bserved w hen p otential meets a v alue f avoring o xidation o f t he r educed 

species during its return tour to the initial value. 

                                                                           𝐑𝐑 + 𝐞𝐞− ↔ 𝐎𝐎                                                             (3.3) 

Current responses from r edox r eaction ar e termed as  f aradic cu rrent w hile t he r emaining 

responses are usually at tributed to EDL and called non-Faradic current. Thus, the capacitive 

window of a material can be easily identified from the absence or presence of redox peak in 

its CV [6]. 



 

Fig 3. 4: Variation in current response of a material with different scan rates. 

One important feature of CV is that, the total current increases with increasing scan rate. The 

scan rate is expressed as the rate of change of potential with t ime. The s ize o f the d iffusion 

layer and also the time taken to record the scan can be used to rationalize it. 

Analyte natures, concentration, scan rates and experimental conditions are the main features 

that can  v ary t he magnitude o f cu rrent r esponse an d t he s hape o f t he v oltammograms. B y 

varying these factors, cyclic voltammetry can yield information regarding dependency of the 

process, the stability o f t ransition metal oxidation state in the complex form, reversibility o f 

electron transfer reactions, reactivity of active material etc. 

3.2.5 Chronopotentiometry (CP)  

Chronopotentiometry (CP) i s t he m ost widely used co nstant cu rrent ex periment. I t i s a n 

electro-analytical t echnique in w hich a n u nstirred s olution o f a n e lectroactive s pecies, in 

presence o f excess o f a s upporting e lectrolyte, is e lectrolyzed at  a p rogrammed cu rrent 

density between an indicator electrode and a co unter electrode and the potential-variation of 

the f ormer vs. a s uitable r eference is r ecorded a s a f unction of  t ime [107]. T he resulting 

graphs are current excitation signal and potential response as a function of time. 
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It i s p ossible t o i dentify t he nature of e lectrode material from t he C P. e. g. the p otential 

response of an ideal capacitive material in CP shows discharge/ charge time to be ~ 1 and can 

be easily marked. 

 

Fig 3. 5: Potential response of an ideal electrochemical capacitor in CP. [108] 

The s pecific cap acitance o f a n e lectrochemical c apacitor can  b e ea sily ca lculated from its 

potential response in CP on the basis of the relationship- 

                                                         Csp = i∆t
m∆V 

                                               (3.4) 

 Where, Csp is the specific capacitance, I is discharge current (cathodic current), m is the mass 

of act ive e lectrode material, ∆t is t he t otal t ime of d ischarge a nd ∆V is t he p otential d rop 

during discharge. 

 

 

 

 

 

 

 

 

 



CHAPTER 4 

Computational Method 
 

Computational A nalysis is used t o reproduce t he characteristics of a s ystem u sing a well-

established mathematical mo del. There ar e s everal cas es w here it i s d ifficult t o obtain 

information d irectly from e xperiments. Computer models c an pr ovide accurate information 

with fewer d ifficulties in these cases. The "force field" plays an important role to determine 

the accuracy of these simulations. The force field parameters actually emulate the underlying 

physics and describe how the energy o f the molecule responds to various events needed for 

function. I n m any ca ses, they imply a co nsiderable a mount of s implification in o rder to 

eliminate a ll the co mplexities invariably associated with real world problems, and make the 

problem solvable. 

4.1 Molecular Dynamics Simulation 
The co mputational analysis of t he p resent s tudy involved Molecular D ynamics simulation 

which was performed by using Large-scale Atomic/Molecular Massively P arallel S imulator 

(LAMMPS). Here, m olecular d ynamics simulations have been performed to explore t he 

impact o f a s olvent (water) and an  ionic liquid e lectrolyte ( NaCl) on t he s tructural a nd 

capacitive properties of electrochemical supercapacitor based on graphene-MnO2 electrode. 

4.1.1 Molecular D ynamics Simulation: Large-scale A tomic/Molecular M assively 

Parallel Simulator (LAMMPS)  

Molecular dynamics (MD) is a computer simulation technique which operates by integrating 

equations of motion for a set of atoms simulating with respect to time.  

In molecular d ynamics, the classical mechanics laws, a nd most no tably N ewton's law a re 

followed: 

 𝐹𝐹𝑖𝑖  =  𝑚𝑚𝑖𝑖𝑎𝑎𝑖𝑖          (4.1) 

For a system of N atoms, i indicate each atom in it. Here, mi is the atom mass, 𝑎𝑎𝑖𝑖 =  𝑑𝑑
2𝑟𝑟𝑖𝑖

𝑑𝑑𝑡𝑡2 �  

its acceleration, and Fi is the force acting upon the atom due to the interacting atoms.  

 



Molecular d ynamics is a  deterministic t echnique, which g ives an initial set of positions and 

velocities, t he subsequent time e volution is in p rinciple completely d etermined. Atoms w ill 

act in a p retty s imilar way t hey act  in r eal substance. For instance, atoms in t he s imulation 

domain will interact with each other by moving, bumping, wandering around and oscillating 

in waves in concert with their neighbors. Even some atoms will evaporate from the system if 

there is a free surface and so on.  

LAMMPS operates as  a  classical molecular d ynamics tool which mainly u ses on ma terials 

modeling. It is d istributed as open s ource c ode b y S andia N ational Laboratories, a U S 

Department o f Energy l aboratory using the G PL terms a nd conditions. LAMMPS h as 

potentials for s everal fields o n m aterial science. F or ex ample, solid-state m aterials like 

metals, s emiconductors an d s oft m aterials like biomolecules, p olymers and also coarse-

grained or mesoscopic systems can be studied using LAMMPS. It can be used for all atomic, 

meso or continuum scale not only to design atomic model but also for parallel simulation of 

particles. LAMMPS r uns o n s ingle p rocessors o r i n p arallel u sing message-passing 

techniques. Spatial-decomposition o f t he s imulation d omain is a pplied w hile r unning t his 

application. One of the benefits of using LAMMPS is that the code designed and used can be 

easily modify or extend with new functionality [109]. 

4.1.2 Modeling the Physical System 

The main ingredient of a  s imulation is a  m odel f or the p hysical system. F or a  mo lecular 

dynamics s imulation, t his a mounts t o c hoosing t he p otential: a  function V  ( r1, ……, rN) o f 

the positions of the nuclei, representing the potential energy of the system when the atoms are 

arranged in t hat s pecific co nfiguration. This f unction is  in variant for the t ranslation a nd 

rotational motion. It is usually constructed from the atoms relative positions in the simulation 

domain. 

Forces are then derived as the gradients of the potential with respect to atomic displacements: 

 𝐹𝐹𝑖𝑖 =  − 𝛻𝛻𝑟𝑟𝑖𝑖𝑉𝑉(𝑟𝑟1, … … … , 𝑟𝑟𝑁𝑁)          (4.2) 

This form implies the presence of a conservation law of the total energy E = K + V, where K 

is the instantaneous kinetic energy. 

The simplest choice for V is to write it as a sum of pair-wise interactions: 

 𝑉𝑉(𝑟𝑟1, … … … , 𝑟𝑟𝑁𝑁) =  ��∅(�𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑗𝑗 �)
𝑗𝑗>𝑖𝑖𝑖𝑖

          (4.3) 



The clause j >i in the second summation has the purpose of considering each atom pair only 

once. Pair w ise interactions were o nly p arameter to c onstitute m ost p otentials in t he p ast 

which is changed now. Also, performance of two-body approximation is very poor for many 

relevant s ystems i.e. metals an d s emiconductors. Now-a-days, f or condensed m atter 

simulation several kinds of many-body potentials are in use. 

4.1.3 The Lennard-Jones Potential 

The Lennard-Jones (LJ) 12-6 potential [110] is given by the expression 

 
∅(𝑟𝑟) = 4𝜀𝜀 ��

𝜎𝜎
𝛤𝛤�
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−  �
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𝛤𝛤�

6
�       (4.4) 

for the interaction potential between a pair of atoms.  

This potential has an attractive tail at large r, it reaches a minimum around 1.122σ, and it is 

strongly repulsive at shorter distance, passing through 0 at r = σ and increasing steeply as r is 

decreased further. 

At short distance, the t erm ~ 1/r12 dominates and models t he r epulsion phenomena between 

atoms when they are brought very c lose to each other. Pauli principle can give t he physical 

explanation o f t his: t he e nergy o f a system can b e modified by t he a toms po sition. W hen 

atoms come c loser s o t hat the e lectronic c louds start to overlap, t he en ergy o f t he s ystem 

increases drastically. T he e xponent of t he d istance, r has been c hosen on a p ractical basis. 

The L ennard-Jones eq uation is p articularly convenient to c ompute and a lso on  physical 

grounds an exponential behavior would be more appropriate. 

The cohesion phenomena o f the s ystem are r eflected b y t he 1 /r6 term w hich d ominates at  

large distance. Due to actuating dipoles, d ipole-dipole interactions occur which generates the 

van der Waals dispersion forces and in the LJ potential 1/r6 attraction is originated by van der 

Waals forces. As the interactions are weak it generally dominates for closed-shell systems i.e. 

rare gases such as Ar o r Kr. To f it t he p hysical p roperties o f t he material, parameters like ε 

(depth of potential wall) and σ(finite distance at which the inter-particle potential is zero) are 

implemented in this potential. 

On t he o ther ha nd, the two-body i nteractions scheme it self f ails f or simulation mo del with 

open shells a nd LJ p otential is adequate to operate this simulation physics. Phenomena l ike 

strong localized bonds (in covalent systems), delocalized “electron sea” (in metals) cannot be 

performed by physics of LJ potential.  



However, the LJ 12-6 potential is an extremely important model system now-a-days to study 

varieties of geometries like solids, liquids, surfaces, clusters, two-dimensional systems etc. It 

can be said that to investigate the fundamental issues instead of studying specific properties 

of ma terial, LJ is t he standard p otential to u se. The research works done on L J s ystems is 

helping in various fields to understand the basics such as in condensed matter physics. So, it  

can be said that the importance of LJ parameters has already been proved. 

