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Abstract 

Renewable energy (RE) is expected to be the primary energy supplier in the future 

energy mix. This has created the necessity for low-cost, safe, and reliable energy 

storage to guarantee a continuous energy supply by the intermittent RE sources. Due 

to the inbuilt rich chemistry of manganese dioxide (MnO2) and the advantageous 

characteristics; of low cost, environmentally friendliness, and nontoxic, it can be 

adapted for a wide range of applications such as biosensors, humidity sensors, 

catalysts, and so on. Among the different forms of MnO2, electrolytic manganese 

dioxide (EMD) is well-demanded energy storage material. However, the limitations 

such as lower capacitance, irreversibility, and cyclability of EMD in comparison with 

other metal oxides such as cobalt and nickel oxides, have hindered its application in 

capacitor energy storage, which was one of the focuses of this thesis.  

Therefore, this Ph.D. research project aimed at synthesizing modified EMD materials 

as the positive electrode for hybrid capacitor applications. The modified EMD was 

coupled with the biomass-derived activated carbon (AC) which is synthesized as the 

negative electrode to fabricate hybrid capacitors. This Ph.D. research work has 

contributed to the existing knowledge through the following: 1) synthesizing pristine 

EMD using galvanostatic electrodeposition and studying its suitability for capacitor 

applications via experimental and theoretical analysis, 2) biopolymer alginate assisted 

EMD synthesis and optimization via experimental and computational modeling, 3) 

studying the effect of varying surfactants to improve the electrochemical 

characteristics of EMD, 4) synthesis of biomass waste-derived activated carbon and 

modeling their parameters for capacitance prediction.    

The results indicated the challenge and importance of the delicate tailoring of the EMD 

characteristics for capacitor application. Pristine EMD was synthesized under different 

electrodeposition experiment conditions by varying applied current density (100, 200, 

300 A m-2) and deposition duration (4, 5, 6 h). The electrodeposition was carried out 

in a low acidic medium electrolytic bath where a lead (Pb) anode and stainless steel 

(SS) cathode were used. The EMD was deposited on the Pb anode via Mn2+ oxidation 

to form Mn4+ and its oxide MnO2. The physicochemical and electrochemical 

characterization of the obtained EMD powder concluded that the material deposited at 
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200 A m-2 for 5 hours, showing the spindle-like morphology was suitable over others 

for supercapacitor (SC) application. The pristine EMD at these experimental 

conditions delivered 98 F g-1 capacitance at 1 mA cm-2 applied current density tested 

in 2 M NaOH aqueous electrolyte and proved its potential development by modifying 

its characteristics. Therefore, the pristine EMD was modified by introducing the 

biopolymer alginic acid crosslinking to improve its electrochemical performance. The 

alginic acid was added to the electrolytic bath at varying concentrations; 0, 0.1, 0.25, 

0.5, and 1 g l-1, to optimize the added bio-polymer amount to maximize the 

capacitance. At 0.5 g l-1, the pristine EMD morphology was rearranged to a cactus-

shaped with flutes. The calculated specific capacitance of the modified EMD was ~5 

times higher (487 F g-1) than the pristine EMD. The molecular dynamics simulation 

results determined the polymer-ion interactions in the electrolytic bath and provided 

evidence, showing that the alginic acid could act as a template for binding the Mn2+ 

ions in a relatively ordered manner for the growth of the EMD deposit. 0.42 of 

pyrolusite and 0.58 of ramsdellite fractions present in the modified material were 

quantitatively determined using the neutron powder diffraction (NPD) data. The slight 

increments of the lattice spacing observed in high-resolution transmission electron 

microscopy (HRTEM) images were well aligned with the NPD results of unit cell 

volume expansions of the EMD-polymer composite showing the polymer intercalation 

within the EMD structure influencing its characteristics. At 2 mA cm-2, the fabricated 

hybrid capacitor delivered 52 F g-1 specific capacitance, 14 Wh g-1 specific energy, 

500 W g-1 specific power, and 94 % capacitance retention over 5000 cycles. The results 

highlighted the importance of the functional molecular structure of the biopolymer 

alginic acid to produce a binary composite of EMD-polymer as a capacitor material.     

Further, the pristine EMD was modified by electrodepositing the MnO2 using 

surfactant mediated electrolyte solutions. The electrochemical performance of the 

synthesized EMD in the presence of three novel cationic surfactants was compared 

with the pristine EMD and the EMD co-deposited with commonly used 

cetyltrimethylammonium ammonium bromide (C-AB) surfactant. The three 

surfactants with different molecular structures are Tetradecyltrimethylammonium 

bromide (T-AB), Didodecyldimethylammonium bromide (D-AB), 

Benzyldodecyldimethylammonium bromide (B-AB) used at varying concentrations 

(15, 30, 60 g l-1) in the electrolytic bath. Among the B-AB surfactant at 30 mg l-1, the 
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EMD (EMD/B-AB30) showed the highest capacitance of 602 F g-1 tested at 1 mA cm-

2 current density. The molecular dynamics simulation indicated that when the B-AB 

surfactant was attached to the Pb electrode via electrostatic, Van der Walls 

interactions, then the nucleation of MnO2 particles occurred surrounding the surfactant 

molecule. The unique molecular structure influenced the nucleation formation well-

ordered, whereas, for pristine EMD, the nucleation was random. The hybrid capacitor 

comprises the best performed modified EMD (EMD/B-AB30), and biomass waste-

derived AC exhibited 91 F g-1 specific capacitance, an outstanding energy density of 

32.4 Wh kg-1 for a corresponding power density of 971 W kg-1. 

Valorization of the biomass waste, Mango seed husk (MS), and the Grape marc (GM) 

was carried out by converting the waste into AC for capacitor electrodes. The MS was 

carbonized, followed by chemical activation using KOH as the activating agent. 

Activation temperature was varied at 800, 900, 1000, and 1100 °C temperatures, 

among at 1100 °C highest surface area of 1943 m2 g-1, and the specific capacitance of 

135 F g-1 was obtained for the MS-AC. The MS-AC experimental data were 

incorporated in four machine learning (ML) algorithms; linear regression (LR), 

decision tree (DT), support vector regression (SVR), and multi-layer perceptron 

(MLP) for capacitance prediction. Among, the MLP model showed the best correlation 

(R2 = 0.9868) between the experimental and predicted capacitance values and proved 

its potential application for computing the complex non-linear relationships between 

the input and output datasets. Further, the porous carbon materials were derived from 

GM using four synthesis routes by varying the parameters of activating agent (KOH 

and ZnCl2), dopant (Nitrogen), and carbonization (450, 600 °C) and activation (450, 

800 °C) temperatures. Among the different GM-AC products, the GM carbon, doped 

with urea and activated by KOH (KACurea), exhibited better morphology, hierarchical 

pore structure, larger surface area (1356 m2 g-1), and the highest specific capacitance 

of 139 F g-1 in 2 M NaOH aqueous electrolyte. The miscellaneous collection of 

datasets based on AC experiments was used for specific capacitance and power 

prediction using the MLP ML model.  

Overall, this thesis showed that the EMD could be produced in bulk to be used for 

hybrid capacitor applications. Particularly, it provided insights about the specie 

interactions in the electrolyte solution that improved the material performance. This 

built the platform for further studies on altering the additive concentrations and 
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combinations for developing high-performing EMD materials. This Ph.D. work also 

highlighted the opportunities to valorize the biomass waste to produce AC with desired 

characteristics of hierarchical pore structure, larger surface area, etc., to replace the 

conventional AC electrodes. Finally, the electrochemical performance of the hybrid 

capacitor fabricated using best performed EMD material (EMD/B-AB30) and biomass-

waste derived AC (MS-AC 1100) surpassed the energy density values of the existing 

supercapacitors, proving its potential development in commercial applications. 
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Chapter 1. Introduction 

 

1 

Chapter 1 Introduction 

The historical figure of fossil fuel consumption is as old as human civilization. The 

fossil fuel types; coal, crude oil, and natural gas, played a constructive role in 

prehistoric times, supporting the evolution of humankind and still continue. Ever since, 

for more than two centuries, the energy requirement has increased due to growing 

population, technological development, economic development, and so forth. Fossil 

fuel occupies more than 80 % of the world’s primary energy generation for 

transportation, domestic usage, thermal power stations, etc. On the one hand, the large 

energy consumption depletes the fossil fuel reserves, while on the other hand, it 

increases the global climate change risk. Since the late 1970s, a significant increment 

in average global temperature has been experienced, which has resulted in this tragic 

incident of global warming due to the emission of greenhouse gases, primarily carbon 

dioxide (CO2). The other compounds such as CH4, CFCs, halons, NOx, SOx, ozone, 

and peroxyacetyl nitrate also contribute to this phenomenon as heat-trapping gases. In 

fact, it has already alarmed about the energy crisis in the near future, which requires 

proactive solutions to fulfill growing energy demand [1–6].  

Renewable energy is the best alternative to fossil fuel due to its desired qualities of 

being replenished, nearly zero carbon impact on the environment, and less operational 

cost. It will help achieve dual objectives of shifting to alternative energies while 

making the adverse effects of climate change minimal [7,8]. These natural energy 

resources, hydropower, biomass, solar, wind, geothermal, wave, and tidal, are 

converted into usable forms of energy such as electricity, heat, and fuel. Among those 

applications, solar home systems and water heaters are already on the market [5,9]. 

Currently, renewable energy supplies ~18 % of the total energy consumption, and it is 

expected to have a 30-80 % share in 2100. Thus in the future, it will be a prominent 

contributor to the energy mix to fulfill the growing energy demand [9,10]. It has been 

reported that renewable energy can provide 3000 times more magnified amounts than 

the current energy needs [8]. Solar and wind are the most effective, while the biomass, 

geothermal, marine, and hydro will fulfill the rest. According to the estimations, by 

2035, a higher portion of the energy generation, nearly 31 %, will be used for 

electricity generation [8]. Even if it is sufficiently good compared to fossil fuel, 
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renewable energy sources depend on the time of the day and weather conditions. Thus, 

the rapid advancement of energy storage technologies is required for the efficient use 

of renewables to avoid the issues of energy shortages [7,11]. Batteries, fuel cells, and 

capacitors currently exist; however, none of them can be used as a standalone solution 

for energy storage. Therefore, the present energy storage systems should be improved 

while searching for new breakthroughs. Supercapacitors (SC) have several advantages, 

such as fast charging, longer cycling over conventional capacitors. However, the low 

energy density, cost of synthesis, availability of material resources are still 

challenging, therefore these aspects are presently being explored worldwide. 

The capacitors, a form of electrical energy storage invented in 1745, have been 

developed into SCs with relatively higher energy densities. The conventional capacitor 

(dielectric capacitor) was composed of a pair of conducting plates (ceramic, glass, 

paper, plastic, aluminium oxide) separated by a dielectric medium. The plates get 

oppositely charged to form an electric double layer (EDL) by applying voltage from 

an external power supply. Accumulation of the opposite charges at the plates is shown 

in Figure 1.1. When connected to an external load, the current flows, and the entire 

amount of charge is delivered as energy. Due to the charge which is physically stored, 

the charge-discharge is highly reversible; hence the capacitor has an unlimited cycle 

life. 

 

 

 

 

 

  

 

 

 

Figure 1.1 Charge arrangement in a dielectric material at the charged state of a 

conventional capacitor. Reproduced from ref. [12] with permission, copyright 2015, 

Wiley Online Library. 
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The charge stored (𝑄) is proportional to the capacitor voltage (𝑉), and the capacitance 

(𝐶) is the proportionality constant as given in the equation (1.1). 

 

 

The capacitance (𝐶 in Farad/F) is directly proportional to the geometric area of the 

plate (𝐴 in m2) and inversely proportional to the separation distance between the two 

plates (𝑑 in m), also depends on the permittivity (𝜀 in F m-1) of the medium. 

Accordingly, the capacitance is given by the equation (1.2). 

 

 

The major drawback of the conventional capacitor is its low energy density. As 

evidenced by equation (1.2), increasing the surface area leads to higher capacitance. 

As a result, supercapacitors (SCs) were invented in 1957, unlike the conventional 

capacitors, the SCs are composed of high surface area materials and store more charge 

to deliver high capacitance values (Figure 1.2). Henceforth, the SCs are still being 

developed to bridge the gap between the capacitors and batteries. The SCs can be either 

symmetric or asymmetric configurations. In symmetric capacitors, both electrodes 

have the same capacitance, whereas in asymmetric, the two electrodes are different in 

terms of charge storage mechanism. In order to achieve the higher energy densities, 

increasing the specific capacitance of carbon-based electrodes by synthesizing novel 

carbon structures, developing pseudocapacitors using transition metal oxides, and 

conducting polymers (CPs), new electrolytes to enlarge the cell voltage are possible 

approaches. 

 

 

 

 

 

 

 

(1.1) 𝑄 = 𝐶𝑉 

(1.2) 𝐶 = 𝜀𝐴/𝑑 
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Figure 1.2 Schematic representation of the charged state of high surface area SC 

electrodes. Reproduced from ref. [12] with permission, copyright 2015, Wiley Online 

Library. 

Generally, an SC can provide a high-power density (>10 kW kg-1) and long cycle life 

(>10000 cycles) but lower energy density (~5 Wh kg-1). SCs have a wide range of uses, 

such as portable electronic devices, memory backup systems, industrial power, and 

energy management [13]. Batteries tend to degrade during their continuous usage, 

which has also been overcome by the SCs [14]. The energy density (𝐸) is proportional 

to the specific capacitance (𝐶𝑠𝑝) and the square of the cell voltage (𝑉). The power 

density at a constant current relies on the energy value and the discharge time (𝑡𝑑). For 

energy and power densities, the relationships are given by equations (1.3) and (1.4), 

respectively [15]. 

 

 

 

 

Increasing either or both of 𝐶𝑠𝑝  and 𝑉 can scale up the energy density. The hybrid 

capacitors are composed of both battery type (e.g., metal oxide) and capacitor type 

(e.g., carbon) electrodes which can widen the application scope of the energy storage 

devices by increasing the energy densities without compromising the high-power 

(1.3) 𝐸 =
1

2
𝐶𝑠𝑝𝑉2 

(1.4) 𝑃 =
𝐸

𝑡𝑑
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densities of capacitors. When coupling the two electrodes, it is essential to analyze 

their individual performance in an electrochemical cell to establish the potential 

window and calculate the capacitance. For this purpose, the electrochemical cell can 

be constructed using three electrodes: the working electrode (WE - with the material 

being analyzed), the counter electrode (CE - which completes the circuit allowing 

charge to flow through the cell), and the reference electrode (RE - which keeps 

constant potential independent of the solution properties), and an electrolyte solution 

as the ion-conducting medium. The electrode’s surface acts as a junction between the 

ionic conductor and the electronic conductor. Figure 1.3 shows a schematic diagram 

of the three-electrode system.  

 

 

 

 

 

 

 

 

 

Figure 1.3 (A) Schematic representation of an electrochemical cell with three 

electrodes: working electrode (WE), counter electrode (CE), and reference electrode 

(RE). Reproduced from [16], open-access Creative Commons CC BY 4.0 license, 

MDPI., (B) The three-electrode cell composed of EMD (WE), Pt wire (CE), and 

Hg/HgO (RE) we have used for electrochemical performance tests of EMD in the 

laboratory at Murdoch University. 

 

Once each electrode’s potential window and the capacitance are determined, they can 

be used to construct the hybrid cell to maximize its performance. Cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 

A B 
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spectroscopy (EIS) are the three widely used techniques in electrochemical 

performance analysis.  

CV is the first analysis to carry out in electrochemical studies. CV studies give the 

details of the redox potentials of electroactive species, the potential window, faradaic-

non faradaic contribution, and the effect of scan rate. The scan rate is the crucial 

parameter that can be changed over the experiment. The value of the scan rate indicates 

how fast the applied potential is varied. If the scan rate is at a constant value, the 

potential is linearly varied throughout the experiment. At low scan rates, the measured 

capacitance can be maximum, whereas the faster scan rates cause reducing the size of 

the diffusion layer, as a result, higher CV currents and lower capacitances can be 

observed. The obtained CV results can be reported using two conventions as given in 

Figure 1.4. The cathodic and anodic peaks (characteristic peaks shown in Figure 1.4) 

in the CV profiles occur due to a diffusion layer formation near the electrode surface. 

The diffusion layer thickness expanded with the surface concentration. The peaks 

reflect the continuous changes in the concentration. An increase in the peak current 

corresponds to diffusion control. When the starting potential is lower, then it gains a 

higher potential, referred to as anodic oxidation. The opposite is known as cathodic 

reduction [17]. The total charge passed is calculated from the CV by integrating the 

current with respect to voltage, then converted to specific capacitance as in the 

equation (1.5). 

 

 

 

where, 𝐶𝑠𝑝,𝐶𝑉 - specific capacitance given by CV measurements (F g-1), 𝑖 - current 

(A), 𝑉𝑠 - scan rate (V s-1), 𝑚 - active mass of working electrode (g), ∆𝑣 =  (𝑣+ − 𝑣−) 

- potential window (V). For a three-electrode cell, the voltage is applied with respect 

to the reference electrode.  

 

(1.5) 𝐶𝑠𝑝,𝐶𝑉 = න
𝑖 𝑑𝑣

𝑉𝑠𝑚∆𝑣
=

𝑄

𝑚∆𝑣

𝑣+

𝑣−
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Figure 1.4 Commonly used conventions to report CV data. Reproduced from ref. [18] 

with permission, copyright 2018, ACS Publications. 

 

The equilibrium of two concentrations of the specie at its oxidation state and the specie 

at its reduction state can be described by the Nernst equation. The Nernst equation 

relates the electrochemical cell potential (E) to the standard potential of species (E°) 

and the relative activities of the oxidized (Ox) and reduced (Red) analyte in the system 

at the equilibrium; 

 

 

where, 𝐹 – Faraday’s constant, 𝑅 – Universal gas constant, 𝑛 – number of electrons, 

and 𝑇 – temperature. The duck shape of the voltammogram (Figure 1.4) is due to 

several factors such as the concentration of oxidized vs. reduced forms relative to the 

distance from the electrode surface, the potential applied, and the movement of species 

between the electrode surface and the bulk solution. As a result, anodic and cathodic 

peaks can be observed in that the peak separation happens due to diffusion of the 

analyte to and from the electrode. If the reactions are reversible by means of chemically 

and electrochemically, the difference given by the anodic and cathodic peak potentials 

is called peak to peak separation (∆𝐸𝑃), is 57 mV at 25 °C (2.22 RT/F), and the width 

at half max on the forward scan of the peak is 59 mV [17].  

Chemical and electrochemical reversibility is essential for a better performing 

material. In order to be chemically reversible, the analyte must be stable upon 

reduction reaction and be reoxidized. Typically, the process is not chemically 

reversible when the reduction reaction is homogeneous. Electron transfer kinetics 

(1.6) 𝐸 = 𝐸° +
𝑅𝑇

𝑛𝐹
𝑙𝑛

(𝑂𝑥)

(𝑅𝑒𝑑)
 = 𝐸° + 2.3026

𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔10

(𝑂𝑥)

(𝑅𝑒𝑑)
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between the electrode and the analyte affects the electrochemical stability. The 

unstable electrochemical processes cause larger values of ΔEp as it requires more 

negative (positive) potentials for reduction (oxidation). The electrochemically 

reversible process is known as “Nernstian” since that follows the Nernst equation (1.6).  

In addition to the CV, galvanostatic charge-discharge (GCD) measurements can be 

used to determine the specific capacitance using the equation (1.7). The GCD tests are 

conducted at a constant charge/discharge current density. It can be used to determine 

the performance over time, the effect of different current densities, capacitance 

retention, etc. Figure 1.5 demonstrate the typical charge-discharge curves obtained for 

EDLC and pseudocapacitive materials. 

 

 

where, 𝐶𝑠𝑝,𝐶𝐷 - specific capacitance given by charge-discharge measurements (F g-1), 

𝑖 - specific current (A), ∆𝑡 - discharge time (s).  

 

 

 

 

 

 

 

Figure 1.5 Galvanostatic charge-discharge plots of (a) EDLC and (b) pseudocapacitive 

materials. Reproduced from ref. [19] with permission, copyright 2015, John Wiley & 

Sons, Ltd. 

Electrochemical impedance spectroscopy (EIS) is also an effective technique for 

understanding electrochemical reaction rates. Impedance is the complex resistance 

encountered when current flows through a circuit of combinations of resistors, 

capacitors, or inductors. Electrochemical transformation occurring at the electrode-

solution interface can be modeled using components of the electronic equivalent 

(1.7) 𝐶𝑠𝑝,𝐶𝐷 =
𝑖 ∆𝑡

𝑚 ∆𝑣
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circuitry that correspond to the experimental impedance spectra. Particularly useful to 

model interfacial phenomena is the Randles and Eshler electronic equivalent-circuit 

model (Figure 1.6). It includes the double-layer capacitance (𝐶2), the ohmic resistance 

of the electrolyte solution (𝑅1), the electron transfer resistance (𝑅2), and the Warburg 

impedance (𝑊2) resulting from the diffusion of ions from the bulk solution to the 

electrode surface. The impedance of the interface derived by the application of Ohm’s 

law consists of two parts, a real number 𝑍′ and an imaginary number 𝑍′′ [20]. Nyquist 

plots commonly include a semicircular region lying on the axis followed by a straight 

line. The semicircular portion (observed at high frequencies) corresponds to the 

electron-transfer limited process, while the straight line (characteristic of the low-

frequency range) represents the diffusion-limited process. Such spectra can be used 

for extracting the electron transfer kinetics and diffusional characteristics. An 

impedance spectrum includes only a linear impedance representing a very fast electron 

transfer process, while a large semicircular region characterizes a very slow electron 

transfer process.  

 

 

 

 

Figure 1.6 Randles circuit model fits the EIS data (drawn using the Z-fit tool in EC-

Lab software. 

When constructing the asymmetric/hybrid capacitor cell, the overall capacitance of 

two electrodes in series can be expressed as in equation (1.8) [21]. 

 

 

 

where, 𝐶− - capacitance given by the negative electrode, 𝐶+ - capacitance given by the 

positive electrode, 𝐶𝑇 - cell capacitance. When the two electrodes are identical 

(symmetric capacitor), the total capacitance becomes half of the electrode’s 

capacitance. If the two electrodes have different capacitance values, 𝐶𝑇 is dominated 

(1.8) 
1

𝐶𝑇
=

1

𝐶−
+

1

𝐶+
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by the electrode with a smaller capacitance. As discussed before, to increase the energy 

density of the capacitor, one electrode can be substituted using an alternative electrode 

with very high capacitance to fabricate an asymmetric/hybrid cell, which can be 

explained as follows. 

Assume that, 𝐶+ is the highest capacitance, then, 𝐶+ ≫ 𝐶−, thus 
1

𝐶𝑇
≈

1

𝐶−
, therefore, 

𝐶𝑇 ≈ 𝐶−. In this case, the capacitance obtained from the asymmetric cell nearly 

becomes twice the value for the symmetric cell. 

In addition, the mass ratio of the two electrode materials should be optimized when 

used in the asymmetric/hybrid device to achieve its optimum performance in terms of 

specific energy. The following relationships are given in equations (1.9) [21] and 

(1.10) [22] are commonly used to maximize the capacitance and the cell voltage, 

respectively.  

 

 

 

 

 

where,  𝑚+ - mass of the positive electrode, 𝑚− - mass of the negative electrode, ∆𝐸𝑚
− 

- the potential window of the positive electrode, ∆𝐸𝑚
+ - the potential window of the 

negative electrode.  

Accordingly, new asymmetric/hybrid capacitor energy storage devices can be 

developed using the two electrode types; a suitable battery-type material (nickel 

oxides, cobalt oxides, iron oxide, manganese oxides, etc.) and a porous carbon 

material. As previously mentioned (in paragraph 2), increasing use of non-steady 

renewable energies requires such systems with high specific energy and power, longer 

cycle life, low cost, and safety. It should be noted that it also concerns the material 

resource abundance, cost of synthesis, and recycling processes of the used materials. 

In fact, for all energy storage technologies, using the materials causing minimum 

footprint on the environment, eco-efficient synthesis, and recycling should be 

(1.9) ቆ
𝑚+

𝑚−
ቇ

𝐶𝑇𝑚𝑎𝑥

= ඨ
𝐶−

𝐶+
 

(1.10) ቆ
𝑚+

𝑚−
ቇ

𝐶𝑇𝑚𝑎𝑥

=
𝐶− ∆𝐸𝑚

−

𝐶+ ∆𝐸𝑚
+ 
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considered in new research towards energy storage development. Mn is one of the 

most abundant metals and sustainable and has a high demand in the battery field. The 

potential use of Mn to produce the capacitor electrodes using facile, efficient synthesis 

can be examined and integrated into the energy storage field. In this thesis, we have 

focused on utilizing the electrolytic manganese dioxide (EMD) and biomass waste-

derived porous activated carbon (AC) materials as positive and negative electrodes, 

respectively, to construct hybrid capacitors and optimize their performances. Figure 

1.7 represents the two-electrode cell composed of EMD (+) and AC (-) electrodes used 

for electrochemical performance tests. 

 

  

 

 

 

 

 

 

Figure 1.7 Electrochemical cell with two electrodes (EMD vs. AC). 

Manganese dioxide (MnO2) has a relatively long history as a battery material, 

commonly used in primary 1.5 V Zn/MnO2 cells. Additionally, it can be found in 

rechargeable lithium-ion (Li-ion) batteries in the form of Li1-xMn2O4 incorporated as 

a cathode material [23]. In addition, the MnO2 can be employed in supercapacitors 

(SCs) due to its high theoretical capacitance of ~1370 F g-1, the fast redox chemical 

reactions at the electrode surface leading to high power densities in electrochemical 

performance. The other advantageous factors are low cost, low toxicity, and abundance 

on the earth [24–26]. MnO2 materials are generally synthesized using thermal 

decomposition, co-precipitation, simple reduction, hydrothermal, sol-gel, micro-

emulsion process, etc. Depending on the method, the MnO2 material can have diverse 
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crystallographic forms (amorphous and crystalline), morphology, surface, and pore 

properties that affect its electrochemical performances [27].    

An electrochemical synthesis method was used in this thesis to produce the manganese 

dioxide electrode material of γ-MnO2 in bulk by depositing it onto an anode electrode. 

The anodic oxidation technique was used to convert Mn2+ to its higher oxidation state, 

Mn4+, by electrolysis. The archetypal explanation of electrochemical synthesis is 

passing an electric current between two or more electrodes. The synthesis occurs at the 

electrode-electrolyte interface, where the electrolyte separates the electrodes from 

contact with each other. In this method, a potential gradient is applied at the electrodes 

directing to electrodeposit the material, which cannot be expected from chemical 

synthesis. The product obtained by the electrochemical synthesis in this thesis is γ-

MnO2, which will be discussed in the following chapters as a primary focus of this 

thesis. Generally, this is carried out at lower temperatures as it cannot exceed the 

boiling point of the electrolyte. The current and voltage applied to the cell control the 

kinetics and thermodynamics of the system. Besides, the choice of parameters, namely, 

electrode type, electrolyte, temperature, pH, solution composition, type of cell, and 

electrolysis mode, determines the deposited product quality. Generally, the electrolysis 

method can be either way of potentiostatic (PS) [28] or galvanostatic (GS) [29,30], 

depending on the applied voltage or current. A three-electrode cell is needed to carry 

out the PS synthesis where the desired potential is applied to the electrode with respect 

to the reference electrode. Thus, it tends to give a pure single-phase product in this 

case. The galvanostatic synthesis is used in this Ph.D. thesis as it can produce the 

electrochemically active γ-MnO2 phase of electrolytic manganese dioxide (EMD) 

from an Mn2+ electrolyte solution. A step-by-step process of bulk synthesis of EMD 

followed in this thesis is given in Figure 1.8(A-K). Initially, the pristine EMD material 

was synthesized and characterized. Then EMD was modified using the additives such 

as bio-polymer and surfactants to obtain high-quality EMD materials, which is one of 

the objectives of this thesis. The EMD (γ-MnO2) is composed of pyrolusite and 

ramsdellite intergrowth structure. Additionally, GS controls the reaction rate leading 

to a perfect adherence of the deposit to the electrode with controlled morphology 

[31,32]. Therefore, the manganese dioxide materials were synthesized using the 

electrochemical method and were tested as positive supercapacitor electrodes. 
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Material modifications were conducted and studied via computational modeling to 

improve the electrochemical performance of the EMD electrodes.  

 

 

 

 

 

 

Figure 1.8 (A) Manganese sulfate precursor, (B) Preparing the electrolyte solution 

using Manganese sulfate, Sulfuric acid, and Deionized water, (C) Polished Lead (Pb) 

anode used in the galvanostatic anodic electrodeposition. 

 

 

 

 

 

 

 

 

Figure 1.8 (D, E) Electrodeposition is taking place at the anode (electrode-left side), 

(F) Power supply to the process showing constant current of 0.59 A. 

 

 

A 

B 

C 

D E F 
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Figure 1.8 (G) The electrode after the electrodeposition experiment - MnO2 deposited 

on the Pb anode, termed as ‘EMD’, (H) Scrapped EMD material from the Pb anode 

without damaging the Pb surface to avoid Pb contamination.  

 

  

 

 

 

 

Figure 1.8 (I) EMD flakes after scraping the material from the Pb anode, (J, K) Ground 

EMD powder is used for further physicochemical and electrochemical 

characterization.  

The battery-type materials (EMD in this thesis) are used as the positive electrode in 

hybrid capacitors, and the carbon-based electrodes are used as the negative electrodes. 