In p ractical ap plications, a cu toff r adius R c has to b e d efined a nd at oms interactions ar e 

separated by this cutoff radius in the simulation process. The benefit of this cutoff radius us 

that is saves computational a s the number of atomic pairs separated by a d istance r grows as 

r2 and it can be large within a small period of time. 

A simple truncation of the potential creates a new problem though: whenever a p article pair 

“crosses" t he cu toff d istance, t he en ergy makes a l ittle jump. This c an s poil e nergy 

conservation in a simulation if this happens several times. To avoid this problem, the value of 

potential for a distance that is lower that cutoff radius: 

 𝑉𝑉(𝑟𝑟) =  �∅𝐿𝐿𝐿𝐿 (𝑟𝑟)−  ∅𝐿𝐿𝐿𝐿 (𝑅𝑅𝑐𝑐)
0

� 𝑖𝑖𝑖𝑖𝑟𝑟 ≤  𝑅𝑅𝑐𝑐
𝑖𝑖𝑖𝑖𝑟𝑟 > 𝑅𝑅𝑐𝑐

          (4.5) 

Physical q uantities ar e o f course adversely affected by t he p otential t runcation. T his 

truncation e ffect of a  fu ll-ranged pot ential can be approximately predicted by assuming the 

simulation domain as a uniform continuum beyond Rc. For example, there is some additional 

contribution t o the co hesive e nergy a s w ell a s t o total p ressure b y the p otential ta il 

(attractive). Truncation effects depend on several factors and are not so easy to estimate. For 

example, it is difficult to estimate the truncation effects for geometries with free surfaces and 

where there is lower symmetry in the system.  

4.1.4 Periodic Boundary Conditions (PBC) 

Periodic b oundary co ndition ( PBC) is u sed to e liminate the s urface e ffects in m olecular 

dynamics simulation. An infinite la ttice can be created in PBC using cubical simulation box 

which w ill r eplicate itself t hroughout the s pace. In this i nfinite l attice, mo vement of 

molecules is  same in a ll boxes. For example, if  a molecule moves in the central box, all the 

molecules in e very o ther box moves w ith e xactly t he s ame o rientation because o f periodic 

image consideration. Also, when molecule moves out from the central box, there will be one 

of its images in the box which will enter through the opposite face. In PBC system no surface 

exists and there are no walls at the boundary. Fig. no. 4.1 shows a three-dimensional version 

of a typical periodic system. From the figure, according to the above-mentioned principle as a 



particle moves through a boundary, there are corresponding images of that particle who move 

across t heir c orresponding boundaries. The number o f p articles in t he c entral box is f ixed 

which indicates that particles in the entire system are conserved. In our study, we selected p p 

f (Periodic, Periodic, Non-periodic and fixed) boundary condition as we incorporated Verlet 

Algorithm with Particle-Particle Particle-Meshstyle (PPPM). 

 

Fig 4. 1: Periodic boundary conditions (The central box is outlined by a thicker line) [111] 

4.1.5 Time Integration Algorithm  

Time integration a lgorithm acts as the engine o f molecular dynamics s imulation. It  operates 

by integrating the equation o f motion of the interacting particles and follows their t rajectory 

of motion. Finite d ifference methods are the basis o f this a lgorithm. Firstly, u sing t he finite 

grid network t ime is discretized where the time step Δt is de fined a s the d istance between 

consecutive points on the grid. Then, the integration scheme provides the position and some 

of t heir t ime derivatives at a final time t+Δt by applying the known the data at  time t . This 

process can run for long times by iterating the procedure with respect to time evolution. 

There ar e s everal popular i ntegration algorithms for MD ca lculations i.e. Verlet algorithm, 

predictor-corrector a lgorithms etc. In t his study, Verlet style has be en applied w hich is a  

standard velocity-Verlet integrator that works with PPPM style.  

4.1.5.1 The Verlet Algorithm  

In molecular d ynamics, Verlet a lgorithm is de fined a s the m ost popular time in tegration 

algorithm [112-113]. Here, t hird-order Taylor e xpansions for p ositions r(t ) form t he b asic 

algorithm .There w ill be t otal t wo e quations c ontaining one f orward and one b ackward i n 



time. Calling v the velocities, a the accelerations, and b the third derivatives of r with respect 

to t, one has: 

 r(t + Δt) = r(t) + v(t)Δt + (1/2) a(t) Δt2 + (1/6) b(t) Δt3 + O(Δt4)  

 r(t – Δt) = r(t) –  v(t)Δt + (1/2) a(t) Δt2 –  (1/6) b(t) Δt3 + O(Δt4)          (4.6) 

Adding the two expressions gives 

                r(t + Δt) = 2r(t) – r(t – Δt) + a(t)Δt2 + O(Δt4)          (4.7) 

This is the basic form of the Verlet algorithm. Since we are integrating Newton’s equations, 

a(t) is just the force divided by the mass, and the force is in turn a function o f the positions 

r(t): 
                                                                                            a(t) = - (1/m)∇V(r(t))         (4.8) 

As one can immediately see, the truncation error of the algorithm when evolving the system 

by Δt is of the order of Δt4. T his a lgorithm is largely p opular among molecular d ynamics 

simulators because it is simple to use, accurate and can give stable conditions. 

The V erlet algorithm holds a  p roblem w ith t he above-mentioned benefits is t hat v elocities 

cannot be directly g enerated. Though v elocities are no t ne eded for t he time e volution, t hey 

are required to compute the kinetic energy K. To test the conservation of the total energy E = 

K+V, it is necessary to evaluate the kinetic energy. This is one of the most important tests to 

verify that a MD simulation is proceeding correctly. One could compute the velocities from 

the positions by using; 
 

𝑣𝑣(𝑡𝑡) =  
𝑟𝑟(𝑡𝑡 +  ∆𝑡𝑡)− 𝑟𝑟(𝑡𝑡 −  ∆𝑡𝑡)

2∆𝑡𝑡  
         (4.9) 

However, the error associated to this expression is of order Δt2 rather than Δt4. 

Some variations of t he V erlet a lgorithm have already been d eveloped to o vercome this 

problem r elated to v elocity. Exactly same t rajectory can b e obtained f rom these variations, 

and d iffer in what variables are stored in memory and at  what times. One o f t he example is 

the l eap-frog al gorithm w here v elocities ar e h andled b etter than o rdinary V erlet al gorithm 

[114]. 

 

 



A further improved implementation o f t he basic Verlet algorithm is t he velocity V erlet 

scheme. This method incorporates positions, velocities and accelerations at time t+Δt which 

are obtained from the same quantities at time t in the following way: 

 r(t + Δt) = r(t) +v(t)Δt + (1/2)a(t)Δt2 

v(t + Δt/2) = v(t) + (1/2)a(t)Δt 

a(t + Δt) = - (1/m)∇V(r(t + Δt)) 

v(t + Δt) = v(t + Δt/2) + (1/2)a(t + Δt)Δt 

 

 

 

       (4.10) 

 

4.1.6 Ensembles 

An e nsemble is a co llection o f a ll t he p ossible states of a r eal s ystem. T here ar e s everal 

methods for co ntrolling t emperature and p ressure. D epending o n w hich s tate variables ( the 

energy E, enthalpy H (that is, U+PV), number of particles N, pressure P, stress S, temperature 

T, and volume V) are kept fixed, different statistical ensembles can be generated as follows: 

Constant Number of particles, constant temperature and constant pressure (NPT)  

Constant Number of particles, constant temperature and constant volume (NVT)  

Constant Number of particles, constant volume and constant energy (NVE)  

Constant Number of particles, constant pressure and constant enthalpy (NPH) 

4.1.6.1 NPT Ensemble 

This ensemble enables control over both the temperature and pressure using constant number 

of particles, constant temperature, constant pressure (NPT). This process allows the unit cell 

vectors to change and t he vo lume is adjusted by pressure adjustment. Berendsen, Andersen, 

or Parrinello-Rahman method can be used to control pressure. To control temperature Nose-

Hoover, A ndersen, o r B erendsen method can b e u sed. N PT e nsemble can be  chosen when 

priorities are given to correct pressure, volume and densities in the simulation.  

4.1.6.2 NVT Ensemble 

NVT ensemble is at tained t hrough co nstant n umber o f p articles, co nstant v olume a nd 

constant temperature. Direct temperature scaling has been applied in this process during the 

initialization s tage t o control the t emperature. A lso, temperature-bath c oupling has be en 

applied during the data collection phase. Temperature controlled MD simulation is important 

in several types of systems. 



4.1.6.3 NVE Ensemble 

The pressure and temperature are not controlled during the simulation. The main objective is 

to c onserve t he en ergy. H owever, this might cau se t he p ressure or temperature overshoot 

during time integration process. Typically, a system with higher stability is suitable for NVE. 

Thermodynamically systems f ollowing N VE e nsemble a re in sulated f rom t he s urrounding 

environment. 

4.1.6.4 NPH Ensemble 

This e nsemble is at tained t hrough co nstant n umber o f p articles, co nstant p ressure an d 

constant enthalpy H which is the sum of U and PV. In this process, the pressure is kept fixed 

without any temperature control. Although NPH dynamics do not control the temperature, it 

is p ossible t o u se t hese c onditions d uring t he e quilibration ph ase o f s imulation. F or this 

purpose, it is possible to hold the temperature within specified tolerances by periodic scaling 

of the velocities. 

In our study, NVT ensemble has been adopted to perform temperature controlled simulation 

by keeping constant the number of particles and volume.  

4.1.7 Particle-Particle Particle-Meshstyle (PPPM) & kspace_style command 

The pppm style invokes a p article-particle particle-mesh solver [115] and this method maps 

atom charge to a 3d mesh. For this, Poisson’s equation is solved using 3d FFTs on the mesh 

which then interpolates electric fields on the mesh points back to the atoms. This technique is 

close to t he particle-mesh Ewald method (PME) [116] used i n AMBER a nd C HARMM. 