Types of carbon can be such as carbon nanotubes, activated carbons, and carbon 

aerogels that possess attractive features of affordable cost, high conductivity, and high 

thermal and chemical stability. When employed in the capacitor devices, they also 

show near electrochemical double-layer capacitance (EDLC) behavior [33]. In this 

G H 

I J K 
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Ph.D. work, the porous AC has been synthesized using biomass waste carbon 

precursors using thermo-chemical treatment methods. The step-by-step synthesis AC 

used in this thesis is shown in Figure 1.9(A-H). The experimental conditions have been 

optimized, and machine learning (ML) models have been integrated with the collected 

input data (synthesis temperature, dopant amount, morphology, etc.) to predict the 

capacitance performance in SCs. Finally, a hybrid capacitor composed of modified 

EMD and biomass waste-derived AC was tested in an aqueous electrolyte, which 

showed potential use in the capacitor field. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 (A) Mango seed waste, (B) Mango seed husk obtained from the mango 

seed, (C) Ground Mango seed husk (MS) powder, (D) Grape marc (GM) from winery 

waste, (E) Ground Grape marc powder. 
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Figure 1.9 (F) Carbonization and activation carried out using the vertical furnace, (G, 

H) Carbonized and activated biomass waste. 
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Chapter 2 Review of the progress of 

electrochemical capacitor materials 

for energy storage application 

2.1. Introduction 

The electrochemical capacitors (ECs) can store relatively higher energy content than 

conventional ones. With their advantages, such as fast charge-discharge, long cycle 

life, and broad operating temperature ranges, the ECs are useful in different 

applications (e.g., hybrid or electric vehicles). However, some challenges still exist, 

mainly the lower energy density than batteries, requiring the development of novel and 

high-performing materials. One approach is combining both battery and capacitor 

electrodes in a cell as a hybrid capacitor that can yield higher energy density. The 

oxides of ruthenium, nickel, cobalt, iron, and manganese are a few battery material 

types that can be employed in capacitors. Manganese-based oxides are used as a 

cathode material in primary (manganese dioxide-zinc, primary lithium battery) and 

secondary batteries (manganese dioxide-zinc, lithium-ion battery) in aqueous and non-

aqueous battery systems. Besides, manganese-based oxides are widely used in 

capacitor applications due to their pseudocapacitive behavior. Among the available 

forms of manganese dioxides, the γ-MnO2 form is the most electrochemically active 

form of manganese dioxide due to the random growth of ramsdellite and pyrolusite. 

Electrodeposition is one of the processes to synthesize γ-MnO2, which is widely called 

as “electrolytic manganese dioxide (EMD)”. The synthesized EMD can be coupled 

with the carbon to fabricate the hybrid capacitors to obtain higher electrochemical 

performances resulting in larger storage. Therefore, the review in this chapter 

summarizes the perspective of EMD positive electrode materials that can be deployed 

in hybrid capacitors versus carbon negative electrode materials for energy storage 

applications.  
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The overall content in this review chapter is organized as follows. First, a general 

introduction is given to the electrochemical energy storage systems (section 2.2). Then, 

we have classified the types of ECs and their mechanisms (section 2.3). Subsequently, 

the development of capacitor electrode materials from the past to the present limited 

to transition metal oxides has been reviewed (section 2.4). In the following sections 

(sections 2.5 - 2.7), we discuss about the EMD in energy storage applications, a focal 

point of this thesis. Further, the physical and electrochemical properties of EMD are 

also analyzed. In addition to transition metal oxides, the widely used conducting 

polymers in the electrochemical energy storage field are discussed in the next section 

(section 2.8). In section 2.9, we discuss another focal point of this thesis, the carbon 

materials used for electrochemical energy storage, and the biomass waste-derived 

carbon materials are analyzed in the subsection. A brief review of the prediction by 

Machine Learning (ML) models and their development in the energy storage field is 

given in section 2.10. After concluding this review (section 2.11), we have presented 

the Ph.D. project aims, objectives, and an illustration of the subsequent thesis chapters 

(section 2.12). 

2.2. Electrochemical energy storage systems 

Electrochemical energy storage technology is one of the cleanest, most feasible, 

environmentally friendly, and sustainable energy storage systems among the various 

energy technologies, namely mechanical storage, thermal storage, electrochemical 

storage, and chemical storage [1]. Electrochemical energy storage/conversion systems 

include batteries, fuel cells, and ECs. Despite the difference in energy storage and 

conversion mechanisms of the three systems, the common electrochemical feature is 

that the reactions occur at the phase boundary of the electrode/electrolyte interface 

near the two electrodes [2]. Their similarities and differences related to their 

mechanisms are given in subsections 2.2.1 – 2.2.3. 
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2.2.1. Batteries  

Batteries store energy via chemical interventions (faradaic reactions/redox reactions) 

at the anode and cathode. The anode is the negatively charged electrode, whereas the 

cathode is the positively charged electrode. The faradaic reactions can occur reversible 

or irreversible, but the battery materials often involve irreversible chemical reactions 

[3]. The irreversibility has caused limitations of battery cycle life to one thousand to 

several thousand charge-discharge cycles, which vary based on the battery type and 

the electrodes employed. Batteries are closed systems where the anode and cathode 

active materials play a prominent role in the redox reactions to store and convert 

energy. Table 2.1 displays a summary of battery types and their mode of energy storage 

[4]. 

 

Table 2.1 Battery types and modes of storing the energy [3,4].  

Type Mode of energy storage 

Primary Leclanché, Zinc-MnO2 

Faradaic 

Alkaline, Zinc-MnO2 

Mg-AgCl 

Mg-PbCl2 

Li-SOCl2 and other cathodes 

Li-CFx 

Al-air (catalyzed) 

Zn-air (catalyzed) 

Secondary 

(rechargeable) 

Lead-acid, Pb-PbO2 

Faradaic 

Nickel-cadmium, Ni-O-OH-Cd 

Nickel-hydrogen, Ni-O-OH-metal 

hydride 

Nickel-zinc, Ni-O-OH-Zn 

Mercuric oxide-zinc, HgO-Zn 

Silver oxide(s)-zinc, AgO-Zn 

Zinc-air (catalyzed) 
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Li-TiS2 

Faradaic (exhibiting 

intercalative 

pseudocapacitance) 

Li-MoS2 

Li-MnO2 

Li-CoO2 

Li-C-CoO2 and other cathodes 

Li-iron sulfides 

Na-S 

 

2.2.2. Fuel cells 

Using the chemical/redox reactions involved during the electrochemical process, both 

the battery and fuel cell function similarly. However, the fuel cells are open systems 

where the anode and cathode provide the charge-transfer media for the active materials 

supplied from outside to perform the redox reactions. The active materials/fuels can 

be hydrogen, natural gas, oxygen, air, hydrogen peroxide gases, etc. [2]. 

2.2.3. Capacitors 

The conventional (dielectric) capacitors can only store a small charge at the electrode 

plates, providing a low energy density for electrical energy storage. However, the 

electrical double-layer capacitors (EDLCs) can store charge depending on the 

accessible area of the electrodes. Unlike the redox reactions in batteries and fuel cells, 

the energy-delivering process deviates in ECs. No electron transfer occurs across the 

electrode interface in an ideal capacitor but only accommodates electrostatic charge 

storage. A capacitor generally has unlimited cyclability with no chemical reactions 

(non-faradaic) taking place during the electrochemical process. The capacitors are 

highly reversible compared to the batteries but exhibit lower energy density and higher 

power densities which are the primary characteristic differences between batteries and 

capacitors [5]. Table 2.2 summarizes the types of capacitors and their energy stores in 

one of the modes, such as electrostatic or faradaic. 
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Table 2.2 Capacitor types and modes of storing the energy  [4,6]. 

Type Mode of energy storage Examples 

Vacuum Electrostatic  - 

Dielectric Electrostatic Ceramic, mica, 

polymer 

Oxide electrolytic (thin 

film) 

Electrostatic Ta2O5, Al2O3 

Double layer Electrostatic (charge 

separation at double layer 

at electrode interface) 

Carbon materials 

Colloidal electrolyte Electrostatic (special 

double layer system) 

Undeveloped 

Redox oxide film Faradaic charge transfer 

(pseudocapacitance) 

RuOx, IrOx, Co3O4 

Redox polymer film Faradaic charge transfer 

(pseudocapacitance) 

Polyaniline, 

Polythiophenes 

Soluble redox system Faradaic charge transfer 

(pseudocapacitance) 

Fe(CN)6
4-- Fe(CN)6

3-, 

V2+/V3+/VO2+ 

 

The existing energy and power trade from the electrochemical/electrical devices is 

expressed from the Ragone plot (power density vs. energy density) shown in Figure 

2.1. The devices with high power densities have lower energy densities and vice versa. 

Therefore, multiple devices must be utilized together to accomplish both high power 

and energy for a required system. For instance, a battery-capacitor hybrid system for 

pulsed power loads is frequently encountered in communication systems such as 

mobile phones, cellular devices, and military applications [7]. As illustrated in Figure 

2.1, batteries and capacitors are the two leading electrochemical energy-storage 

devices. The electrochemical capacitors (ECs), also termed supercapacitors (SC), 

display intermediate properties of batteries and capacitors. Therefore, it can either 

complement or even replace batteries in some applications [8–10]. Consequently, this 

has led to a proliferation of studies about the materials for complementary utilization 



Chapter 2. Review of the progress of electrochemical capacitor materials for energy 

storage application  

 

25 

of battery and capacitor properties that can result in fast charging, excellent cycling 

stability, and high energy-power requirements. The goal is to achieve high energy 

storage without sacrificing the high-power density and cycling stability of the 

capacitors [11,12]. Therefore, more experimental and computational investigations 

should be conducted to develop efficient and sustainable materials for future energy 

storage applications. 

 

 

 

 

 

 

 

 

 

Figure 2.1 Power density (specific power) against energy density (specific energy) - 

Ragone plot for current electrochemical energy storage technologies. Reproduced 

from [13], open-access Creative Commons CC BY 4.0 license, MDPI. 

2.3. Electrochemical Capacitors (ECs) 

2.3.1. Classification of ECs 

The development of EDLCs dates back to the mid-1900s. Since then, with the rapid 

growth of using electronic devices, hybrid vehicles, etc., a variety of ECs have become 

available in the market. Figure 2.2 shows the general classification of ECs, which 

includes three types, namely EDLCs, pseudocapacitors, and asymmetric capacitors 

[14]. The asymmetric capacitors can be categorized into two types, i.e., two capacitive 
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electrodes of different materials having the same reaction type [15] or a hybrid 

capacitor comprising electrodes having different (faradaic/capacitive) mechanisms 

[16]. A hybrid capacitor consists of one battery-type electrode, which uses a faradaic 

charge storage mechanism, coupled to another electrode stores charge using a 

capacitive (EDLC) mechanism. An asymmetric capacitor is advantageous in extending 

the potential window using the different operational voltages of the two electrodes 

from dissimilar materials. Generally, the symmetric capacitor voltage ~1V can be 

increased beyond 2 V by an asymmetric capacitor [17,18]. Further details on the 

charge storage mechanism are detailed in section 2.3.2. 
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Figure 2.2 Classification of electrochemical capacitors (ECs) 
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2.3.2. Energy storage mechanisms 

2.3.2.1. Electric double-layer capacitors (EDLCs) 

The heart of the EDLCs is the charge arrangement at the electrode-electrolyte interface 

when the electrode is immersed in an ion-conductive electrolyte solution. When 

voltage is applied, it creates opposite polarities at the two electrodes, attracting the 

electrolyte ions towards the charged surfaces. The charge is only physically stored by 

ion adsorption at the electrodes, and no charge transfer reactions (faradaic reactions) 

occur between the interfaces of the electrode and electrolyte (Figure 2.3A) [9,19]. 

Therefore, the specific capacitance of an EDLC is mainly determined by the accessible 

surface area and the surface properties of the electrodes. In addition, if the electrolyte 

has excellent conductivity, it can reduce the internal resistance and increase the 

electrode’s wettability and ion mobility into the pores, further enhancing the 

capacitance [20]. The EDLC capacitor can be considered the simplest and most 

commercially available type of capacitor. In practical applications, the capacitance is 

about 100 - 250 F g-1 with a lower deliverable energy density of 3 - 10 Wh kg-1 [21]. 

2.3.2.1. Pseudocapacitors  

The term ‘pseudocapacitance’ designates the behavior of an electrode material, which 

shows an electrochemical signature of a capacitor but in which the charge storage is 

dominated by electron transfer mechanisms across the double layer [22]. Therefore, 

unlike the EDLC capacitors, faradaic reactions (electrosorption or redox processes) 

occur in pseudocapacitive electrode materials. The reactions can take place at the 

electrode surface or near-surface at a distance, l << (2Dt)1/2, where D is the diffusion 

coefficient (cm2 s-1), and t is the time (s) for charge-compensating ions [23]. The 

Faradaic mechanisms can be different, as shown in Figure 2.3(B-D). The 

underpotential deposition (UPD) shown in Figure 2.3B refers to metal monolayer(s) 

electrodeposition on a foreign metal substrate at potentials more positive than Nernst 

potential [24]. H or Pd in monolayers on noble metals (such as Pt or Au) and 
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oxidation/reduction in microporous transition metal hydrous oxides (RuO2, IrO2, and 

various metal oxides) are a few common examples of this type [24,25].  

When the pseudocapacitance is based on redox reactions with fast and reversible 

electrons transfer at the electrode-electrolyte interface, which is also known as 

electrochemical adsorption of cations as given by the reaction R(2.1) [26].  

 

 

where, 𝑀 is the pseudocapacitive material, 𝐶 is the surface absorbed electrolyte cation 

𝐶+ (H+, K+, Na+, …), 𝑧 is the number of transferred electrons. Ruthenium dioxide 

(RuO2) was the first and thoroughly investigated material in a faradaic redox system 

(Figure 2.3C) due to having multiple redox phases (i.e., Ru(IV)/(III), Ru(III)/(II)) in 

proton-rich environments; e.g., Sulfuric acid (H2SO4), therefore more electron 

transfers occur enhancing greater capacitance [27,28]. Despite the outstanding 

performance of RuO2, its toxicity, high cost, and scarcity limited its practical 

applications, which shifted the direction to research on less toxic and inexpensive 

alternatives such as manganese oxides [29] and some conducting polymers [30], which 

also offer the redox pseudocapacitance. The pseudocapacitance also occurs due to ion 

intercalation (Figure 2.3D), where ion intercalation to redox-active materials takes 

place with no crystallographic phase change (e.g., Nb2O5) [31], which is illustrated in 

the reaction R(2.2). This retains the crystal structure even after several cycling of 

charge-discharge processes. 

 

 

where, 𝑀𝑂𝑦 is the electrode material.  

 

 

 

 

𝑀 + 𝑧(𝐶+ + 𝑒−) ↔ 𝑀/𝐶𝑧  R(2.1) 

𝑀𝑂𝑦 + 𝑧(𝐶+ + 𝑒−) ↔ 𝐶𝑧𝑀𝑂𝑦  R(2.2) 
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Figure 2.3  Schematics of charge-storage mechanisms for (A) an EDLC and (B-D) 

types of pseudocapacitive materials: (B) underpotential deposition, (C) redox pseudo 

capacitor, (D) ion intercalation pseudocapacitor. The diagrams are modified according 

to ref. [21]. 