Scaling of traditional Ewald summation can be described as N(3/2) where N is t he nu mber o f 

atoms in t he system. On t he o ther hand, Nlog(N) scaling is used in PPPM so lver due to the 

FFTs, which indicates that PPPM is always a faster choice [117]. The boundary condition for 

applying PPPM is that it  must be 3d and periodic in all dimensions.The only exception where 

the above-mentioned bo undary condition can be modified is s lab o ption which has to be  set 

with kspace_modify. I n t his c ase, the xy dimensions must be periodic and the z dimension 

must be non-periodic. 

A lo ng-range solver for LAMMPS to use each t ime step has to be defined to compute long-

range C oulombic interactions o r l ong-range 1
𝑟𝑟6 interactions. The n ame o f t his c ommand is 

“kspace_style command” as K-space is used by most of the long-range solvers perform their 

computation [118]. The cu t-off for C oulombic or   1
𝑟𝑟𝑁𝑁

 interactions is effectively in finite for 



such a  solver w hen used w ith a n a ppropriate pa ir s tyle. For the C oulombic case using t his 

process simulation domain will be infinite. Because an infinite array of periodic images of the 

simulation domain will be created where each charge in the system interacts with charges in 

periodic i mage. Note t hat, to p erform c onsistent s hort-range p airwise ca lculations using a  

long-range solver requires use of a matching pair style. This indicates that for each pair style 

there is a  matching ke yword for t he Kspace_style i.e.for pppm  s olver pa ir s tyle must b e 

coul/long. In our study, lj/cut/coul/long pair style has been implemented with a global cut-off 

for LJ parameters. 

4.1.8 General Procedure of Molecular Dynamics Simulation 

 

Fig 4. 2:  Schematic diagram of a basic MD code. [119] 

4.1.9 Limitations of MD Simulations: 

Molecular d ynamics is a v ery p owerful t echnique but has limitations. We q uickly e xamine 

the most important of them. 

4.1.9.1 Use of Classical Forces 

There can be some questions regarding the validity of molecular dynamics process as it uses 

Newton's law to move atoms. But it is well established that quantum laws are more relatable 

at the atomistic level rather than classical laws. 



A simple test of the validity of the classical approximation is based on the de Broglie thermal 

wavelength [120], defined as: 

 𝛬𝛬 =  �
2𝜋𝜋ℏ2

𝑀𝑀𝜅𝜅𝐵𝐵𝑇𝑇  
      (4.11)                          

where M is t he at omic mass a nd T the t emperature. This approximation i s ju stified for t he 

condition Λ ≪ 𝑎𝑎 , w here a is t he m ean ne arest ne ighbor s eparation. I f o ne c onsiders for 

instance liquids at the triple point, Λ 𝑎𝑎�  is of the order of 0.1 for light elements such as Li and 

Ar, decreasing further for heavier e lements. For very light systems i.e. H2, Ne the classical 

approximation is less effective. 

4.1.9.2 Realism of forces 

In molecular d ynamics, due t o atoms i nteraction among each o ther, instantaneous forces 

generate. These instantaneous forces act upon atoms and as a result, atoms move. The relative 

positions and forces change due to this movement. 

In or der to de fine t he dominating p arameter on the p hysics o f s imulation s ystem, these 

instantaneous forces act as an essential ingredient. A s imulation can be said as realistic if it 

mimics the behavior of the real system. This can only be judged by the interatomic forces if 

they are similar to the real values when arranged in the same configuration. 

In molecular d ynamics s imulation, forces depend o n t he p articles p osition a nd are u sually 

obtained as t he g radient o f a  po tential e nergy f unction. Therefore, the r ealism o f t he 

simulation largely depends o n appropriate po tential. Potential must be  c hosen t o reproduce 

the practical behavior of the material under the conditions of simulation’s operation. 

4.1.9.3 Time and Size Limitation 

Typical MD s imulations ca n be p erformed o n s ystems co ntaining t housands – or, p erhaps, 

millions – of atoms, and for simulation times ranging from a few picoseconds to hundreds of 

nanoseconds. Wh ile t hese n umbers ar e cer tainly respectable, i t m ay happen t o run i nto 

conditions where time and/or size limitations become important. 

A simulation is safe from the point of view of its duration when the simulation time is much 

longer t han t he r elaxation t ime o f t he q uantities, w e are i nterested i n. H owever, d ifferent 

properties have d ifferent r elaxation t imes. I n particular, phase t ransitions make t he systems 

slower and sluggish. As a result, there are possibilities of cases where simulation time is less 

than the relaxation time of a physical property. 



Sizing o f s imulation d omain is a nother c rucial variable a s limited system s ize ca n create 

problem. In this case, one has to compare the size of the MD cell with the correlation lengths 

of t he s patial correlation functions o f interest. A gain, in the p roximity o f p hase t ransitions 

correlation lengths may increase o r ev en d iverge. As a  result, correlation l engths are n o 

longer reliable to compare with the box dimension. 

4.2 Modeling of the Simulation Domain for the present study 

4.2.1 Graphene Models 

Graphene s hows s ignificant e lectric co nductivity a long t he b asal p lane w hich makes t he 

charge/discharge process eas ier by p romoting ion motion a nd e lectron p ropagation. B y 

modifying the surface morphography, adding defects, designing pore structure power density, 

energy d ensity and lifetime o f EDLCs ca n s ignificantly be e nhanced. M olecular d ynamics 

simulation o f super capacitor electrode has two proposed models, which are a p laner model 

and a slit-type model.  

4.2.1.1 ‘Planer’ Model 

Planer s imulation d omain consists o f t wo oppositely c harged p arallel p lates w hich ar e 

separated by several nanometers distance. From Fig. no. 4.3, the light-yellow atoms indicate 

graphene sheet, b lue and p ink atoms co mbination over graphene s heet indicates t he 

nanostructured MnO2, t he d eep yellow at oms indicate the N aCl e lectrolyte a nd r ed-blue-

white atoms indicate the water molecules. 

                                   
Fig 4. 3: Simulation domain of Planer model. 

 



4.2.1.2 ‘Nano-pore’ Simulation Model 

Nano slit-pore simulation domain consists of also with two oppositely charged parallel plates 

but there will be pore in the parallel e lectrodes. The e lectrodes of each s ide can be made of 

two or more parallel plates with same sign of charge. From Table 4.1 and Fig. no . 4.4 three 

variations in Nano slitpore width have been implemented in this study  

Table 4. 1: Nano-pore variations in graphene-MnO2 electrodes 

Pore width variation, 𝛿𝛿 (Å) 

3.55 

7.1 

9.23 

     

                                                                                    
3.5 Å                                                7.1 Å                                          9.23 Å 

Fig 4. 4: Simulation domain of Nano slitpore model. 

4.3 Simulation Physics employed in the present study 
• Columbic interaction in the simulation domain has been calculated using the Particle-

particle particle-mesh (PPPM) algorithm of LAMMPS.  



•  Water i nteraction is d etermined by using the T IP3P (transferable i ntermolecular 

potential 3P ) model a nd shake a lgorithm. T his algorithm can reproduce t he 

experimental dielectric constant of water better than any other model. 

•  Lenard-Jones ( LJ) p otential p arameters ar e u sed to p roduce the v an- der-Waals 

interactions among the ions, carbon atoms and water molecules. 

•  Molecular D ynamics simulation is u sed t o f ind t he number density ρ(x) of particles 

which is w idely u sed t o r epresent the e lectric d ouble layer s tructure. A s for 

electrolytes, higher number density ρ(x) indicates concentrated electrolytes, which are 

required to reduce the equivalent series resistance and maximize power output.  

•  Constant s urface c harge a nd co nstant e lectric potential method can  be u sed o n 

electrodes. Both methods show negligible difference in EDL structure for low electric 

potential ( <2V). A lso, c onstant e lectric p otential method i s more p referable for 

experimental conditions. In t his study, constant surface charge method is adopted to 

apply on electrodes. 

4.4 Simulation Time step 
Simulation d omain t emperature has been co ntrolled b y B erendsen t hermostat. Temperature 

was increased from 298K to 373K using a period of 10ps, kept at 373K for another 10ps and 

then gradually cooled to 298K over a period of 10ps. Using NVT ensemble MD simulations 

are carried for another 1.2ns at 298K. The full simulation timestep in LAMMPS code: 

fix 1 sol nvt temp 298.0 373.0 100.0 

run 10000 

unfix 1 

fix 1 sol nvt temp 373.0 373.0 100.0 

run 10000 

unfix 1 

fix 1 sol nvt temp 373.0 298.0 100.0 

run 10000 

unfix 1 

fix 1 sol nvt temp 298.0 298.0 100.0 

run 1200000 

Here, the actual code is: fix fix-ID group-ID nvt temp TstartTstopTdamp 

Where, Tstart,Tstop = external temperature at start/end of run 

Tdamp = temperature damping parameter (time units) 



Nose-Hoover s tyle no n-Hamiltonian e quations of  motion a re used for time in tegration in  

these co mmands. T hrough t his integration p rocess positions a nd velocities are g enerated 

forcanonical (nvt), isothermal-isobaric (npt), and isenthalpic (nph) ensembles.  

 

4.5 Simulation Domain 

4.5.1 Simulation Cell 

The d istance between t he inner most electrode layers o f s imulation ce ll is 6 .105 nm. Table 

4.2 presents the summary of simulation cell formation where the electrolyte solution consists 

of 16 NaCl and 320 water molecules for 1.00 M solution concentration. The total dimensions 

of the simulation domain are 1.9838, 1.8520 and 8.04 nm. 

Table 4. 2: Number and types of atoms, bonds, angles in the simulation cell 

Total atoms 2056 

Total bonds  656 

Total Angles 320 

Atom types 8 

Bond types 3 

Angle types 1 

Size of simulation cell (nm) 1.9838 * 1.8520 * 8.04 

 

4.5.2 Electrolyte solution 

Water molecules have accordingly filled in the simulation cell to generate a pressure close to 

1 bar. The determining factors for electrolyte ions numbers are the concentration and charge 

neutrality of the whole system.The numbers of water molecules and solvent ions (NaCl) used 

in our Molecular Dynamics simulation system has been summarized in Table 4.3. 