 

It is noted that the pseudocapacitor can result in a capacitance 10 -100 times larger 

than that of an EDLC. Driven by the exemplary results, the pseudocapacitive materials, 

either fast redox pseudocapacitance or intercalation pseudocapacitance, have gained 

much attraction in asymmetric supercapacitor devices. The cyclic voltammetric (CV) 

behavior of the different electrode types is shown in Figure 2.4.  
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Figure 2.4 (A, B, D, E, G, H) schematic illustrations of various cyclic voltammograms 

and (C, F, I) their corresponding galvanostatic discharge curve for different energy 

storage materials. A pseudocapacitive material will generally have one or a 

combination of electrochemical characteristics from the following categories: (B) 

surface redox materials, (D) intercalation-type materials, or (E) intercalation-type 

materials showing broad but electrochemically reversible redox peaks. 

Electrochemical responses in (G-I) correspond to battery-like materials. Reproduced 

from ref. [23] with permission, copyright 2018, ACS Publications. 

2.3.2.2. Capacitive asymmetric capacitors vs. hybrid capacitors  

It should be noted that the definition for the ‘asymmetric’ and ‘hybrid’ only refers to 

devices, not the single electrodes as explained for EDLCs and pseudocapacitors. Based 

on the generally accepted terminology, the hybrid capacitor consists of two electrodes 

with two different charge-storage mechanisms; capacitive and battery-type [11,32,33]. 

It can be a combination of a battery component (conducting polymers, metal oxides, 

etc.) and a capacitor component (primarily carbons). A faradaic electrode such as 

Ni(OH)2 [34] and Co3O4 [35] coupled with a carbon electrode is an example of a typical 

A B C 

D E F 

G H I 
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hybrid device. On the other hand, the asymmetric capacitors apply to a wide range of 

electrode combinations (e.g., Figure 2.5). This device has two different electrode 

materials or can even contain the same EDLC material with different masses and 

surface functional groups, implying that hybrid capacitors are also a category of 

asymmetric capacitors. With this as the fundamental background required for 

understanding the charge storage mechanisms in hybrid capacitors, suitable electrode 

materials have been reviewed in section 2.4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Activated carbon/PbO2 hybrid (asymmetric) device in 1M H2SO4. mc is the 

mass of carbon and mPbO2 is the mass of PbO2, Cc is the gravimetric capacitance (F g-

1) of the carbon electrode, CPbO2 is the gravimetric capacity (C g-1 or mAh g-1) of the 

lead oxide electrode, Vc is the potential window in which the carbon electrode is 

cycled. Reproduced from ref. [22], open access Creative Commons CC BY-NC-ND, 

Journal of the Electrochemical Society. 

2.4. Mapping transition metal oxide electrodes for hybrid capacitors 

As mentioned earlier, RuO2 was the first material found to exhibit the 

pseudocapacitive behavior in transition metal oxides, which was discovered in 1970 

by Trasatti and Buzzanca [36]. Following this, several studies were carried out based 
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on the RuO2 material. Many other materials also became of interest in the field of 

pseudocapacitors, mostly by repurposing the battery-type materials (titanium dioxide, 

niobium pentoxide, metal sulfides, etc.) to perform as capacitors [37]. Figure 2.6 

shows a few examples of the different synthetic routes. Different transition metal oxide 

materials are detailed in sections 2.4.1 - 2.4.6.  

 

 

Figure 2.6 Schematic representation of various chemical synthetic routes used to 

synthesize hybrid electrode materials. Reproduced from ref. [38] with permission, 

copyright 2015, Royal Society of chemistry.  

2.4.1. Ruthenium dioxide (RuO2) 
 

The first discovered pseudocapacitive material, RuO2, was a ground-breaking step to 

understanding pseudocapacitance. Conway and co-authors [25,39] carried out further 

fundamental work to bring out the difference between batteries and SCs, the charge 

storage via Helmholtz double-layer, and the faradaic charge transfer between electrode 

and electrolyte ions. A consequent study by Ardizzone et al. [40] found that 
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capacitance arises from the RuO2 extremely dependent on the hydrated and 

nanostructural formation of the material. Zheng et al. [41] found that the annealing 

temperature above 150 °C, the crystalline phase formation of RuO2, led to a significant 

drop in the capacitance. The measured capacitance was ~720 F g-1 (the equivalent of 

200 mAh g-1) at a 1 V potential window at a scan rate of 2 mV s-1. In terms of the 

energy density, the RuO2  delivered 26.7 Wh kg-1, greater than the carbon-based 

EDLCs, which have around 12 Wh kg-1 [42]. Despite the electrochemical performance 

of RuO2, the commercial application in energy storage devices is limited due to the 

high cost of USD 8000 kg-1 (price quoted in 2020). Therefore, the academic interest in 

research shifted toward finding other cost-effective potential metal oxide materials 

such as NiO [43], V2O5 [44], Fe3O4 [45], TiO2 [46], and MnO2 [47]. Several synthesis 

methods have been used to produce these metal oxides, discussed in the following 

sections. Before moving onto the case EMD, other similar metal oxides with their 

merits and demerits are reviewed to showcase the capability of yielding high-quality 

electrolytic deposition of manganese dioxide. 

2.4.2. Nickel oxides 

 

The fact that the NiO has a high theoretical capacitance of about 2584 F g-1 (at 0.5 V 

potential window), impressive redox reactions Ni2+/Ni3+, and lower cost attracted the 

interest among researchers in assessing this material for capacitors. However, the poor 

electrical conductivity of the material inhibited its performance. Therefore, researchers 

have explored various methods to increase its conductivity while keeping the high 

capacitance of NiO. By co-deposition of NiO with conductive materials such as other 

metal oxides, carbon nanotubes (CNTs), conducting polymers were employed, which 

improved the capacitance up to ~1000 F g-1 [48–50]. Further, doping with a guest 

element (transition metal elements and rare earth elements such as Co, Mn, Cu, and 

La) was also conducted. The ions of Co2+ and La3+ induced changes in morphology 

[51]. The Co/Mn co-doped NiO reached up to 673.73 F g-1 due to the co-doping and 

crystal defect [52]. Cu2+ doping increased the proton transportation within the NiO 

structure. The well-accepted surface redox reactions of NiO electrodes in an alkaline 
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solution can be expressed as in reaction R(2.3) [53]. When the OH- ions dispersed into 

Ni(OH)2, they converted to NiOOH as given in the reaction R(2.4) [54]. 

 

 

 

 

2.4.3. Cobalt oxides 

 

Cobalt oxide (Co3O4 and CoO) are promising materials for capacitors as they show 

intercalative pseudocapacitance properties with a theoretical capacitance of >2000 F 

g-1 [55]. Numerous nanostructured morphologies are reported for cobalt oxides, such 

as nanowires, nanoflakes, nanocages, nanorods, nanoparticles, nano bowls, and 

nanospheres, which have been produced using different solution-based synthesis 

methods [56]. In addition, cobalt oxides display good efficiency, long-term cycling, 

and good corrosion resistance [57,58]. The following reactions R(2.5 and 2.6) can 

occur for Co3O4 in an alkaline electrolyte solution [59,60]. 

 

 

 

 

2.4.4. Vanadium oxides 

 

Vanadium combined with oxygen forms several compounds such as vanadium 

monoxide (VO), vanadium trioxide (V2O3), vanadium dioxide (VO2), etc. [61]. 

Among all the vanadium oxides, V2O5 and VO2 exhibit higher capacitances and wide 

operating voltage, thus potentially being used in energy storage devices. Wittingham, 

in 1976 [62], first described that the V2O5 could undergo fast reversible reactions as a 

result of the layered structure of the material. After several years, in 1999, Lee and 

Goodenough [63] explained the pseudocapacitive behavior of V2O5 powder heated at 

1183 K, which was tested in a 2 M KCl electrolyte that exhibited capacitance of  350 

F g-1. Vanadium is relatively cheap and non-toxic; however, similar to other metal 

oxides like NiO, V2O5 is also a poorly conductive material [44]. Moreover, the V2O5 

𝑁𝑖𝑂 + 𝑂𝐻− ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝑒− 

 

R(2.3) 

R(2.4) 𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒− 

 

𝐶𝑜3𝑂4 + 𝑂𝐻− + 𝐻2𝑂 ↔ 3𝐶𝑜𝑂𝑂𝐻 + 𝑒− 

 

 R(2.5) 

 R(2.6) 𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑂2 + 𝐻2𝑂 + 𝑒− 
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morphology tends to change significantly on cycling, reducing the surface area and 

inter-particle contact. This was observed by Zhang et al. [64] in their work by 

synthesizing three different morphologies (Figure 2.7) of V2O5 and evaluating them 

for capacitor applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 SEM images of the as-obtained V2O5 with various morphologies: (a) 

nanobelts, (b) nanoparticles, and (c, d) microspheres. Reproduced from ref. [64] with 

permission, copyright 2016, Elsevier. 

 

2.4.5. Iron oxides 

 

Iron is the fourth most abundant element in the Earth’s crust, ~3.6 % by weight, and 

creates three oxides of Fe2O3, Fe3O4, and FeO. Among the iron oxides, magnetite 

(Fe3O4) is inexpensive and has been attracted as an excellent capacitor electrode 

material. Compared to the other metal oxides, iron oxides are highly conductive; 

however, the charge-discharge process during cycling causes irreversible volume 
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change degrading the capacitance, hence not meeting the practical requirements [65]. 

Wu et al. [66] synthesized magnetite deposited on carbon black to form a 

magnetite/carbon composite electrode. Wang et al. [67] reported the capacitances of 

magnetite are 170, 25, 3 F g-1 in 1 M Na2SO3, Na2SO4, and KOH aqueous electrolytes, 

respectively, tested in a three-electrode system (-0.8 to -0.1 V). From the above studies, 

it was evident that for Fe3O4, the capacitance arises solely by the anion adsorption, 

with no cation involvement. 

 

2.4.6. Manganese oxides 

 

In a series of transition metal oxides reviewed, next is manganese, which holds the 

twelfth position of being one of the most abundant elements on the Earth, nearly 0.096 

% [68]. Other attractive features of manganese oxide are its natural abundance, low 

cost, low toxicity, and high theoretical capacitance of 1370 F g-1 [69,70]. The 

pseudocapacitance of the manganese oxide materials arises from the redox transitions 

between Mn3+/Mn2+, Mn4+/Mn3+, and Mn6+/Mn4+ [71] attracted this as an excellent 

material for energy storage applications. The manganese can exhibit the oxidation 

states from +2 to +7. Among the various forms of available manganese oxides, MnO 

(Mn2+), Mn2O3 (Mn3+), Mn3O4 (Mn2.66+), and MnO2 (Mn4+), the MnO2 is widely used, 

having the most reversible redox couple of Mn4+/Mn3+. MnO2 exists in several 

polymorphs, as shown in Figure 2.8. Generally, the polymorphs are reported to 

influence the specific capacitance, which increases in the following trend of the crystal 

structure: β < λ < γ < δ ≈ α [72]. However, Ghodbane et al. [73] have explained that 

this trend between the crystal structure and the capacitance is not necessarily the same. 

Accordingly, in their work, the 3D spinel λ-MnO2 exhibited the highest capacitance of 

241 F g-1, while the 2D δ-MnO2 rated with 225 F g-1 capacitance. This could be 

explained due to the microtwinning and related morphologies rather than solely relying 

on the polymorphs. Interesting morphologies, such as nanoflowers [74], nanowires 

[75], nanospheres [76], nanosheets [77], and nanorods [78], for manganese oxide 

materials, and their influence on energy storage have also been reported in the 

literature [79]. 

 



Chapter 2. Review of the progress of electrochemical capacitor materials for energy 

storage application  

 

38 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Common polymorphs of MnO2. The orange and blue octahedra surround 

spin-up and sown Mn atoms, respectively; the red atoms represent ‘O’. Reproduced 

from ref. [80] with permission, copyright 2018, American Chemical Society. 

 

Lee and Goodenough [81] conducted the pioneering work on MnO2 in 1999 by 

producing amorphous MnO2.nH2O  using a hydrothermal technique and demonstrating 

its pseudocapacitive behavior. They obtained 203 F g-1 specific capacitance (Csp) at a 

current density of 2 mA cm-2 in 2 M KCl aqueous electrolyte tested in a potential 

window of -0.2 to 1.0 V vs. standard calomel electrode (SCE). In 2000, Pang et al. 

[82] reported 698 F g-1 for sol-gel-derived MnO2 thin film electrodes with 1.05 µg cm-

2 active electrode mass loading. The thin film mass loading was increased to ~75 µg 

cm-2 by Broughton and Brett [83] in 2004 to synthesize MnO2 electrodes by sputter 

deposition, in which the capacitor delivered 700 F g-1. In several other research studies, 

the authors explored the electrochemical performance based on mass loading, and the 

major of the reports concluded that increasing mass decreased the electrochemical 

performance. For instance, Kang et al. [84] reported in their work that the mass 

increment from 0.33 to 3.41 mg cm-2 caused a capacitance reduction from 539 to 188 

F g-1. Researchers have also put efforts into incorporating other elements such as Al, 

Cu, Co, Fe, Mo, Ni, Sn, and Zn into the MnO2 structure to increase the conductivity 

and performance [85–87]. Even though theoretically obtained capacitance is much 
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higher, practically, the capacitance reported is mostly less than 350 F g-1 for MnO2 

material. The ternary composites of the MnO2/PPy@carbon electrode reached a higher 

specific capacitance of 705 F g-1 at 2 mV s-1, and PANI/mesoporous carbon/MnO2 

delivered 695 F g-1 [88,89]. As reported in the literature, different synthesis routes have 

been used to prepare the manganese oxide materials and their composites. In the 

following section 2.5, we have comprehensively reviewed the electrodeposition 

method, which is used in this thesis.  

 

2.5. Electrochemical synthesis of manganese oxides (EMD) 

 

Several chemical synthesis methods have been employed to produce manganese 

dioxide materials suitable for energy storage applications. The material properties can 

be varied by controlling the synthesis parameters. Hydrothermal/solvothermal, sol-gel 

coating, electrodeposition, electrochemical oxidation of Mn films, and electrophoretic 

deposition are a few examples of different synthesis methods reported in which 

electrodeposition is one of the several approaches. In this section, we exclusively focus 

on reviewing the state-of-art of electrodeposition to produce manganese oxides for 

energy storage applications. we have primarily used this synthesis method to yield 

high-quality EMD in bulk and enhance their physical electrochemical properties. 