 

 

 



Table 4. 3: Ionic strength of solution used in EDLC simulation 

Number of molecules Ionic strength / molar 

concentration (for mono 

charged ions both are 

same) (M) 

Water  Na+ and Cl- 

320 16 1.08 ≈ 1.0 

320 18 1.21 

320 26 1.75 

320 29 1.96 ≈ 2.0 

 

4.6 Simulation Parameters employed 

4.6.1 Atoms 

Seven types of atoms have been chosen from the periodic table for the Gaphene-MnO2 based 

supercapacitor system de veloped in o ur s tudy. T able 4. 4 represents the a toms w ith their 

atomic radius used in the simulation process. 

Table 4. 4: Number of atoms and their size used in the simulation 

Atom Type Atom Radius (nm) 

1 C 0.077 

2 Mn 0.126 

3 O 0.066 

4 H 0.037 

5 O 0.066 

6 Na 0.186 

7 Cl 0.099 

 

4.6.2 Force Field parameters – bond coefficients 

LAMMPS u ses t o c ompute b ond interactions between p airs o f at oms. Bonds are d efined 

between specified pairs of atoms by bond coefficients and remain in force for the duration of 

the s imulation. In o ur s tudy, harmonic bo nd s tyle has been used where r0 is t he equilibrium 



bond d istance a nd k  is t he bond e nergy/distance^2. Atomic masses o f a ll at oms have t o be 

specified along with the bond coefficients for LAMMPS input file. All parameters have been 

summarized in Table 4.5 and 4.6. 

Table 4. 5: bond coefficients of atoms in electrolyte and solvent molecules 

Bond Coefficients 

Atom K (kcal Å-1 )   r0  (Å) 

Na - Cl 799.280 1.40 

water O-H 554.135 1.0 

 

Table 4. 6:  Atomic mass of the atoms used in simulation 

Element Mass (AMU) 

O  15.999000  

H  1.0079000 

C  12.010700   

Na 22.989769 

Cl  35.453002  

Mn  54.938044  

 

4.6.3 Lennard-Jones parameters 

The va n d er Waals interactions a mong t he electrolyte ions, carbon atoms, MnO2 molecules 

and t he w ater m olecules have b een described by  us ing t he m odified L enard-Jones ( LJ) 

potential. As Transferable intermolecular potential 3P (TIP/3P) model can best reproduce the 

experimental d ielectric co nstant of w ater am ong t he p opular w ater m odels, it h as b een 

employed for water. The SHAKE algorithm has been employed to keep the bond lengths and 

angles in w ater m olecules fixed. The L orentz-Berthelot mix ing r ule has be en adopted t o 

determine the LJ potential parameters between electrolyte ions, waters, MnO2 molecules and 

carbon atoms. Table 4.7 presents the pair coefficients of all atoms used in this study. 

 

 

 

 



Combining rules for the Lennard-Jones potential: Lorentz-Berthelot rule  

The Lorentz rule was proposed by H. A. Lorentz in 1881: σij= 𝛔𝛔𝑖𝑖𝑖𝑖+𝛔𝛔𝑗𝑗𝑗𝑗
2

 

The Lorentz rule is only analytically correct for hard sphere systems. 

The Berthelot rule (Daniel Berthelot, 1898) is given by: εij= �ε𝑖𝑖𝑖𝑖  ε𝑗𝑗𝑗𝑗  

Table 4. 7: Pair coefficients and valence of atoms used in simulation [118] 

 Pair Coefficients  

Atom ε (depth of potential 

wall)   kcal mol-1 

σ (finite distance at 

which the inter-particle 

potential is zero)    Å 

Valence (e) 

O (TIP3P) 0.15540000 3.16550000  - 0.834 

H(TIP3P) 0.00000000  0.00000000  0.417 

C (graphene)  0.12000000 3.29630000  0 - 0.0637 

Na 0.13010000 2.35020000  +1 

Cl 0.10000000 4.40000000 -1 

Mn 0.03180000 2.09880000  +4 

O 0.15540000 3.16550000  -2 

 

4.6.4 Surface Charge density 

As commonly done in molecular dynamics simulations, the applied voltage is presented as a 

uniform d istribution o f e lectrical c harges o n t he car bon at oms. Applying po sitive a nd 

negative c harges o n o pposite el ectrodes, F ig. n o. 4 .3 an d 4 .4 r epresent formation of  a  

capacitor. From Table 4.8, different surface charge densities such as 40, 30, and 20 μC/cm2 

can be obtained by varying the electronic charges on the carbon atoms which are used in this 

study. These surface c harges ar e c hosen by k eeping co nsistency with p revious st udies. The 

estimated maximum charge per carbon atom is 0 .0685 e/C-atom using t heoretical graphene 

capacitance of 21 μF/cm2 and potential difference of 1V for aqueous electrolytes [121]. 

 

 

 

 



Table 4. 8: Numeric values of charge imposed on carbon atoms in graphene-MnO2 electrode 

Maximum charge per carbon atom to be 0.0685 e/C atom 

(estimated) 

Neutral graphene surface 0 e/C 

40 µC / cm2 .0637 e/C 

30 µC / cm2 0.0477 e/C 

20 µC / cm2 0.03185 e/C 

 

In t he MD s imulation p roposed here, two k ey features have been t aken into acco unt: ( 1) a  

realistic at omistic structure f or a m icroporous ca rbon e lectrode ( 2) the p olarization o f t he 

electrode a toms by the ionic charges. The second approach can perform s imulations using 

constant applied electrical charge under (conducting) electrodes of arbitrary geometry. 

 

In o rder to p erform a fair co mparison, t he co nstant ch arges w ere as signed based o n t he 

average t otal c harge measured d uring constant potential simulations for various applied 

potential differences. This total charge was equally distributed among the carbon atoms, and 

the s elf-consistency o f t he p rocedure w as ch ecked b y ca lculating t he p otential d ifference 

arising from the so-built constant charge simulations. It is worth mentioning that the variation 

of the charge with respect to the potential drop at the electrode/electrolyte interface obtained 

with the constant charge simulations agrees very well with that obtained w ith t he c onstant 

potential simulation o nes, r esulting in s imilar v alues for the d ifferential c apacitance. The 

performance of supercapacitors in terms of power (i.e. how fast the charge can be delivered) 

can be as sessed b y modelling t he p olarization r elaxation d uring transient r egimes. T his is 

done b y p erforming s imulations w here t he ap plied p otential d ifference o r the ch arge is 

suddenly c hanged a nd by characterizing t he p rocesses w hich o ccur before t he new s teady-

state is reached. The difference between constant potential and constant charge simulations is 

then much more spectacular. 

These authors concluded that constant potential simulations provided much more reasonable 

double layer relaxation times. In the case of constant applied potential simulations, the charge 

on the electrode atoms varies in response to the ionic liquid; as a consequence, the charging 

of the initially e mpty pores occurs gradually while they become wetted, resulting in much 

slower relaxation times [122]. However, constant po tential method is highly computational 



demanding than the popular constant surface charge method. In addition to this, according to 

several studies EDL st ructures showed a  n egligible difference in s imulation between these 

methods specially at electric potential lower t han 2  V. Therefore, in t his s tudy, we adopted 

the conventional constant surface charge method [121]. 

4.7 Electric Potential Calculation 
In t his st udy, the channels have be en d ivided into a  set of bins (of 5 Å in w idth) a long t he 

direction (x) perpendicular to the graphene surface. The averaged number density of particles 

(e.g., w ater, el ectrolyte ions) has be en calculated i n eac h b in. T heses a veraged n umber 

densities have been represented the number densities ρ(x) of the corresponding particles. To 

represent t he E DL s tructures in s imulation models, number de nsity ρ(x) is w idely u sed in. 

The r esultant el ectric p otential V (x) c an be  c omputed b y integrating t he f ollowing o ne-

dimensional Poisson equation [118] 

                                                      𝛿𝛿
2𝑉𝑉(𝑥𝑥)
𝛿𝛿𝑥𝑥2 =  −  𝑞𝑞(𝑥𝑥)

𝐴𝐴𝐺𝐺ε0
                                               (4.12) 

Where x is the distance to the graphene surface (x > 0), q(x) is the total charge quantity at x, 

AG is t he cross-section area o f MD simulation, namely the s ize o f graphene sheet, and ε0 is 

the v acuum d ielectric co nstant. N ote that, the t otal c harge q uantity t erm includes t he 

electrode charge, electrolyte ion charge and also the charges of hydrogen and oxygen atoms 

of water molecules. The V(x) value in the middle o f the channel (x = ±  L/2) was used as a  

reference. S ince t he channel is s ymmetrical, t he d v/dx va lue a t x =  L /2 s hould be  e qual t o 

zero. The integral of the above eqn. 4.12 yields the potential V(x): 

                                                        V(x) = −∬ 𝑞𝑞(𝑥𝑥)
𝐴𝐴𝐺𝐺ε0

𝑥𝑥
𝐿𝐿
2

𝑑𝑑𝑥𝑥2                                           (4.13) 

To find the electric potential from eqn. 4.13,  

V(x) = −∬ 𝑞𝑞(𝑥𝑥)

𝐴𝐴𝐺𝐺ε0

𝑥𝑥
𝐿𝐿
2

𝑑𝑑𝑥𝑥2 

 

Where, AG = 367.39976 * (10-10)2 m2 

ε0 = 8.854*10-12 F/m (vacuum permittivity) 

Bin size, h = 5 Ȧ 

Numerical integration using Simpson’s 1/3rd rule at x = -27.7 Ȧ,  

V(x) = − q(x−2h)+8q(x−h)+18q(x)+8q(x+h)+q(x+2h)
𝐴𝐴∗ℇ

 *(ℎ∗ℎ)
9

                               (4.14) 

Charge, q = 288 + 432*A + B*(0 or 1) + (0.834*(C/2)) + (2*0.417*(C/2)) 



A = 0/0.0637 /0.47 etc. 

B = number of atoms from density-NaCl  

C = number of atoms from density-water 

Form x = -27.7 Ȧ to x = -2.7Ȧ 

Simpson’s 1/3rd rule ha s be en used to numerically calculate the induced or resultant electric 

potential in the system. From eqn. 4.14 it can be observed that, the resultant potential depends 

on ch arge co unts of g raphene s urface, e lectrolytes an d w ater. A lso, d ielectric co nstant o f 

electrolyte and solvent is a key factor to manipulate the resultant potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 

Results and Discussion 
 

The energy s torage b ehavior o f g raphene-MnO2 electrode i n aq ueous e lectrolyte has be en 

investigated bo th e xperimentally a nd numerically. The c omputational model us ed in t he 

molecular d ynamics ( MD) has b een v alidated using s imulation tool l ike radial d istribution 

function (RDF). The validated computational model has been used to investigate the atomic 

behavior o f electric double layer supercapacitor (EDLC) and an optimized, improved model 

has been p roposed from t his study. The results a nd f indings ha ve b een discussed i n this 

chapter. 

5.1 Experimental Analysis  

5.1.1 Scanning Electron Microscope (SEM) Analysis 

The FESEM image o f graphene-MnO2 nanocomposite is s hown in Fig. no. 5.1. From t he 

surface morphology o f t he p repared graphene-MnO2 composite, it is s een t hat there i s no  

aggregation of particles as in the case of MnO2 and the MnO2 nano fibers are uniformly and 

densely distributed covering almost whole of the graphene sheet.  

 

(a) 



 

(b) 

Fig 5. 1 : SEM image of expected rGO-MnO2 nanocomposite (a) 30,000 magnification and 

(b) 50,000 magnification. 

Moreover, t he M nO2 nano-fibres homogeneously locate o n g raphene sheets a nd act  as  

spacers to effectively prevent the agglomeration of graphene sheets, keeping their high active 

surface. I t can  be seen here t hat t he small and t hick fibre like s tructure o f MnO2 are more 

visible than before probably due to the no aggregation of the nanoparticle which in turn may 

be due to the interatomic or intermolecular interaction between MnO2 particle and graphene. 

The surface o f g raphene-MnO2 nanocomposite is porous in nature which is  responsible for 

the increased functionality of the graphene-MnO2 nanocomposite. 

5.1.2 Energy Dispersive X-Ray Spectroscopy (EDX) Analysis 

The elemental composition of the prepared sample was analyzed using Energy Dispersive X-

ray (E DX) a nalysis. The ED X s pectrum o f graphene-MnO2 is s hown in Fig. n o. 5. 2. The 

lines observed at  0.55, 5.8 and 6.5 keV are associated with L and K (α, β) lines of t he Mn 

element, respectively. The EDX line at  0.25 and 0.50 keV represents K line o f the C and O 

element. The quantification results of the EDX data provided the percentage of each element 

with e nergy d istribution p resent in t he matrix w hich a llowed u s t o obtain d irectly t he 

composition of the samples.  



The EDX result of t he graphene-MnO2 binary composite confirms the presence of graphene 

C, in addition to significant amount of Mn and O of MnO2 in the sample suggesting a MnO2 

nanoparticle loaded graphene surface. The EDX analysis shows t he presence o f manganese 

and oxygen in the prepared sample and their atomic composition were found to be 16.20 and 

32.02 %, respectively, indicating t he r atio o f M n:O as 1 :2 w hich at tributed t hat the 

synthesized manganese oxide was MnO2. 

 

 

Fig 5. 2: EDX spectra of rGO-MnO2 nanocomposite. 

5.1.3 X-Ray Diffraction (XRD) Analysis 

The XRD analysis of the prepared graphene-manganese oxide composite (Fig. no. 5.3) shows 

poor crystalline nature of MnO2 on the surface of graphene.  

The s light s hifting o f t he d iffraction a ngles (2θ = 24.8, 36. 6, 44. 8, 65.5) as w ell as  p eak 

intensity in the XRD patterns of graphene-MnO2 composite may be attributed to the effect of 

graphene and is the evidence that MnO2 nanoparticle have been incorporated successfully on 

graphene s heet. The p eak p ositions ca n be identified eas ily following t he Bragg’s law: 2d 

sinθ = nλ. From the relation, it can be seen that if there is a change in the inter-layer distance 

(d) value w hich means that change in the lattice parameter, theta (θ) va lue w ill be c hanged 



reciprocally assuming the experimental condition is same for all the samples. The intensity of 

XRD peak o f graphene is t oo low compared t o MnO2 to be  s een in t he p attern. T he XRD 

pattern of graphene-manganese oxide composite shows two very weak broad diffused peak at 

2θ = 13.14° and 2θ = 36.6° with a decreased 2θ angle, probably du e to f ormation of  

composite. Moreover, t he ab sence o f a ny s harp p eak r elated t o g raphene in t he composite 

indicates that the surface was fully covered with high amount of manganese oxide with poor 

crystalinity [123]. 

 

Fig 5. 3: XRD pattern of rGO-MnO2 nanocomposite with broad diffused peak at 2θ = 13.14° 

and 2θ = 36.88°, indicating absence of crystalline peak as a result of amorphous GO-MnO2. 

5.1.4 Electrochemical Analysis  

The e lectrochemical c haracterization o f t he nanocomposites was carried o ut in a co mputer 

controlled e lectrochemical w orking station (HANKO H AB 151 G alvanostate a nd 

Potentiotate). Two electrochemical t echniques namely cyclic v oltammetry ( CV) a nd 

chronopotentiometry (C P) had be en employed in t his endeavor. T he focuses o f t hese 

experiments were to find out the capacitive behavior of the graphene-MnO2 nanocomposite 

in NaCl electrolyte. 



5.1.4.1 Cyclic Voltammetry (CV)  

The CV of the samples was performed to find the potential window within which they show 

capacitive b ehavior and its d ependency o n s can r ate. Initially, in eac h c ase, C V was t aken 

within -100 m V to 800 mV w hich w as later ad justed t o the s ymmetric shape o f cyclic 

voltammogram t hat corresponds t o cap acitive b ehaviour. T hen, C V w as p erformed at  

different scan rate, starting from 2 mV/s to up to 100 mV/s. 

 

Fig 5. 4: Cyclic Voltammetry curve for various scan rates for rGO-MnO2 composite at 

Potential Window: -100-800mV and active mass 0.000405g. 

 

 

 

 

 



 

Table 5. 1: Specific capacitance for various scan rates for rGO-MnO2 composite at Potential 

Window: -100-800mV and active mass 0.000405g 

Active 

Mass(mg) 
Potential Window(mV) Scan Rate(mV/s) 

Specific 

Capacitance(F/g) 

0.405 -100-800 

2 110 

5 86 

10 74 

20 53 

50 35 

100 25 

 

The CV curve of graphene - MnO2 nanocomposite at different scan rates is shown in Fig. no. 

5.4. The specific capacitance value of 110, 86, 74, 53, 35 and 25 Fg-1 are found for graphene- 

MnO2 composite within the potential range from -100 to 800mVat the scan rates of 2, 5, 10, 

20, 50 a nd 100 m Vs-1 respectively. T he highest s pecific cap acitance value o f 110 Fg-1 is 

found for graphene-MnO2 composite within -100 to 800mV a t 2  mVs-1 scan rate (Fig. no. 

5.4). 

As revealed from all figures of the CV curves of the graphene - MnO2 at different scan rates, 

the shapes of the CV curves were significantly influenced by the scan rate. At a low scan rate, 

the C V cu rve s hows a n ear-ideal r ectangular s hape, w hich indicates t hat ch arging a nd 

discharging t ook p lace at  a co nstant r ate o ver t he applied voltage r ange [124]. From T able 

5.1, it can be seen that the specific capacitance gradually decreases as the potential scan rate 

is increased. T his may be because at  h igh scan r ates, d iffusion limits t he movement o f 

electrolyte (Na+ ions) by the time constant, and only the outer active surface is utilized for the 

charge s torage. However, at lower scan r ates, a ll the act ive surface area ca n be u tilized for 

charge storage [125]. 

5.1.4.2 Chronopotentiometry (CP) 

Chronopotentiometric technique also known as Galvanostatic Charging Discharging (GCD), 

was u sed t o ev aluate t he s pecific cap acitance of t he samples w ith d ifferent ch arging-



discharging c urrent o r c urrent d ensity varying from 0.07 mAcm-2 to 72 mAcm-2 within 

suitable potential window chosen from CV.  

 

Fig 5. 5: Charge-discharge curve for various current density for rGO-MnO2 composite at 

potential window -100-800 mV and active mass 0.000405g. 

Table 5. 2: Specific capacitance from Galvanostatic Charging Discharging and Cyclic 

Voltammetry for rGO-MnO2 composite at potential window -100-800mV and active mass 

0.000405g 

Active 

Mass(mg) 

Potential 

Window(mV) 

Current Density 

( mAcm-2) 

Specific 

Capacitance(F/g) 

from CV 

Specific 

Capacitance(F/g) 

from GCD 

0.405 -100-800 

.07354              110 261 

0.106103               86 187 

0.166228               74 154 

0.201596               53 145 

0.406728               35 110 

0.555273               25 103 

 



The GCD curve o f MnO2-graphene co mposite at  different magnitude o f current densities is 

shown in Fig. no. 5.5. From the curve, the values of specific capacitance for MnO2-graphene 

nanocomposite are found as 261, 187, 154, 145, 110 and 103 Fg-1 at current densities of 0.07, 

0.106, 0.16, 0.2, 0.4, 0.55 mAcm-2, respectively. T he h ighest specific capacitance value for 

MnO2-graphene has been found from t he G CD c urve a t 0 .07 m A c m-2 current d ensity as 

shown in Fig. no. 5.5 which is equal to 261 Fg-1.  