Electrodeposition is a unique technique for fabricating metal oxide, polymer, and 

composite electrodes as it can easily tune the material properties (composition, 

morphology, crystal structure) by adjusting experimental conditions. Compared to 

chemical synthesis, electrochemically synthesized materials show better energy 

storage performances [90]. Further, electrodeposition is preferred over chemical 

synthesis in commercial energy storage systems as it endows high purity, high content 

of MnO2, easy processing, and inherent flexibility at scale. Previous researchers 

[91,92] have presented five techniques to carry out the electrosynthesis process: 

electromigration of reactant species, electrolysis of fused salts, electro-generation of 

the base by cathodic reduction, anodic oxidation, and alternate current synthesis. In 

sections 2.5.1. and 2.5.2, we intend to compare the cathodic reduction and anodic 

oxidation processes and bring out their differences in terms of their reaction 

mechanisms. 
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2.5.1. Cathodic electrodeposition 

 

Generally, the manganese oxide films are obtained by the electrochemical reduction of 

Mn7+ to Mn4+ in KMnO4 or NaMnO4 solutions. The reduction reaction occurs in a 

neutral aqueous solution as in reaction R(2.7) [93].  

 

 

The MnO4
- species in the solution determine the deposition kinetics, composition, and 

structural properties of the material [94,95]. An increase of MnO4
-  concentration 

provides a counterintuitive result by decreasing the deposition rate at a constant current 

due to the diffusion against an adverse potential gradient and inter-ion interaction, 

causing an enhanced friction effect [96]. The reaction of Mn2+ with MnO4
- to produce 

MnO2 has also been reported as represented by the reaction R(2.8) [97].   

 

 

 

In a method based on the electro generation of the base, the H+ ions are consumed by 

the reactions, or the water electrolysis occurs. The reduction reactions at the cathode 

surface increase the electrolyte pH either by H+ consumption or OH- generation. These 

compete with the metal ion reduction reactions and become the overriding reactions to 

ensure no metal deposition takes place; the metal ion deposits in the form of hydroxide 

as follows in the reaction R(2.9). The manganese hydroxide can then be converted to 

the oxide by thermal treatment [71]. 

 

 

 

The researchers have investigated the cathodic electrodeposition as a possible method 

for co-deposition of the materials, producing the manganese oxide composites with 

varying properties for modification of the film electrodes [93,94,96]. The following 

sections describe free-standing (thin film) and powder (bulk) manganese oxide 

cathodic deposition. 

𝑀𝑛𝑂4
− + 2𝐻2𝑂 + 3𝑒− → 𝑀𝑛𝑂2 + 4𝑂𝐻−  R(2.7) 

𝑀𝑛2+ + 2𝑀𝑛𝑂4
− + 2𝐻2𝑂 → 5𝑀𝑛𝑂2 + 4𝐻+ R(2.8) 

𝑀𝑛2+ + 2(𝑂𝐻)− → 𝑀𝑛(𝑂𝐻)
2 (𝑠)

 R(2.9) 



Chapter 2. Review of the progress of electrochemical capacitor materials for energy 

storage application  

 

41 

2.5.1.1. Free-standing (thin film) electrodes 

 

Manganese oxide thin film electrodeposited on carbon substrates as a binder-free 

standing electrode for supercapacitors is widely used.  Nagarajan et al. [98] fabricated 

MnOx films on Ni foil using a galvanostatic method using MnCl2 solution with 

polyethyleneimine (PEI) as an additive. The films were smooth, crack-free, and 

relatively dense and showed 425 F g-1 capacitance in a potential window of 0-0.9 V. 

however, after cycling, the MnOx electrode surfaces were transformed into cracked 

films. A similar process was followed by Xiao et al. [99] using manganese acetate 

solution to produce ɛ-MnO2 films containing porous/nanoflaky hierarchical 

architecture.  

In 2011, Wang and Zhitomirsky [100] published a work in which cathodic deposition 

was developed for fabricating Ag-doped MnO2 films from KMnO4 aqueous solutions 

containing AgNO3. Compared to pure MnO2, the Ag-doped material showed improved 

capacitance of 770 F g-1 at 2 mV s-1 tested in 0.5 M Na2SO4 aqueous electrolyte. 

Gibson et al. [101] suggested two primary mechanisms when MnO2 was deposited 

from neutral KMnO4 and Na2SO4 solution. A specific capacitance of 363 F g-1 was 

obtained at a scan rate of 25 mV s-1. In another study carried out by Mishra et al. [102], 

MnO2 films were obtained by three different electrodeposition modes, termed 

potentiostatic (PS), potentiodynamic (PD), and galvanostatic (GS), using MnO4
- 

precursor. All the deposited material showed an ɛ-MnO2 crystallographic phase. The 

MnO2 deposited via PS mode has the maximum specific capacitance of 259.4 F g-1 due 

to the porous morphology indicating effective electrolyte ion transfer led to enhanced 

storage properties. Followed by PS, the films deposited via PD and GS obtained 187.1 

and 180.3 F g-1, respectively. Thus, a considerable amount of literature has been 

published on preparing free-standing (thin film) manganese oxide electrodes using 

cathodic electrodeposition. 

 

2.5.1.2. Powder (bulk) material deposition 

 

To date, little evidence has been found associating with fabricating the powdered 

manganese oxides by the cathodic electrodeposition method. Tizfahm et al. [103] 
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synthesized MnO2 nano-worms through pulse current (PC) electrodeposition followed 

by heat treatment using Mn(NO3)2 aqueous solution. A stainless-steel cathode was 

used with two parallel graphite anodes. The deposition was carried out for 40 minutes 

at 80 °C bath temperature. The prepared MnO2 was mixed with the acetylene black 

and polytetrafluorethylene (PTFE) binder and pressed onto a nickel foam current 

collector. The tested electrode exhibited 202 F g-1 specific capacitance with 91.1 % 

retention after 1000 cycling. However, MnO2 produced cathodic in a bulk powdered 

form has not been widely researched. 

 

2.5.2. Anodic electrodeposition  

 

The background of the anodic electrodeposition has been comprehensively discussed 

from the perspective of reaction pathways, as this is the key point to determining the 

quality of EMD, which will be illustrated here. The anodic deposition is highly suitable 

for synthesizing the electrochemically active gamma-manganese dioxide (γ-MnO2), 

while the previously discussed cathodic deposition (in section 2.5.1) is not suitable for 

γ-MnO2 synthesis.  

In the anodic deposition, γ-MnO2 is electrolytically deposited on the anode by the 

electrolysis of aqueous electrolyte containing manganese ions (Mn2+). The obtained 

product is popularly known as EMD. The Mn2+ containing electrolyte can be on one 

of the Mn salts such as manganese sulfate (MnSO4), manganese chloride (MnCl2), or 

manganese acetate (Mn(CH3COO)2) [104–106]. At the selected pH, Mn2+ should be 

stable in the electrolyte, and its higher oxidation states can go through hydrolysis to 

produce hydroxides or oxides [91,107]. In the presence of sulphuric acid, its 

concentration is kept at a value that does not increase the pH above 5.3, as it can cause 

Mn(OH)2 precipitation during hydrolysis. Generally, the current density lies within 

50-300 A m-2, while large current densities of 500-1000 A m-2 are also reported. The 

bath temperature is controlled at 80-98 °C [108,109]. Thus, at a specific sulphuric 

concentration (< pH 5.3), the Mn2+ in the aqueous medium presents in the form of a 

complex hexaaquo ion and participates in hydrolysis reaction as follows in R(2.10) 

[110,111].  
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Mn3+ is known as an active ion participating in redox reactions in aqueous solutions. 

It also can exist as a hexaaquo ion, though it shows rapid hydrolysis at lower pH 

according to the reaction R(2.11). 

 

 

Albeit the Mn2+ and Mn3+ ions are stable in aqueous solutions depending on the 

environment as described previously, and as such, there is no evidence for Mn4+ of its 

stability in a complex form ([𝑀𝑛(𝐻2𝑂)
6]

4+
). Therefore, the plausible option is rapid 

hydrolysis reaction led to producing solid manganese dioxide [111,112]. The main 

reactions that take place at the anode and cathode are given by the reaction R(2.12) 

and R(2.13), respectively; the overall reaction is given by R(2.14).  

 

 

 

 

 

 

The above illustration is quite simple when considering the actual deposition 

mechanism of EMD. Thus far, several systematic descriptions have been suggested to 

understand this phenomenon. Fleischmann et al. [113] conducted an electrodeposition 

experiment at a constant potential using platinum electrodes and proposed the 

following mechanism, R(2.15 - 2.22). It was based on the adsorption of components 

to the electrode during oxidation conversions. The first two reactions, R(2.15) and 

R(2.16) are kinetically fast, while the formation of MnO2 to create the crystal growth 

by dehydration represented by R(2.18 - 2.22) has become the rate-determining steps 

(r.d.s). 

 

 

 R(2.10) [𝑀𝑛(𝐻2𝑂)6]2+ ↔ [𝑀𝑛(𝐻2𝑂)5(𝑂𝐻)]+ + 𝐻+ 

 R(2.11) [𝑀𝑛(𝐻2𝑂)6]3+ ↔ [𝑀𝑛(𝐻2𝑂)5(𝑂𝐻)]2+ + 𝐻+
 

Anode 

Cathode 

Overall 

R(2.12) 𝑀𝑛2+ + 2𝐻2𝑂 → 𝑀𝑛𝑂2 + 4𝐻+ + 2𝑒 

R(2.13) 2𝐻+ + 2𝑒 → 𝐻2 

𝑀𝑛2+ + 2𝐻2𝑂 → 𝑀𝑛𝑂2 + 2𝐻+ + 𝐻2 R(2.14) 
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According to the model suggested by Cartwright and Paul [114], the conversion 

process might be chemical or electrochemical. Based on this fact, two mechanisms 

have been considered as represented by A and B (illustrated below). The diffusion step 

R(2.23, 2.27) is also the r.d.s. Then the diffused Mn2+ ions produce MnO2 via reactions 

R(2.24 - 2.26, 2.28-2.30). 

Mechanism A: 

 

 

 

 

 

 

 

 

 

R(2.15) [𝑀𝑛(𝐻2𝑂)𝑛]
𝑠𝑜𝑙
2+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛]

𝑎𝑑𝑠
3+ + 𝑒 

R(2.16) [𝑀𝑛(𝐻2𝑂)𝑛]
𝑠𝑜𝑙
2+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛]

𝑎𝑑𝑠
4+ + 2𝑒 

[𝑀𝑛(𝐻2𝑂)𝑛]
𝑎𝑑𝑠
3+ + [𝑀𝑛(𝐻2𝑂)𝑛]

𝑎𝑑𝑠
3+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛]

𝑠𝑜𝑙
2+ + [𝑀𝑛(𝐻2𝑂)𝑛]

𝑎𝑑𝑠
4+

 R(2.17) 

R(2.18) [𝑀𝑛(𝐻2𝑂)𝑛]
𝑎𝑑𝑠
4+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛−1(𝑂𝐻)]

𝑎𝑑𝑠
3+ + 𝐻+ 

R(2.19) [𝑀𝑛(𝐻2𝑂)𝑛−1(𝑂𝐻)]
𝑎𝑑𝑠
3+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛−2(𝑂𝐻)

2
]

𝑎𝑑𝑠

2+ + 𝐻+ 

R(2.20) 

R(2.21) 

[𝑀𝑛(𝐻2𝑂)𝑛−2(𝑂𝐻)
2
]

𝑎𝑑𝑠

2+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛−3(𝑂𝐻)
3
]

𝑎𝑑𝑠

+ + 𝐻+
 

R(2.22) 

[𝑀𝑛(𝐻2𝑂)𝑛−3(𝑂𝐻)
3
]

𝑎𝑑𝑠

+ ↔ [𝑀𝑛(𝐻2𝑂)𝑛−4(𝑂𝐻)4]
𝑎𝑑𝑠

+𝐻+
 

[𝑀𝑛(𝐻2𝑂)𝑛−4(𝑂𝐻)4]
𝑎𝑑𝑠

→ 𝑀𝑛𝑂2 + (𝑛 − 2)𝐻2𝑂 

𝑀𝑛3+ + 2𝐻2𝑂 → 𝑀𝑛𝑂𝑂𝐻 + 3𝐻+ 

rds 

fast 

slow 

R(2.23) 

R(2.24) 

R(2.25) 

R(2.26) 

𝑀𝑛𝑏𝑢𝑙𝑘
2+ 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

ሱۛ ۛۛ ۛۛ ሮۛ 𝑀𝑛𝑀𝑛𝑂2

2+  

𝑀𝑛𝑀𝑛𝑂2

2+ → 𝑀𝑛3+ + 𝑒 

𝑀𝑛𝑂𝑂𝐻 → 𝑀𝑛𝑂2 + 𝐻+ + 𝑒 
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Mechanism B: 

 

 

 

 

 

 

Kao and Weibel [115] claimed that initially, there was no occurrence of adsorption of 

Mn2+ onto Pt electrode surfaces for the reactions. Mn3+ is formed as the initial 

oxidation product as it can stay stable by an equilibrium process to control the 

concentration. There is less possibility of forming Mn4+ as the intermediate product as 

it shows very low stability by reacting with water to produce Mn(OH)4, which is easily 

dehydrated to give MnO2. Further, the Mn3+ can undergo hydration to yield MnOOH 

solid intermediate. The following reactions, R(2.31) and R(2.32), instigate the 

nucleation of MnO2 on the Pt surfaces. A subsequent reaction of MnOOH oxidation 

also forms MnO2. 

 

 

 

 

However, the deposited MnO2 is then reduced by reacting with Mn2+ to yield 

MnOOH/Mn3+ as in reactions R(2.33) and R(2.34). The yielded Mn3+ should also 

agree with the equilibrium as in the reaction R(2.31). The MnOOH oxidizes into 

MnO2, which is given in the reaction R(2.35). Diffusion of the generated protons 

through the solid phase determines the rate of EMD surface growth.  

 

 

 

 

 

R(2.31) 

R(2.32) 

2𝑀𝑛3+ + 2𝐻2𝑂 ↔ 𝑀𝑛2+ + 𝑀𝑛𝑂2 + 4𝐻+ 

𝑀𝑛3+ + 2𝐻2𝑂 ↔ 𝑀𝑛𝑂𝑂𝐻 + 3𝐻+ 

R(2.33) 

R(2.34) 

R(2.35) 

𝑀𝑛2+ + 𝑀𝑛𝑂2 + 𝐻+ → 𝑀𝑛𝑂𝑂𝐻 + 𝑀𝑛3+ 

𝑀𝑛2+ + 𝑀𝑛𝑂2 + 2𝐻2𝑂 → 2𝑀𝑛𝑂𝑂𝐻 + 2𝐻+ 

𝑀𝑛𝑂𝑂𝐻 → 𝑀𝑛𝑂2 + 𝐻+ + 𝑒 

R(2.27) 

R(2.28) 

R(2.29) 

R(2.30) 

fast 

slow 

𝑀𝑛𝑏𝑢𝑙𝑘
2+ 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

ሱۛ ۛۛ ۛۛ ሮۛ 𝑀𝑛𝑀𝑛𝑂2

2+
 

𝑀𝑛𝑀𝑛𝑂2

2+ → 𝑀𝑛4+ + 2𝑒 

𝑀𝑛4+ + 4𝐻2𝑂 → 𝑀𝑛(𝑂𝐻)
4

+ 4𝐻+
 

𝑀𝑛(𝑂𝐻)4 → 𝑀𝑛𝑂2 + 2𝐻2𝑂 

rds 



Chapter 2. Review of the progress of electrochemical capacitor materials for energy 

storage application  

 

46 

Further, in the study carried out by Clarke et al. [111], they developed two mechanisms 

for lower and higher acid concentrations in the electrolyte. The oxidation mechanism 

under low acid concentration can be applied to yield quality products, which is 

presented in this Ph.D. work. The acid concentration is kept lower than 1.0 M. 