In the chronopotentiometric study at different currents, it is observed from Table 5.2 that the 

discharge capacitance was monotonically decreased with an increase in current density. This 

may be due  t o the low pe netration o f t he ions into the inner r egion o f po res due  t o f ast 

potential changes. In other words, the decrease in capacitance value at higher current density 

is at tributed to the r estriction ar ise from faster m ovement o f e lectrolyte ions t owards 

adsorption s ites [126].The s upercapacitors ex hibited appreciably-high s pecific cap acitance 

even at a high current density. The lower values of capacitance at high current rates might be 

due to less ionic penetration in t he e lectrode surface co mpared to the case at  a l ow current 

rate. A s e xpected, the cap acitance o f t he ce ll decreases linearly w ith increasing cu rrent 

densities, which is the typical behavior of electrochemical supercapacitors [127-128]. 

Several research works have been going on the graphene-MnO2 nanocomposite to understand 

its cap ability as  e nergy s torage material. Depending o n t he p reparation method, gr aphene-

MnO2 nanocomposite’s energy storage behavior (specific capacitance) varies dramatically. In 

our s tudy, ‘Modified H ummers me thod’ has been u sed for pr eparing gr aphene o xide and 

reduced graphene oxide - manganese dioxide was synthesized by in situ chemical reduction 

of K MnO4. Table 5 .3 g ives an idea by co mparing specific capacitance o f g raphene-MnO2 

nanocomposite prepared by different methods in different research projects. Comparing these 

research projects it can be stated that graphene-MnO2 supercapacitors have high potential in 

energy storage sector. 

 

 

 

 



Table 5. 3: Comparison of specific capacitance of different graphene-MnO2 supercapacitors 

Researches on graphene-MnO2 supercapacitors     Specific Capacitance (F/g) 

From Present Study 261 

Study o f MnO2-Graphene Oxide na nocomposites f or 

supercapacitor applications by Singhal, R. et al.(2019) 350 

Construction of hi erarchical h oley gr aphene/MnO2 

composites a s p otential electrode m aterials for 

supercapacitors by Chai, Y. et al. (2019) 

192.2 

Compounding δ-MnO2 with modified g raphene 

nanosheets for highly stable asymmetric supercapacitors 

by Wang, X. et al. (2019) 

270 

Three-Dimensional G raphene/MnO2 Nanowalls H ybrid 

for High-Efficiency Electrochemical Supercapacitors by 

Xiong. C. et al. (2018) 

266.75 

 

 

 

 



5.2 Molecular Dynamics Analysis 

5.2.1 Validation 

 

(a) 

 

(b) 

Fig 5. 6: Radial Distribution functions of 1M concentration planer model of neutral graphene 

electrode (a) for water-oxygen atom, and (b) at water-hydrogen atom. 

In order to verify the s imulation design o f present study, we t ried to compare our findings 

with well established and published studies. There are several molecular dynamics researches 
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to s tudy t he w ater m odels ( structure a nd dy namics). I f o ur pr esent s imulation d omain is 

properly designed, solvent (water) will give density peak at same position of previous studies. 

All d ifferent w ater m odels, t he T IP3P ( original, modified), S PC (o riginal, re fined), a nd 

SPC/E (original) were compared using identical microcanonical (NVE) or NVT simulations. 

In o ur s tudy, N VT en semble has been ad opted for temperature co ntrolled s imulation o f 

electric double layer supercapacitor. 

Radial distribution functions (RDF) can identify the density peaks from electrode surface in 

simulation d omain. From Fig. no. 5 .6, s imulations performed at  NVE ensemble for MnO2-

graphene e lectrode with aqueous NaCl are c loser to experimental and co mputational results 

[126]. According to previous studies, without electrode surface charge, the RDF density peak 

of oxygen of water molecule is about 3 and the distance from the electrode surface is about 

3.2 Å . I n our c ase, the R DF de nsity pe ak o f o xygen is a bout 4 a nd the d istance from t he 

electrode s urface is a bout 3. 2 Å  for N VE e nsemble, w hich is in good a greement w ith 

previous M D r esults [129]. In t he p resent s tudy, a ll simulations are co nducted u sing t he 

package L AMMPS in t he N VT e nsemble k eeping co nsistency w ith p revious simulation 

studies [130].  

From the above sections, it is clear that our proposed simulation design showing similar RDF 

distance and peaks comparing with previous studies. It can be said that due to composite of 

graphene a nd M nO2, water oxygen a nd hydrogen ions ar e more at tracted t o t he electrode 

surface and density peaks increases slightly than previous results.  

5.2.2 ‘Planer’ Model 

The p laner model o f M olecular D ynamics ( MD) s imulation c onsists o f g raphene-MnO2 

electrodes w here M nO2 is nanostructured i n t he graphene s heet. W ithout M nO2, graphene 

sheet a lone can show s ignificant el ectric d ouble layer (EDL) properties. That is w hy t he 

impact o f g raphene e lectrode in EDL before a nd a fter adding MnO2 is the first step of this 

study. Addition o f MnO2 on g raphene e lectrodes increases t he s urface co ntact ar ea f or 

electrolytes w hich is visible in o ur s imulation d omain. According t o pr evious s tudies, t he 

surface ar ea increases u p t o 1 .5 times for g raphene-activated car bon s urfaces t han o nly 

graphene surfaces [131]. It can be concluded t hat a large number of m icropores and a l ow 

fraction of i nterconnected m esopores f eatured by n arrow orifice, large inner c avity and 

limited fraction o f macropores have coexisted in t he M nO2-graphene composites. T he 

versatile porous texture of MnO2-graphene is extremely advantageous for its application as 



supercapacitor electrode m aterials [131], as  high s urface ar ea r esulted from micropores is 

highly beneficial for the accumulation of electrolyte ions.  

 

Fig 5. 7: Density profiles of Planer model with neutral graphene-MnO2, and graphene 

electrode at different solution concentrations. 

Density p rofiles indicate t he n umber d ensity o f electrolyte ions a nd s olvent w ith d istance 

from the electrode surface. As for EDLC, the number density of ions near the electrode is the 

prime concern that is why density profiles have been studied in this research. From Fig. no. 

5.7, t he s olution ions ( waterO, w aterH, N a+, Cl -) ar e more a ttracted to e lectrode w hen 

consists of MnO2 and graphene rather than only graphene. As a result, the first density peak 

of s olution for g raphene e lectrode i s less t han t hat of M nO2-graphene e lectrode. Also, 

solution ions s hift more t owards bulk r egion in case o f g raphene e lectrode than g raphene-

MnO2 electrode. All t he r esults indicate that a dding MnO2 in graphene e lectrode s hows 

positive impact to attract electrolyte and solvent ions. 
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Fig 5. 8: Radial Distribution functions (RDF) for Planer model with neutral graphene 

electrode at 1M solution concentration. 

The radial distribution function (RDF, also known as pair correlation function), g(r) is a very 

useful t ool in molecular d ynamics simulation. T his q uantity r epresents t he a verage 

distribution of atoms around any given atom within the system. The g(r) can also be  present 

as a quantity that multiplies the bulk density ρ to get the local density ρ(r). This implies that 

the radial distribution function gives the density distribution of a system if one looks radially 

outwards from an atom. Thus at a distance corresponding to the first coordination sphere, the 

radial distribution shows a peak which is also true for the distances corresponding to second, 

third, e tc., coordination spheres. The fluctuations in t he r adial d istribution function d ie o ut 

after the second or third peak if the material is not perfectly crystalline . From Fig. no. 5.8, the 

sharp relative number density peaks represent accumulation of electrolyte ions a s a result of 

electrical interactions with both neutral and charged electrode surfaces. The regions between 

the peaks and the electrode surface are regarded as the impact of Helmholtz layers (HLs) in 

the G rahame model [130]. The ionic d ensity g radually d ecreases a s t he d istance increases 

from t he e lectrode s urface a nd u ltimately t o the no minal d ensity in t he bulk solution, this 

region is k nown as  d iffusion layer acco rding t o the c lassic G CS model [130]. The r elative 

number density of O atom is predicted between 3 a nd 4 de pending on the electrode surface 
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charge a nd co nditions w hich is ca lled t he first w ater l ayer [132]. The d ensity p rofiles o f 

hydrogen at oms ar e s lightly c loser t o the g raphene s urface t han t hose o f o xygen atoms, 

indicating t he w ater molecules having o ne o f its O -H bonds pointing t oward the gr aphene 

surface. The first water layer hinders the hydrated cat ions from moving towards the charged 

graphene s urface, resulting in the first d ensity p eaks o f N a+ located b ehind t he first w ater 

layer. S uch a co ncentrated h ydrated ca tion layer i s k nown a s t he o uter H elmholtz layer 

(OHL) [133]. An ionic density peak appears next to electrode surface just after the first water 

layer which is called the inner Helmholtz layer (IHL) [133] which arise from the distortion of 

the weak hydration shell of larger sized ions when approaching to an electrode surface under 

a strong external electrical field. The different graphene surface charges significantly change 

the EDL structures as well as the first water layers. 
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(b) 

Fig 5. 9: Radial Distribution functions (RDF) of Planer model with graphene-MnO2 electrode 

at 1M solution concentration (a) sodium ion, and (b) water oxygen atom. 

As RDF helps to find structural changes determining the atomic positions in crystalline and 

amorphous materials, the effect of surface charge on EDLC structure has been studied in Fig. 

no. 5.9. From t he g raph, it ca n be said t hat with t he increase o f s urface charge d ensity, 

relative de nsity pe aks o f w ater hy drogen and o xygen ions de creases. B ut in the case o f 

electrolytes, relative density p eaks o f e lectrolyte ions (Na+ and C l-) increases with increase 

with surface charge density. The overall impact shows a decrease in potential and as well as 

capacitance due to the increase of surface charge density for graphene-MnO2 electrodes. 
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(a) 

 

(b) 

Fig 5. 10: Density profiles of Planer model with graphene-MnO2 electrode (a) at 1M solution 

concentration with different surface charge density, and (b) at neutral surface with different 

solution concentration. 