Low concentration (<1.0 M) 

 

 

 

 

 

 

 

 

 

High concentration (>1.0 M) 

 

 

 

 

 

 

 

 

 

 

2.5.2.1. Free-standing (thin film) electrodes 

 

Mn-based mixed oxides in free-standing (thin-film) form have become the interest of 

many researchers due to their potential applications as micro-scale energy storage 

systems such as integrated devices. In the thin film formation, the manganese oxide 

layers are directly assembled on the working electrode to get desired properties. The 

↓ 

↓ 

𝑀𝑛𝑂𝑂𝐻 

fast 

slow 

R(2.36) 

R(2.37) 

R(2.38) 

R(2.39) 

[𝑀𝑛(𝐻2𝑂)6]2+ ↔ [𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
2+

 

[𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
2+ → [𝑀𝑛(𝐻2𝑂)6]

𝑎𝑑𝑠
3+ + 𝑒 

[𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
3+ → [𝑀𝑛(𝐻2𝑂)5(𝑂𝐻)]

𝑎𝑑𝑠
2+ + 𝐻+ 

𝑀𝑛𝑂𝑂𝐻 → 𝑀𝑛𝑂2 + 𝐻+ + 𝑒 

slow 

R(2.40) 

R(2.41) 

R(2.42) 

R(2.43) 

R(2.44) 

[𝑀𝑛(𝐻2𝑂)6]2+ ↔ [𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
2+

 

[𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
2+ → [𝑀𝑛(𝐻2𝑂)6]

𝑎𝑑𝑠
3+ + 𝑒 

[𝑀𝑛(𝐻2𝑂)6]
𝑎𝑑𝑠
3+ → [𝑀𝑛(𝐻2𝑂)6]3+

 

2[𝑀𝑛(𝐻2𝑂)6]3+ → [𝑀𝑛(𝐻2𝑂)6]2+ + [𝑀𝑛(𝐻2𝑂)6]4+ 

[𝑀𝑛(𝐻2𝑂)6]4+ →→ 𝑀𝑛𝑂2 
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first-ever reported thin film MnO2 electrode was by Pang. et al. [82] in 2000 employed 

anodic deposition by potentiostatic method for electrochemical capacitors. Following 

their work, numerous articles have been published to date, focusing on the anodic thin 

film deposition of manganese oxides [116–118]. Hu and co-workers [119] fabricated 

a porous hybrid EMD on an electroformed Ni substrate using a 0.1 M Mn(CH3COO)2 

and 0.1 M Na2SO4 bath. The deposition current was increased from 1 to 14 mA cm-2, 

and the nature of the electrode changed from porous and fibrous to a denser film. 

Further, most of the published research has focused on changing the experimental 

parameters to obtain desired morphologies, surface areas, high capacitances, cycling 

stability, etc. Having a three-dimensional mesoporous architecture was found to be 

desirable for electrolyte penetration to store more charge in the material [120–122]. 

Most of the existing literature on manganese oxide as supercapacitor materials has 

been prepared as thin-film electrodes. However, the electrodeposited thin-film 

materials encounter issues such as lower mass loading and difficulty in scalability that 

can be overcome in the bulk synthesis of powder material, as illustrated in the 

following section 2.5.2.2.     

 

2.5.2.2. Powder (bulk) material deposition  

 

Preisler [123] studied different anode materials, pure lead (Pb), antimonial lead, 

graphite, and titanium (Ti), then elaborated that Ti can be a good selection as the anode. 

In their work, Rethinaraj and Visvanathan also discussed using different substrates for 

EMD (γ-MnO2) production [124]. γ-MnO2 was synthesized via electrodeposition 

under a supergravity field (i.e., gravity >9.8 m s-2) by Du et al. [125]. The authors 

observed that the effective surface area of the deposited material was reduced with the 

supergravity field, which affected the capacitance values. The researchers used an 

Mn(CH3COO)2 solution and deposited the material on a Ti ring coated with Pt. The 

prepared electrode exhibited a maximum specific capacitance of 277.9 F g-1 at 0.5 A 

g-1 current density. Dupont et al.[126] examined the effect of cation species on the 

charge storage behavior of EMD prepared using an electrolyte bath containing acidic 

MnSO4 (1 M) solution, deposited onto a Ti electrode. Copper (Cu) sheets were used as 

cathode electrodes. An anodic current of 65 A m-2 was applied, and a 98 °C 
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temperature was maintained during the experiment. The changes in the capacitance 

values were observed by changing the electrolyte (cation). The highest capacitance of 

45 F g-1 was obtained for the Li2SO4 aqueous electrolyte.  

Apart from the few studies discussed above, the research on powder EMD has not been 

very well explored for supercapacitor applications. Therefore, synthesizing (bulk) 

EMD to tweak its quality with appropriate additives to the electrolytic bath and 

assessing its potential for SC application have been discussed in the following sections. 

 

2.6. Electrochemical synthesis of manganese dioxide composites 

 

Extensive investigations on improving MnO2 by incorporating transition metal oxides 

are found in the literature. As discussed in the earlier sections, the transition metal 

oxides are semiconducting. Incorporating the foreign elements into the MnO2 structure 

is a possible path to create more defects and charge carriers within the material to 

increase the charge storage capability. It can also tailor the electrode (EMD) material 

architecture to improve porosity and surface area and shorten the electron transport 

distance to obtain an electronically conducting structure. In addition, the capacitance 

fading over cycling (5 to 30 % in 1000 cycles [127])  can be overcome by providing 

high mechanical stability to the material. Further to this, strategies to yield high-quality 

EMD composites are discussed in sections 2.6.1 - 2.6.3. 

 

2.6.1. Metal composites 

 

Transition metal oxides such as Fe, Co, Ni, Mo, and Ru have been commonly used as 

dopants to prepare MnO2 mixed composites prepared via electrochemical co-

deposition [128–130]. Chen and Hu [128] obtained binary manganese-nickel oxides 

prepared by anodic deposition. A relatively positive potential region (1.0-1.2 V) and a 

high Ni2+/Mn2+ ratio (10/1) in the deposition solution increased the influence of Ni on 

the capacitive characteristics. The specific capacitance of the sample was 160 F g-1 

measured at 50 mV s-1. Prasad and Miura [131] employed a PD method to deposit 

microporous nickel-manganese oxide (NMO) and cobalt-manganese oxide (CMO) 
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onto a stainless-steel substrate. The highest specific capacitances obtained for NMO 

and CMO were 621 and 498 F g-1 measured by cyclic voltammetric (CV) data (scan 

rate of 20 mV s-1) in 1 M Na2SO4 electrolyte. Chuang and Hu [132] performed an 

anodic deposition of hydrous manganese-cobalt oxides onto a graphite substrate from 

MnCl2 and CoCl2 solutions with varying pH values. The pH change did not 

significantly influence the CV performance; however, morphology and composition 

were affected, showing cracks on the deposit with higher Co content. Nakayama et al. 

[133] prepared mixed Mn/Mo oxide, and the experiment was carried out in a standard 

three-electrode glass cell housing a Pt working electrode, a Pt gauze counter electrode, 

and an Ag/AgCl reference electrode. The electrolyte solution consists of 2 mM MnSO4 

with a range of concentrations; 0-20 mM of Na2MoO4 which gives the maximum 

molar ratio of 1:10 (MnSO4:Na2MoO4). According to their results, the increasing 

MoO4
2- concentrations shifted the CV profiles in a cathodic direction. This was 

recognized as there is a chemical reaction of MoO4
2- taking place with protons released 

during the oxidation of Mn2+. This concluded that polymolybdate co-precipitated with 

manganese oxide, although MoxOy was not identified in the material. Rusi [134] 

studied the electrochemical performance of MnO2-NiO composite prepared using 

chronoamperometry (CA), chronopotentiometry (CP), and CV methods. The electrode 

prepared using the CV method by depositing the composite for 7 cycles exhibited high 

homogeneity, a highly amorphous nature, and good capacitive behaviors compared to 

CA and CP methods. Figure 2.9 shows the morphologies of electrodes synthesized 

using a different number of deposition cycles by the CV method. Further, several other 

researchers have reported on producing MnO2-metal composites for SCs via various 

electrochemical syntheses such as Ag-doped manganese dioxide by cathodic 

electrodeposition [100], Fe-MnO2 electrodes by GS deposition [129], Co3O4 

nanoparticles/MnO2 composites [130]. Different morphologies obtained for MnO2-

metal composites synthesized by the electrochemical method are published in the 

literature, such as nanowires [128], interconnected web-like network [129], sphere-

like morphology [130], and nanoscale fibres [135].  
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Figure 2.9 FESEM images of the samples electrodeposited using CV mode with (A) 

4 deposition cycles, (B) 7 deposition cycles, (C) 10 deposition cycles, (D) 13 

deposition cycles, (E) TEM of the sample deposited with 4 deposition cycles (inset: 

lattice spacing). Reproduced from [134], open-access Creative Commons CC BY 4.0 

license, PLoS One. 

 

2.6.2. Polymer composites  

 

Manganese oxide electrodes are subjected to dissolving in the electrolyte during 

electrochemical cycling, which generates soluble Mn2+ species. It can be massive in 

acidic environments compared to the other electrolyte types of mild acidic (~pH 4.4), 
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neutral (~pH 7), and alkaline (pH >7) [136,137]. Therefore, many electrodes have been 

tested in neutral or alkaline electrolytes; however, the insertion of the cations Li +, Na+, 

and K+ are not captivating as the fast H+ insertion in an acidic medium for SCs. To 

overcome these limitations, the manganese dioxide materials have been modified 

using polymers to produce desirable hybrid manganese oxide-polymer configurations 

which are stable and efficient in varying electrolytes.  

When a polymer is distributed in a solution ready for deposition, three major 

characteristics affect deposited material properties. Polydispersity (dispersity) 

describes the non-uniformity of the polymer distribution; therefore, a range of 

molecular weights in the solution is expected. A polymer has several configurations in 

the same structure. It also has several points that are active to make bonds and get 

attached. Many of the polymers used as additives are generally polydisperse. 

Therefore, it is recommended to use limited molecular weight fractions of the 

component for good reproducibility. Then the other two factors, the number of 

configurations and the number of points, determine the adsorption rates of the species. 

A flexible molecule distorts its shape from the typical shape in the solution in the 

vicinity of the surface [92]. PANI is a conducting polymer that has the potential to be 

used for SCs due to its high stability and conductivity. Prasad and Miura [138] carried 

out the first research to prepare a MnO2-PANI composite by depositing manganese 

oxide on the PANI matrix, which delivered a high capacitance of 715 F g-1. The 

resulted capacitance was ascribed to the increased surface area by incorporating the 

3D PANI architecture. An electrochemical co-deposition was conducted by Sun and 

Liu [139] using a solution of aniline and MnSO4 through potential cycling between -

0.2 and 1.45 V vs. SCE. It produced a fibrous MnO2-PANI structure with a larger 

surface area. The characteristic redox peaks of PANI were observed in CV 

measurements taken in an acidic aqueous electrolyte, and the hybrid electrode 

displayed 532 F g-1 capacitance. The images and the electrochemical measurements 

for these samples are shown in Figure 2.10. 
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Figure 2.10 (A) SEM images of (a) PANI film, (b) hybrid MnO2-PANI film, (B) CV 

measured in 1 M NaNO3 at pH 1 between 0 and 0.65 V at (a) 1, (b) 2, (c) 5 mV s-1, (C) 

GCD curves in 1 M NaNO3 at pH 1 between 0 and 0.65 V at (a) 2.4, (b) 3.0, (c) 5.0, 

(d) 7.0 mA cm-2. Reproduced with permission from ref. [139], copyright 2008, 

Elsevier. 

 

The MnO2 embedded in PPy nanocomposite was prepared as thin-film electrodes by 

Sharma et al. [117]. Compared to the pristine MnO2 (~225 F g-1) and PPy (~250 F g-

1), the composite MnO2/PPy significantly improved the redox reactions with a specific 

capacitance of ~620 F g-1. A flexible capacitor electrode was synthesized by depositing 

the PPy, graphene oxide, and manganese oxide onto a highly porous nickel foam [140]. 

For a flexible capacitor, all the components should work within their elastic limit to 

get an undegraded electrochemical response [141]. In the produced composite, the 

Mn3O4 and MnO2 manganese components were detected by FTIR and Raman 

analyses. A layer-by-layer assembly of PPy, graphene oxide, and manganese oxide has 

been prepared by electrodeposition by Kulandaivelu et al. [142]. FTIR, Raman, and 
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X-ray diffraction analysis confirmed the presence of the layer of each component. 

From the above examples and other published work [139,143], researchers have made 

more efforts to incorporate PANI, PPy, PTh, and CP to produce MnO2-polymer 

composites. These polymers have also been used in ternary composite materials of 

metal/polymer/carbon [144,145]. A typical example is given in Figure 2.11 for 

assembling manganese oxide/PPy/graphene oxide on an indium tin oxide electrode 

[142]. However, using bio-polymers is scarcely reported in the development of EMD 

materials. we have reported that the Alginate biopolymer incorporated into the EMD 

structure modified the material, enhancing the electrochemical properties. 

Environmental friendliness and cost-effectiveness are the added advantages of 

sustainable biopolymer additives in the bath. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Schematic illustration of the preparation procedure of PPy/GO|PPy/MnO2 

(ITO: Indium tin oxide). Reproduced with permission from ref. [142], copyright 2019, 

nature. 
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2.6.3. Surfactant composites  

 

Surfactants can act as structure-directing agents or soft templates in manganese 

dioxide preparation. The self-assembly function of the surfactants is an advantage in 

regulating and controlling materials morphology and structure [146]. Devaraj and 

Munichandraiah [147] synthesized MnO2, which was electrodeposited on a Ni 

substrate from a neutral electrolyte in the presence of sodium lauryl sulfate (SLS). The 

specific capacitance was improved to 310 F g-1, compared to the 240 F g-1 given by 

the MnO2 deposited in the absence of the SLS. Li et al. [148] conducted a study dealing 

with two surfactants, cetyltrimethylammonium bromide (CTAB) or 

cetyltrimethylammonium chloride (CTAC), to produce manganese dioxide 

nanocomposites which are shown in the SEM in Figure 2.12(A-C). The morphology 

of MnO2: CTAC was like nanosheets, while MnO2:CTAB changed its morphology 

from a mixture of nanosheets and nanoparticles to big blocks with increasing CTAB 

concentration. Thus the MnO2:CTAC showed the best electrochemical performance 

than pristine and MnO2:CTAB (Figure 2.12D). Faridi et al. [149] reported about 

electrodepositing MnO2 in the presence of both CTAB surfactant and Ag+ ions in the 

electrolyte. They observed that adding Ag and CTAB provided more active sites for 

pseudocapacitive reaction during charge-discharge. Recently, Aghazadeh et al. [150] 

synthesized CTAB-assisted MnO2 ultra-fine nanoparticles (~10 nm) via cathodic 

electrodeposition, which delivered 232 F g-1 maximum specific capacitance at 0.5 A 

g-1 current density. Therefore, based on the published work [148–151], it is noted that 

CTAB is the mostly used surfactant to produce the capacitor materials.  
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Figure 2.12 SEM images of (A) MnO2, (B) CTAC: 50 Mm, (C) CTAB: 50 mM, and 

(D) capacitance retention comparison of MnO2, MnO2: CTAC, and MnO2: CTAB after 

1500 cycles. Reproduced with permission from ref. [148], copyright 2014, Elsevier. 