Structure of electric double layer (EDL) has largely influenced by surface charge density and 

solution concentration shown in Fig. no. 5.10. It is observed that with the increase of density, 

thickness of Helmholtz layer increases. For all the cases discussed in Fig. no. 5.10, increasing 
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the e lectrode surface c harge d ensity e ffects ad versely o n electric d ouble layer. Due t o this 

adverse effect of surface charge density, solution density decreases near the electrodes. 

 

Fig 5. 11: Potential profiles of Planer model with neutral graphene-MnO2 at 1.75M solution 

concentration. 

The cap acitance o f e lectric d ouble layer supercapacitor (EDLC) is v oltage-dependent. The 

total c harge s tored in an  EDLC structure is pr oportional t o the square o f voltage at  EDLC 

electrodes w hile t he c harge o n electrodes increases linearly with t he voltage o n EDLC 

electrodes. The Helmholtz capacitance increases linearly w ith t he b ias voltage while a s ub-

linear increase o f t otal cap acitance w as found. The voltage o n EDLC increases after t he 

discharge of electrodes due to diffusion of charges from the electrolyte to the electrodes.  

That is why Electric potential U tot distribution with d istance is very important to understand 

the performance of a supercapacitor. Utot is calculated to examine the roles of electrolyte ions 

and w ater solvent on cap acitance r esults. Resultant e lectric p otential, Utot consists o f ionic 

EDL capacitance (Uion) and water solvent capacitance (Uwater) [130].  

Uion = potential from ionic Electric Double Layer and electrode surface charge 

Uwater = potential from polarized water molecules  

For neutral surface with 1.75M solution in p laner model, MD simulation shows that U water 

exhibits a s ignificant e lectric p otential p lateau between t he e lectrode s urface a nd t he first 

water layer a nd t hen a sharp potential drop in U water from 25 t o 30 Å in F ig. no . 5.11. This 

drop i n po tential occurs d ue t o r eorientation o f water m olecules w hich cr eates d ipoles in 

water molecules. U water and U ion have opposite signs and for higher Uion values there will be 
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higher U water values [130]. The d ielectric nature o f w ater s olvent has r eflected from t hese 

findings. For the Uion, a linear relation is observed in the EDL region 1–20 Å from graphene 

surface. T his r egion co rresponds t o the O HL/IHL in F ig. no. 5 .10. I t can be treated as  a 

parallel p late cap acitor co mposed o f t he H olmholtz layer a nd t he c harged electrode, 

manifested by t he linear e lectric potential. I n t he d iffusive layer, U ion gradually approaches 

zero in bulk electrolyte (i.e., sometime called the reference state).  

 

Fig 5. 12: Potential profiles of Planer model with graphene-MnO2 at 1M solution 

concentration for different surface charge density. 

 

Fig 5. 13: Potential profiles of Planer model with neutral graphene-MnO2 at different solution 

concentrations. 
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The s urface c harging co nditions a lso a ffect t he e lectric p otential as  w ell a s t he o verall 

capacitance values. From Fig. no. 5.12, it can be seen that with the increase of surface charge 

density, potential area decreases which indicates that the overall capacitance also decreases. 

From F ig. n o. 5.13, p otential va riation with density indicates 1.75M s olution ha s be tter 

potential area than others as it has the highest peak and less moved to bulk region than other 

concentrations. T he increase o f U ion (ion p otential) is less p roportional t o the increase o f 

surface c harge, b ut p roportional t o the cap acitive en hancement. For graphene cathode, the 

dielectric saturation dominates at  strong surface charging and he nce obtained a s ignificantly 

reduced cap acitance (about 30 -40%). When a  high e lectric field is ap plied t he w ater, 

molecules ar e highly o riented /  o rdered t hus h ave lower c apability t o r eorient. D ielectric 

constant in  t he h igh e lectric field is s maller t han t hose i n t he w eak e lectric field w hich is 

called ‘dielectric saturation’ [130]. 
 

5.2.3 ‘Nano Slit-pore’ Model 

Absence of charge-transfer resistance is one of the key criteria for high capacitance and high 

performance in low t emperature in E DLC. E nergy stored in s upercapacitor i s l inearly 

proportional t o the cap acitance o f its electrode, making material o ptimization c rucial. The 

capacitance o f sub-nm p ores is strongly p otential d ependent. According t o the c lassical 

double layer t heory, p ores t hose s ize is s maller t han a  specific value ( hence called cut-off 

pore w idth) d o n ot c ontribute t o the t otal cap acitance because o f e lectric d ouble layer 

overlapping.  T he do uble layer t hickness, a nd t hus t he c ut-off p ore w idth d ecreases w ith 

increasing electrolyte concentration.  

Within the simulation box, two graphite slabs were considered facing each other along the z 

direction to represent slit-shaped pores. In this study, three nano-pore sizes of 3.55, 7.1, and 

9.23 Å has considered. The initial configuration is built with water and ions placed outside of 

the slit pore, in the “bulk” region. As the simulation progresses, water and ions fill the pore. 

Simulations have been p erformed for t hree d ifferent s urface charge d ensities a nd t hree 

different concentrations. 

Partition Coefficient, PC (Γ) is the ratio of ionic concentration in the pore (Cpore) versus that 

in t he bulk (Cbulk). C pore is calculated by counting the number o f e lectrolyte ions and water 

molecules in t he na noslit-pore an d C bulk is ca lculated b y co unting t hem o utside t he por e 

[134]. 



 

Fig 5. 14: Partition coefficients of different Nano slit–pore model at different surface charge 

densities. 

For the simulation domain we considered, best performance o f EDLC is achieved when the 

pores are neither too wide nor too narrow. Properties of hydrated and non-hydrated ions and 

their t endency o f at traction d ue t o electrostatic effect ar e linked t o the o ptimum d esign o f 

electrodes. S ize o f t he ions e mployed in t he p ores h as d irect impact t o a ttain e nhanced 

partition coefficients and to determine the width of carbon slit pores. Optimal pore width size 

has to be determined for ma ximum f avorable ion-ion interaction. To minimizes the e nergy 

penalty w hile e ntering t he p ores, h ydration shell has t o be  mildly p erturbed in a n o ptimum 

way. Gogotsi and c o-workers s uggest t hat i ons can p enetrate s ub-nanometers p ores u pon 

losing the hydration shell [135]. From F ig. no. 5.14, in case o f small pores (H= 3.55 Å) the 

ions must lose t heir h ydration shell, which need to overcome a large e nergetic barrier. Our 

results show that the partition coefficient is maximum for 7.1 Å pores which indicate such 

pores m ight b e op timal for t he p roduction o f E DLCs w hen a queous N aCl s olutions a re 

employed as electrolytes in MnO2-Graphene electrodes. The reason behind this is that these 

pores are larger than necessary for the complete loss of hydration shell for NaCl electrolytes 

and because the partition coefficient obtained is much larger than that obtained for narrower 

as w ell as w ider p ores. This p henomenon is a nalogous to the cap illary act ion o f fluid. 

Capillary act ion co nsists o f ad hesion an d co hesion force of f luid which c auses a n upw ard 

motion in capillary tube. Best performance of capillary act ion is achieved if the diameter of 

the capillary tube is not too wide or too narrow. Smaller diameter indicates more length of the 

capillary tube as drop in pressure of the fluid that passes through it. Again for wider diameter 
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capillary action ca nnot act  p roperly which indicates s imilar t ype o f natural p henomenon 

occurring in our nano slit pore model. 

Both f rom s imulation a nd experiment it  is  suggested that to design optimum electrodes for 

electric double layer capacitors (EDLC), the properties of the hydrated and nonhydrated ions, 

and their tendency to associate because of electrostatic effects have to be carefully considered 

[134]. The w idth o f t he carbon-slit pores necessary to attain enhanced partition coefficients 

most likely depends on the composition of the aqueous electrolyte and, in particular, on the 

size of the ions employed. In our study, for NaCl electrolytes 7.1 Å nano-slit pore shows the 

maximum optimized performance.  
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(b) 

Fig 5. 15: Density profiles of different 1.21 M Nano slit–pore model of graphene-MnO2 

electrode (a) at neutral surface, and (b) at 0.0637e/C surface charge density. 

For a ll s lit-pore results including F ig. no . 5. 15, t he p ore d epth a long z direction i s 

approximately 6.7 Å from graphene surfaces situated in the two end of simulation box. From 

Fig. n o. 5. 15, with t he increase o f p ore w idth, s olution d ensity in p ore increases for bo th 

neutral a nd ch arged s urface. S imilar impact ha s be en o bserved for d ifferent po re w idth. 

Again, with the increase of surface charge density, first density peak decreases indicating less 

capacitance for h igh s urface c harge co nditions. T he r eason b ehind t his is t hat the solution 

density will shift t o bulk region w hereas solution density is  minimum at the bulk for neutral 

surface. 
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(a) 

 

(b) 

Fig 5. 16: Density profiles of different Nano slit–pore model of graphene-MnO2 electrode (a) 

at different solution densities with neutral surface, and (b) at different surface charge 

densities with 1.21M solution concentration. 

It can be said that with the increase of density of solution, solution density shifts towards bulk 

region after an optimum density range from Fig. no. 5.16. The optimum density range in this 

case is up to 1.75M for neutral surface as it shows highest density in slit-pore. Here for the 

2M solution first density peak decreases and density of solution shifts to the bulk region. For 
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charged surfaces, with the increase of surface charge, the density of solution increases in the 

bulk region.  As a result, density peaks decrease which indicates a reduction of capacitance. 

 

(a) 

 

(b) 

Fig 5. 17: Density profiles of Na+ ion in 1.21 M Nano slit–pore model of graphene-MnO2 

electrode (a) at different surface charge densities with 9.23Å pore, and (b) at different pore 

widths. 

To study specifically the e lectrolyte ions and their behavior in the nano s lit-pore, density o f 

Na+ ions has been observed in Fig. no. 5.17. Density of Na+ ion decreases with the increase of 
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surface charge density in the first density layer. Also, density o f Na+ ion increases with the 

increase of carbon slit pore width in the first density layer.  This observation indicates that an 

optimum pore width exists for density peaks. Our results indicate that Na+ ion is  in  increase 

at the co ntact o f negatively c harged s urface in t he first d ensity layer. B oth co mpletely 

hydrated and partially dehydrated sodium ions clustered near the negatively charged surface. 