 

2.7. EMD for energy storage applications 

 

2.7.1. EMD as a battery material 

 

The concept of using the EMD as a pseudocapacitive electrode in SCs was derived 

based on its wide application in the battery field. Currently, EMD is commercially 

used as electrodes to produce primary alkaline cells (Zn-MnO2) in aqueous electrolytes 

[152] and rechargeable lithium batteries in non-aqueous electrolytes [153]. Thus, to 

add a favour, the EMD application as a battery material is briefly discussed in this 

section. EMD has a theoretical discharge capacity of 308 mAh g-1 depending on its 

one-electron discharge step. The battery systems mainly consist of two different 

electrolyte media, either aqueous or non-aqueous solvents. In primary cells using 

aqueous media, the protons (H+) insert into the MnO2 structure, and irreversible 

chemical reactions occur that limit the battery to a single-use. While under specific 
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conditions, the insertion can also become reversible [154,155]. The protons are 

incorporated, keeping the charge balance in the manganese dioxide lattice [156]. 

Besides, in Li-ion non-aqueous media, Li ions (Li+) intercalate instead of protons. 

Generally, in Li/MnO2 systems, initially, the EMD is heat-treated to remove water and 

enhance the structure to become more suitable for battery applications [157,158]. Even 

in the aqueous media, better electrochemical performances were observed for heat-

treated EMD [159]. Jouanneau et al. [160], Minakshi et al. [161], and Rus et al. [162] 

have conducted studies for comparative analysis of the role of EMD in both types of 

solutions.   

The researchers have given different explanations for the reaction mechanisms that 

occurred during the charging and discharging of EMD in the KOH electrolyte. In the 

study carried out by Kozawa et al., they mentioned a two-step mechanism for cathodic 

reduction. The first and second steps occur in homogeneous and heterogeneous phases, 

respectively. In this case, MnO2 reduces its oxidation state from 4+ to 2+ [156,163,164]. 

A comprehensive explanation is given by McBreen [165] on both the reduction and 

oxidation mechanisms of EMD in battery use. Later, many authors published their 

work on investigating the redox behavior of EMD using CV and GCD techniques in 

Zn/MnO2 batteries in the presence of aqueous KOH [166–169].  The KOH is mostly 

limited to primary batteries though the studies so far could prove the rechargeability 

of EMD/modified EMD in KOH [170–173]. Besides the KOH electrolyte, 

investigations have been carried out for LiOH and NaOH. For instance, several 

researchers reported that cells made of EMD/LiOH are better functioning with higher 

energy density, cycle life, and higher reliability against overcharge/discharge 

compared to the cells of CMD/LiOH [174,175]. In summary, EMD materials have 

been widely used for battery applications. 

 

2.7.2. EMD as a capacitor material 

 

Several studies have been conducted to understand the charge storage mechanisms of 

manganese dioxide electrode materials in different electrolytes. Up to now, various 

types of electrolytes such as organic, aqueous, ionic liquids, and solid-state polymer 
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electrolytes have been studied by researchers. The mainly used electrolytes to research 

the supercapacitors are given in Table 2.3.  

 

Table 2.3 The electrolytes commonly reported for SCs 

Electrolyte Voltage window (V) Reference 

1 M H2SO4 1.3 Jurcokava et al. [176] 

6 M KOH 1.0 Wang et al. [177]  

1 M Na2SO4 1.8 Wang et al. [177] 

1 M Li2SO4 2.2 Fic et al. [178]  

1 M TEABF4/PC* 3.0 Jung et al. [179] 

2 M EMIPF6
** 3.6 McEwen et al. [180] 

*TEABF4 - Tetraethylammonium tetrafluoroborate/propylene carbonate 

**EMIPF6 -1-ethyl-3-methylimidazolium hexafluorophosphate 

 

 

Organic solvents provide a wider voltage window for both batteries and SCs, however, 

the higher cost, lower specific capacitance, inferior conductivity, and safety concerns 

(flammability, volatility, and toxicity) are the major drawbacks. Additionally, the 

issues with the organic electrolytes are matching the electrolyte ion size with the pore 

diameters of the metal oxide electrodes and keeping the water content lower by about 

3-5 ppm, failing to achieve these can cause a reduction of specific capacitance, and the 

voltage window [181]. In contrast to organic electrolytes, aqueous electrolytes have 

higher ionic concentration, lower resistance, and a much higher ionic conductivity. For 

example, the conductivity of 1 M H2SO4 is 0.8 S cm-1 and for 6 M KOH 0.6 S cm-1 at 

25 °C [182]. Aqueous electrolytes can be classified as acidic, neutral, and alkaline; 

H2SO4, Na2SO4, and KOH are the most popular [181].    

The unique pseudocapacitance charge storage mechanism of MnO2 can be either 

surface adsorption/desorption or bulk intercalation/deintercalation of the cations in the 

electrolyte medium given by the reaction R(2.45) and R(2.46), respectively. Both 

mechanisms involve the reversible transition of Mn4+ to Mn3+ [82,183].   
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Chou et al. [184] obtained the thin films of carambola-like γ-MnO2 nanoflakes on 

nickel sheets prepared by PS and CV combined electrodeposition techniques. The γ-

MnO2 electrode showed a specific capacitance of 240 F g-1 at 1 mA cm-2 tested in 0.1 

M Na2SO4 electrolyte. MnO2 nanowires electrodeposited onto CNT paper were also 

examined in 0.1 M Na2SO4, which exhibited 167.5 F g-1 at a current density of 77 mA 

g-1 [185]. Jeyasubramanian et al. [122] applied the electrodeposition process to coat 

MnO2 nanocrystals over Cu nano leaves. Before the electrodeposition, the Cu nano 

leaves were grown on fluorine-doped tin oxide material (FTO-Cu). The highest 

capacitance of 486 F g-1 (at 5 mV s-1) in 0.1 M Na2SO4 electrolyte was observed for 

the electrode deposited for 350 s on FTO-Cu. These works show that Na2SO4 has 

widely been used for EMD due to its advantages, such as a larger working potential 

window, less corrosion, and safety [182]. Additionally, Xiao et al. [186] studied MnO2 

electrode performance in a 3 M KCl electrolyte. The deposited electrode using the GS 

method exhibited 160 F g-1, while it was 252 F g-1 for the PC deposited electrode at 10 

mV s-1. A nanostructured α-MnO2 was derived using commercial EMD and prepared 

as an α-MnO2/graphene oxide (GO) nanocomposite. The composite material was 

studied in 1 M Li2SO4 aqueous electrolyte delivered 280 F g-1 (35 Wh kg-1 energy 

density and 7.5 kW kg-1 power density) at 0.5 A g-1. The step potential electrochemical 

spectroscopy (SPECS) technique has been used by Dupont et al. [126] to examine the 

effect of different cations on the charge storage behavior of EMD. They observed that 

the different cations are likely to have different mechanisms of interacting with the 

surface and bulk electrode and affect the specific capacitance. Further, the effect of the 

cation also varied depending on the scan rate. Figure 2.13 displays the resulted overall 

capacitances over the experimented scan rates, where Li2SO4 delivered the largest 

values at all scan rates except for the scan rates higher than ~20 mV s-1.  

 

(𝑀𝑛𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐴+ + 𝑒− ↔ (𝑀𝑛𝑂2 − 𝐴+)
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

  R(2.45) 

𝑀𝑛𝑂2 + 𝐴+ + 𝑒− ↔ 𝑀𝑛𝑂𝑂𝐴  

 

R(2.46) 

𝐴+𝑟𝑒𝑓𝑒𝑟𝑠 𝐻+, 𝐿𝑖+, 𝑁𝑎+, 𝐾+
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Figure 2.13 Overall capacitance as a function of scan rate for different electrolyte 

cations (0.5 M Li2SO4, Na2SO4, K2SO4, MgSO4). Reproduced with permission from 

ref. [126], copyright 2018, Elsevier. 

 

Consequently, EMD electrodes used potential Na-ion electrolytes to test the electrodes 

for SC applications. The EMD as the positive (cathode) electrode is coupled with 

carbon material (commercial and in-house synthesized) as the negative electrode 

(anode) to fabricate hybrid capacitors. The progress of developing the carbon 

electrodes is discussed in a later section in 2.9. The varying configurations of cathode 

and anode materials in the electrode cell when using the Na+ ion electrolytes (sodium 

ion capacitors-SIC) are shown in Figure 2.14. 
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Figure 2.14 Cell structures and charge storage mechanisms of the nine electrochemical 

energy storage devices based on Na+ ion electrolyte: a) Battery-type anode and EDLC 

cathode SICs cell configurations, b) dual carbon configurations, c) battery-type anode 

and pseudocapacitive cathode SICs cell configurations, d) EDLC anode and battery-

type cathode SIC cell configurations, e) pseudocapacitive anode and battery-type 

cathode SICs cell configurations, f) capacitive anode and hybrid cathode SICs cell 

configurations, respectively. Reproduced with permission from ref. [187], Copyright 

2021, WILEY-VCH. 

 

2.8. Conducting polymers 

 

The ability of the conducting polymers to transfer the electrons via the polymer 

backbone has taken the attraction to be employed in SC electrodes. In 1963, Weiss et 

al. [188–190]  first published about the conductivity of conducting polymers. After 

three decades, in 1994, the first conducting polymer-based SC application was 

demonstrated by Rudge et al. [191,192]. Generally, conducting polymers are better 

conductors than metal oxides. However, it tends to swell during cycling causing poor 

cycle life performance [193]. The commonly studied conducting polymers are 

polypyrrole (PPy) [194], polyaniline (PANI) [195], polythiophene (PTh), and 

derivatives of polythiophene [196], etc. The charge storage mechanism of the 

conducting polymers is p-doped during oxidation (dedoped during reduction) with 
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counter anions and n-doped during reduction (dedoped during oxidation) with counter 

cations. The reaction can take place as follows [197]: 

 

 

 

 

 

where, 𝐶𝑃 is a conducting polymer, 𝐴−
 - anion, and 𝐶+

 - cation. A schematic depiction 

of the PPy charge storage mechanism is illustrated in Figure 2.15. PPy and PANI are 

in the p-doped category, while PTh and its derivatives are n-doped. Compared to 

conventional carbon-based EDLCs, CP-based SCs display higher energy density (~10 

Wh kg-1 vs. 5 Wh kg-1) due to pseudo-faradaic charge storage. Despite that, the power 

density is lower (2 kW kg-1 vs. 4 kW kg-1) due to ion diffusion limitations in the bulk 

electrode [198]. The energy density can be further increased by varying the doping 

amount; increasing amounts accelerate the structural degradation over cycling due to 

volume change. This problem is addressed by the recent research by producing robust 

polymeric moieties by designing composites of carbonaceous materials (activated 

carbon, carbon black, graphite, graphene, etc.), metallic compounds (oxides, 

hydroxides, carbides, nitrides, etc.) with conducting polymers [199–201].  

To evaluate the practical performance of a hybrid capacitor, a full cell is fabricated by 

coupling two electrodes. In this thesis, we have shown EMD metal oxide versus 

activated carbon (AC) materials for supercapacitor applications. The following section 

briefly discusses the activated carbon and other carbon allotropes used as the carbon-

based negative electrodes.   

 

𝐶𝑃 ↔ 𝐶𝑃𝑛+(𝐴−)𝑛 + 𝑛𝑒−  (𝑝 − 𝑑𝑜𝑝𝑖𝑛𝑔 𝑎𝑛𝑑 𝑑𝑒𝑑𝑜𝑝𝑖𝑛𝑔)[𝐴−: 𝑎𝑛𝑖𝑜𝑛]  R(2.47) 

𝐶𝑃 + 𝑛𝑒− ↔ (𝐶+)𝑛𝐶𝑃𝑛−  (𝑛 − 𝑑𝑜𝑝𝑖𝑛𝑔 𝑎𝑛𝑑 𝑑𝑒𝑑𝑜𝑝𝑖𝑛𝑔)[𝐶+: 𝑐𝑎𝑡𝑖𝑜𝑛] R(2.48) 
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Figure 2.15 Various conducting polymer structures. (A) Trans-poly(acetylene), (B) 

cis-poly(acetylene), (C) poly(p-phenylene), (D) polyaniline (PANI), (E) poly(n-

methylaniline), (F) polypyrrole (PPy), (G) polythiophene (PTh), (H) 3-substitued 

polythiophene, (I) poly(3,4-ethlenedioxythiophene), (J) poly(3-4-

fluorophenyl)thiophene), (K) poly(cyclopenta[2,1-b;3,4-b-dithiophen-4-one]), (L) 1-

cyano-2-(2-[3,4-ethylenedioxylthienyl])-1-(2-thienyl)vinylene (PThCNVEDT). 

Reproduced from ref. [193] with permission, copyright 2015, Elsevier. 
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2.9. Mapping the carbon-based materials as negative electrodes 

 

Carbon materials are highly used to produce ideal EDLCs because of their electrostatic 

ion adsorption and higher electrical conductivity, large surface area, and low-density 

properties. Electrochemical double-layer capacitors are uniquely made from carbon 

electrode materials. Carbon exists in several allotropic forms among; diamond and 

graphite are well-known as the two natural allotropes. Many other synthetics include 

activated carbon (AC), fullerenes, graphene, carbon nanotubes, nanobuds, and 

nanoribbons [202]. Generally, the carbon electrode materials possibly approach 1.0 V 

in aqueous solutions and 3.5 V in non-aqueous electrolytes [4]. Carbon-carbon, 

symmetric SCs, offer better cycle stability, rate capability, and higher power than 

metal oxides. However, their self-discharge is higher, and the energy density is lower 

(< 12 Wh kg-1) [42]. Therefore, exploring porous carbon materials and rational 

designing of these materials has become the interest of the researchers to develop 

advanced electrode materials to obtain higher energy densities. Therefore, the 

developed carbon at a premium price fails to sustain in the market [203]. 

Compared to the other carbon materials, ACs have a large surface area (~1000 m2 g-1 

[204]), good electrical properties, and can be produced at a moderate cost [205,206]. 

The SC carbon market is more sensitive to the price than its performance. Currently, 

the initial AC prices have dropped from USD150-200 kg-1 to USD15 kg-1. Half of the 

material cost of an SC is due to the carbon materials; therefore, the lower price of AC 

is the key strong fact that omits the entrance of the other carbon [203]. There are two 

common pathways to produce AC, either with physical activation or chemical 

activation of the char produced from the precursor. Physical activation is considered a 

green approach as it is a chemical-free synthesis. However, the main drawbacks are 

the long activation time, the low adsorption capacity of synthesized AC, and high 

energy consumption [207,208]. The chemical activation method is advantageous over 

the physical activation process of being more economical due to lower activation 

temperatures, shorter processing time, and higher carbon efficiency [209,210]. There 

are two common pathways to produce AC, either with physical activation or chemical 

activation of the char produced from the precursor. Physical activation is considered a 

green approach as it is a chemical-free synthesis. However, the main drawbacks are 
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the long activation time, the low adsorption capacity of synthesized AC, and high 

energy consumption [207,208]. The chemical activation method is advantageous over 

the physical activation process of being more economical due to lower activation 

temperatures, shorter processing time, and higher carbon efficiency [209,210].  

 

2.9.1. Biomass waste-derived carbon-based electrodes 

 

The electrodes for the EDLC are mainly carbon-based materials (activated carbon, 

carbon nanotube, graphene, etc.). Activated carbon is derived from petroleum coke, is 

non-renewable, and obtained under harsh conditions [211]. Graphene synthesis by 

vapor deposition method using fossil fuel causes severe environmental issues hence 

unsustainable [212]. The biomass waste resource includes renewable crops and animal 

residue, is less environmentally polluting, and is a sustainable material. Therefore, it 

has become a realistic alternative for the formerly explained carbon material synthesis. 

On the other hand, it is an effective option for waste disposal problems resulting from 

more than 100 billion tons of waste produced every year from biomass crops and 

animal husbandry [212,213].  

Some of the biomass waste precursors that have been utilized to prepare carbon 

electrodes are algae [214], orange peel [215], sugar cane bagasse [216], rice stem 

[217], sunflower stalk [218], tamarind seed coat [219], etc. Upon the heat treatment, 

the biomass precursor produces a carbon-rich material. Other elements such as H, O, 

N, and S can be removed to some extent by thermochemical conversion [220]. In 

addition to these elements, some trace elements of Ca, K Mg, Na, and Si can also be 

present and contribute to the energy storage performance [221]. The synthesis of 

biomass waste-derived activated carbon has two processes: carbonization and 

activation. Carbonization can occur in a temperature range of 400-900 °C in an inert 

atmosphere. In the activation process, the biomass is transferred into a functional 

material at a relatively high temperature, either physical or chemical activation. 

Generally, the physical activation is performed immediately after the carbonization 

(temperature up to 1200 °C) using steam or CO2 atmosphere [222]. Physical activation 

is a faster method; however, serval drawbacks have been reported, such as lack of pore 

formation, low surface area, and extensive energy consumption compared to chemical 
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activation. Chemical activation can be conducted in a temperature range of 450-900 

°C. Since the pyrolyzed carbon is mixed with an activating agent (NaOH, KOH, 

H3PO4, ZnCl2), it forms many channels and pores in the carbon skeleton and results in 

efficient electrolyte ions transportation into the capacitor material [222].  

Figure 2.16 gives another example of the chemical synthesis of AC reported by Zhu et 

al. [223]. The authors used pine needles as the precursor, and the derived AC contained 

a 0.5 - 2 nm pore size range and 2433 m2 g-1 surface area. Up to date, a variety of 

biomass precursor types have been examined as carbon electrode materials. As well 

as, studies have been conducted to improve microscopic properties, surface area, and 

porosity properties mainly by altering the experimental parameters. The conventional 

understanding is that a higher surface area of carbon material is proportional to its 

capacitance. However, the evidence is found in the literature to prove that is not always 

the case [224,225]. A solution could be finding the quantitative correlations between 

structural properties, energy, and power densities. Conventionally, the equivalent 

circuit models are used to identify the charge-discharge kinetics of the electrodes 

[226]. However, this model lacks the capability to best evaluate ion transportation, 

particularly for microporous electrodes. The molecular models can well describe this 

ionic behavior, but the limitations occur in its applicability to the capacitor electrodes 

caused by the system and near-equilibrium conditions. Therefore, a gap exists in best 

describing the correlation between microscopic structures and the macroscopic 

performances on energy and power delivery. Machine learning (ML) technologies 

have recently become a trend in the energy storage field to assist in designing, 

developing, and discovering novel materials. A brief overview of the ML modeling 

and applications in energy storage is given in the next section, 2.10. 
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Figure 2.16 (A) Synthesis process of pine needle carbons (PNC), (B) pine needles 

precursor (inset: photo of pine needles after pre carbonization at 600 °C, (C) SEM of 

carbonized pine needles, (D, E) SEM images, (F) TEM image, (G) HRTEM image of 

PNC activated at 900 °C. Reproduced with permission from ref. [223], Copyright 

2017, Royal Society of Chemistry. 

 

2.10. Machine Learning (ML) modeling 

 

The commonly used ML algorithms can be unsupervised, supervised, or deep learning.  

Unsupervised ML algorithms are applied to analyze and cluster unlabelled data sets. 

In this way, the unlabelled data will be categorized considering their similarities or 

differences. K-mean clustering algorithm, Gaussian mixture model, and mean-shift 

algorithm are examples of unsupervised learning. Supervised learning is widely used 

to solve problems in classification and regression using labeled data sets. It can build 

a direct relationship between the independent and dependent variables. Linear 

regression (LR), polynomial regression, and exponential regression are a few 

regression algorithms of supervised learning [227]. Deep learning is based on an 
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artificial neural network (ANN), which can be either unsupervised or supervised. ANN 

contains an input layer, hidden layer(s), and output layer, where additional hidden 

layers can optimize the result and improve the model accuracy [228]. 

In the topic of supercapacitors, correlating the microscopic details of materials to 

obtain macroscopic performances of capacitance predictions is a significant challenge. 

As explained in section 2.9.1, recently, biomass waste materials have received much 

attention for recycling the waste into carbon electrodes. Given that various types of 

biomasses are available, ML can be employed to build the relationships between the 

material’s properties and energy storage performance to make decisions on 

performance improvements. Generally, only a few samples can be analyzed and 

compared through physicochemical experiments, instead, ML can be used to analyze 

a range of data sets to understand the relationships between the precursors, carbon 

properties, and energy performances. For instance, Zhu et al. [229]  established a 

correlation between EDLC capacitance and physical, chemical features (specific 

surface area, pore volume, pore size, etc.) using an ANN model. Su et al. [230] used 

regression trees (RT) and multi-layer perceptron (MLP) models. Additional inputs 

such as the effect of electrolyte properties and the electrochemical parameters can also 

be included in the ML model analysis.  

2.11. Conclusion 

 

In this review, hybrid capacitors have shown to be an efficient way to improve 

electrochemical performances in terms of both energy and power densities. The metal 

oxides and conductive polymers have been widely employed, which exhibit the 

pseudocapacitive behavior and used as the positive electrode in hybrid capacitors. 

Typical transition metal oxides reported for hybrid capacitors are RuO2, NiO, CoO, 

Co3O4, VO, V2O3, FeO, Fe2O3, and MnO, while the conducting polymers are PANI, 

PPy, PTh, etc. Among different transition metal oxides reported for both batteries and 

supercapacitors, the MnO2 has several advantages of being one of the most abundant 

elements on the Earth, inexpensive, environmentally friendly, and having a high 

theoretical capacitance 1370 F g-1. Several synthesis methods such as hydrothermal, 

sol-gel coating, electrodeposition, and electrochemical oxidation of Mn films can be 

used to produce manganese dioxide materials. We conclude that the anodic 
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electrodeposition method can derive electrolytic manganese dioxide (EMD), the most 

electrochemically active γ-MnO2 form, which is suitable for fabricating the capacitor 

electrode materials. However, the issues such as capacitance fading during charge-

discharge limiting the application of MnO2 in the capacitors have been resolved by 

producing high-quality EMD deposits.  

Carbon materials show the EDLC behavior and are used as the negative electrode in 

the hybrid capacitors. Recently, there has been a significant interest in using abundant 

renewable resources to produce carbon electrodes via green, facile fabrication methods 

as alternatives for fossil fuel and petroleum coke-derived carbon. Thermochemical 

treatments to lignocellulosic biomass precursors can modulate the interconnected 

hierarchical pore structure and higher surface areas to enhance the capacitance of the 

derived carbon. However, the existing literature lacks information on mapping the 

relationship of structure, the functionality of the precursor, and the derived carbon to 

the resulted capacitance. The modeling may assist in screening the precursors and 

correlating to maximize the physicochemical and electrochemical performances.  

 

2.12. Aims, objectives, and outline of this thesis 

 

This thesis aimed to fabricate hybrid capacitors by incorporating electrolytic 

manganese dioxide (EMD) powder and biomass waste-derived activated carbon (AC) 

materials, respectively, as positive and negative electrodes in the device. The next five 

chapters (chapters 3 to 7) in this thesis discuss the synthesis and characterization of the 

pristine EMD, modified EMD and biomass waste-derived AC. The EMD powder 

material is well demanded in the primary battery industry. However, the current 

literature has not much explored the synthesis of EMD powder (bulk) electrodes for 

capacitor energy storage. This is mainly due to the material limitations in this 

application caused by the irreversibility of the redox reactions that arise with localized 

buckling of the EMD structure upon charging-discharging. The EMD structure 

becomes unstable, and the capacitance starts fading over cycling. Most work reported 

in the literature on manganese dioxide electrodeposition focused on setting the 

experimental conditions and then investigating the capacitance. we have synthesized 

the EMD materials with modifications by optimizing the electrodeposition parameters, 
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using additives: polymer, and surfactants, and tested them as capacitor electrodes. An 

attempt was also made using computational modeling to draw the link between 

molecule interactions in the electrolyte bath and the nucleation and growth of the EMD 

deposit, which influenced the resulted capacitances. The biomass-waste materials are 

an excellent alternative to be utilized in the capacitors; however, using a diversity of 

precursors needs mapping their properties to obtain desired electrochemical 

performance. Therefore, insights into using ML modeling were given to develop a 

sophisticated criterion for selecting and utilizing a biomass precursor for optimized 

carbon electrode performance. In this thesis, we have addressed the limitations of the 

EMD and AC capacitor electrode materials while considering their competitive 

advantages of being the most abundant, environmentally friendly, and low-cost over 

the other electrode materials such as Ru, Co, Ni, petroleum coke, etc., used in the field. 

The intended research explored the EMD and AC materials and their development to 

improve the electrochemical performance (specific capacitance, deliverable energy, 

power, cycle life), which ultimately leads to a value-added commercial product for 

hybrid capacitor energy storage. Therefore, the following objectives were defined and 

achieved, which underline the gist of this thesis. 

• Optimize the electrodeposition parameters of electrolytic manganese dioxide 

(EMD) bulk synthesis. 

• Modify the EMD using additives, characterize and analyze the materials using 

physicochemical and electrochemical techniques to find the best performance. 

• Elucidate the interactions between species present in the electrolyte bath in the 

electrodeposition. 

• Recycle the biomass waste materials as carbon capacitor electrodes. 

• Fabricate and analyze the EMD/AC hybrid capacitor for energy storage 

application. 

 

Following the literature review chapter (chapter 2), the subsequent chapters 3, 4, 5, 6, 

7, and 8 will be as follows, which were conducted to achieve the above objectives. 

In chapter 3, the EMD was synthesized using the anodic deposition method by 

oxidizing MnSO4 at different experimental conditions. The experimental parameters 
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were evaluated, and the optimum was chosen to conduct further experiments. The 

pseudocapacitive potential of the synthesized EMD was quantitatively analyzed to 

describe its potential application in capacitors. The EMD electrode was compared with 

the literature considering several parameters to differentiate it from the reported works.  

In chapter 4, the EMD material was synthesized by modifying it using a low-cost 

natural biopolymer, alginic acid. The polymer concentrations were varied to obtain 

desired morphologies by crosslinking with the manganese dioxide structure. A detailed 

analysis was conducted to understand each material’s physiochemical characteristics 

and electrochemical performance. Further investigations explored the effect of the 

interactions between the alginic acid polymer and the ions present in the electrolyte 

solution for the electrodeposition.  

In chapter 5, the EMD was fabricated using novel surfactants in the capacitor field as 

additives in the electrolyte medium. The surfactants were chosen considering their 

varying configurations of the chain length and head group. Surfactant’s concentrations 

were changed, and its influence on changing the EMD properties was studied. The 

manganese dioxide particle nucleation on the substrate was examined with and without 

the surfactants in the electrolytic bath. 

In chapter 6, the Mango seed husk waste was utilized as the biomass precursor to 

synthesize the activated carbon via chemical activation using KOH activating agent. 

The activation temperature was varied to find the optimum temperature to produce the 

material. Experimental data were used as inputs in four different machine learning 

models to select a model that provides the highest accuracy in correlating the inputs 

and output parameters to predict the electrode capacitance.  

In chapter 7, Grape marc from winery waste residues, a by-product of Australian 

wineries, was used as the raw precursor to produce activated carbon materials. The 

synthesis process included four synthesis routes depending on activating agents, 

dopants, carbonization, and activation temperatures. Accordingly, the effect of these 

synthesis parameters on electrochemical performance was studied. The varying 

synthesis conditions used in this chapter were incorporated into the multi-layer 

perceptron (MLP) machine learning model to predict the capacitance and power 

density values. 
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In chapter 8, the thesis outcomes were summarized, and the conclusions were 

presented. Moreover, we have suggested future recommendations which can be 

commenced to contribute to the capacitor field through further research.  
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3.1. Abstract 

In this chapter, manganese dioxide (MnO2) was electrochemically synthesized on the 

surface of a lead (Pb) anode using different current densities (100 - 300 A m-2) and 

deposition periods (4 - 6 h). This chapter intends to highlight the consequences of 

various electrodeposition parameters via the electrochemical approach. The MnO2 

electrowinning plant must consider the effect of electrodeposition parameters that can 

ensue on the overall impact of electrolytically derived MnO2 (EMD) powder on a 

larger scale. The micrographs of the obtained EMD powder revealed that spindle-like 

morphology was observed for the current density between 100 - 200 A m-2, whereas 

moss-like morphology was observed at a current density above 200 A m-2 with 

increased surface roughness. However, the deposition time period has not shown a 

profound effect. This chapter highlights the EMD deposited at 200 A m-2 for 5 h when 

tested in 2 M NaOH electrolyte exhibits a storage performance of 98 F g-1. For broader 

adoption of this material, the hybrid (asymmetric) device comprising EMD versus 

activated carbon (EMD/AC) has been fabricated. The asymmetric supercapacitor (SC) 

is a key for storing energy, which delivered 36 F g-1 at energy and power densities of 

10 