 

(a) 

 

(b) 
Fig 5. 18: Density profiles of Cl- ion in 1.21M Nano slit–pore model of graphene-MnO2 

electrode (a) at different surface charge densities with 9.23Å pore, and (b) at different pore 

widths. 
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Again for the Cl- ion of NaCl electrolytes, from Fig. no. 5.18 it can be said that density of Cl- 

ion decreases with the increase of surface charge density in first density layer. Also, density 

of C l- ion increases w ith t he increase o f car bon s lit p ore w idth in t he first d ensity layer 

indicating a n o ptimum po re w idth for c hloride ions. O ur r esults indicate t hat the Cl- ion 

exhibits nearly similar density at the contact of negatively and positively charged surfaces in 

the first de nsity layer. B oth c ompletely hydrated a nd pa rtially de hydrated c hloride ions 

clustered near both the charged surfaces. 

From Figs. No. 5.17 and 5.18 it can be said that both Na+ and Cl- ions exhibits attraction for 

negatively c harged s urface r ather t han p ositively c harged s urface indicating h igher 

capacitance for negatively charged surface.  
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(c) 

Fig 5. 19:  7.1Å Nanoslit–pore model of graphene-MnO2 electrode (a) number of solution 

atoms inside pore at different surface charge densities (b) partition coefficients at different 

surface charge densities (c) potential profiles at different concentrations. 

As t he p revious r esults indicate t hat 7 .1Å n ano s lit-pore s hows better p erformance t han 

others, i n Fig. no . 5.19 extensive s tudy for 7. 1Å po re h as been pe rformed. From Fig. no. 

5.19(a), number o f atoms inside the pore decreases with increase of charge density which is 

maximum for 1.75M solution density at the neutral surface. With the increase o f density o f 

solution, solution density shifts towards the bulk region after an optimum density range. Here 

for the 2M solution first density peak decreases and density of solution shifts to bulk region. 

That i s w hy fewer atoms enter i nside t he po re w ith r espect to 1. 75M s olution. T hough 

number of atoms inside pore is more for 1.75M than 2M solution, partition coefficient for 2M 

is higher because of solution density shifting to the bulk solution. From the potential curve, 

1.75M solution clearly shows the highest potential peak than the other density variations for 

7.1 Å pore width indicating higher capacitance than others. 
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(e) 

Fig 5. 20: Potential profiles of 9.23Å, 1.21 M Nano slit–pore model of graphene-MnO2 

electrode (a) at 1.21M, zero charge density, (b) at 1.75M, zero charge density, (c) at 2M 

solution concentration, zero charge density, (d) at different concentrations, zero charge 

density, and (e) at different surface charge densities, 1M solution concentration. 

From Fig. no. 5.20, total potential area decreases with the increase of density of NaCl. This is 

because the resultant potential is the subtraction of water potential and electrolytes potential. 

This is because for a nanopore of 9.23Å, the numbers of electrolyte ions that can perturb the 

hydration shell t o enter the pore increases which indicate more water hydrogen and oxygen 

atoms inside a nd near t he p ore. A s a result, the water potential increase more t han N aCl 

potential a nd that is why the to tal p otential decreases. Again, w ith t he increase o f s urface 

charge d ensity, total p otential ar ea d ecreases. Comparing both S litpore a nd non-slitpore 

potential c urves, s litpore pot ential c urves ( peak a t 4. 5V) s how more pot ential t han non 

slitpore cases (peak at 4V). As electrolytes enter slit-pores for this model, the potential curve 

starts from the pore of the electrodes and as a  result total potential increases [136]. As, t he 

Helmholtz capacitance increases linearly with the bias voltage, it can be said that capacitance 

increases for nano slit-pore model.  

In t his s tudy, a n improved e lectrode has been proposed which ca n be ca lled t he ‘nano slit-

pore model’. For better understanding, this improved model can be divided into two sections.  
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First section is the slit-pores. The slit-pores are surrounded by graphene electrode surface as 

border. S econd s ection co nsists o f g raphene-MnO2 electrode s urface p erpendicular t o f irst 

section which is similar to without slit-pore model (planer model). In case of this model, both 

the inner edges of graphene and the flat surface of graphene-MnO2 is simultaneously attracts 

solvent e lectrolytes ions. As a r esult, combined e ffect o f t wo el ectrode-electrolytes 

interaction will s ignificantly increases the specific capacitance as  shown in potential curves 

than the typical planer model. 



CHAPTER 6 

Conclusion and Recommendation  
 

6.1 Conclusion 

A c omprehensive s tudy for t he better un derstanding of the graphene-MnO2 supercapacitor 

has been p erformed using c omputational a nd e xperimental t ools in t his study. The 

computational analysis ha s be en performed using molecular dynamics tool (LAMMPS) and 

the ex perimental p art as sociates e xperiments like c yclic voltammetry ( CV) a nd 

chronopotentiometry. T he main o bjectives o f t his s tudy a re t o pr ovide t he inside view o f 

graphene-MnO2 structure in supercapacitor applications and to provide an optimized model 

for better performance. From the present analysis, following conclusions can be drawn: 

i. From t he e xperimental a nalysis, nanostructured MnO2 over g raphene sheet shows a 

specific capacitance of 261 F/g at current density 0.07 mAcm-2 which indicates a good 

potential o f graphene-MnO2 electrode for EDLC application. Atomistic study using 

MD s imulation r eplicating t he e xperimental study p rovides a better i nsight to 

optimize the system to enhance its energy storage capability.  

ii. Form MD simulation, with the increase of surface charge, first density peak of solvent 

atoms (water) decreases for all concentrations and for all pore width due to dielectric 

saturation.  

iii. Charging co nditions a ffect t he o verall cap acitance v alues. H igh electrode s urface 

charges will enhance the attraction of counter ions towards graphene-MnO2 electrode 

and thus reduce the thickness of EDLs. 

iv. Higher surface charging condition will reduce the water dielectric constants and thus 

cause a s ignificant d rop of cap acitance, w hich is a lso o bserved w ithin t he 

experiments. 

v. Enhanced partition coefficient indicates higher specific capacitance which depends on 

optimum pore width, composition of aqueous electrolytes and size of ions. 

vi. The MnO2-graphene electrode demonstrates outstanding capacitive behavior with low 

charge transfer resistance owing to the double layer charge storage and also with the 



implementation o f unique pore structure (nanopores). The h igh surface area resulted 

from nanopores was very beneficial for the accumulation of electrolyte ions.  

vii. The s litpore model studied in this work offers an improved design which consists of 

two s ections.  First s ection is t he p ores w ith g raphene electrode s urface a s border. 

Second s ection co nsists o f g raphene-MnO2 electrode s urface p erpendicular t o f irst 

section w hich is s imilar t o w ithout s litpore (planer) model. C ombined e ffect o f t wo 

electrode-electrolytes interaction significantly increases the specific capacitance.  

viii. Thinner EDL from electrolytes ion will provide small electrolyte potential (Uion), thus 

a r eduction in d ielectric co nstant t hat largely c ancels o ut t he b eneficial effect o n 

capacitance from a thinner EDL. 

ix. The water solvent also plays an important role in determining the capacitance values 

at g raphene-MnO2 cathodes a nd a nodes. N aCl has a  w eaker electrolyte p otential 

(Uion) of g raphene-MnO2 anode t han t hat of g raphene-MnO2 cathode, yet t he total 

potential ( Utot) shows an  o pposite t rend. T his is b ecause t he ca lculated dielectric 

constants of water (εwater) in anode side are significantly lower than the results for that 

in cat hode. T his might be u nderstood i n t erms of t he r e-orientation o f t he w ater 

molecules in the first water layer under different electrical fields. The water molecules 

in t he first w ater l ayer naturally have o ne o f its O –H bonds p ointing t oward the 

graphene-MnO2 surface (with zero charge). At the anode surface, the positive charge 

has to overcome such a tendency to re-orientate the O-H bond pointing away from the 

anode s urface. I n o ther w ords, the w ater molecules near t he a node s urface are 

relatively more difficult to be polarized and thus the dielectric constant is smaller. In 

the end, the ca lculated capacitance values o f graphene-MnO2 anodes are lower than 

that of cathodes. 

x. In the diffusive layer, U ion gradually approaches the reference state (i.e., zero in bulk 

electrolyte). 

xi.  Our f indings clearly h ighlight that the in clusion slitpore using e dge d efects in 

graphene-MnO2 electrodes can dramatically improve EDL capacitance and therefore 

the overall performance of supercapacitors. 

 

 



6.2 Recommendation 

The following r ecommendations c an be suggested for further w ork for a nalyzing a tomistic 

structure of EDLC in a more comprehensive manner: 

i. The p resent s tudy has adopted c onstant s urface ch arge method f or the s imulation 

domain t hough c onstant po tential s imulations can provide more r easonable do uble 

layer r elaxation t imes. As co nstant potential simulations r equire high co mputational 

power, future studies might include this method to achieve more accurate results for 

ion-ion interaction.  

ii. The nano-slit p ore model de veloped in t his pr esent s tudy s hould be studied w ith 

different electrolytes and w ith larger s imulation domain to understand i ts maximum 

capability for capacitance enhancement.  

iii. The pr esent s tudy has incorporated M nO2 layer over g raphene s heet an d observed 

improvement o f energy storage performance. Incorporating M nO2 inside the pore o f 

nano-slit pore model can be another potential research idea in the field of improving 

performance of electric double layer supercapacitor. 

iv. Specific c apacitance may b e calculated from the d ielectric co nstant and layer 

thickness using different mean-field theory (MFT) such as the Gouy–Chapman (GC) 

EDL model a nd G ouy–Chapman–Stern (G CS) model which can g ive further 

information to compare the performance of simulation models. 
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Appendix–B: Energy Dispersive X-Ray Spectroscopy (EDX) Analysis 

 

 



 

 

 




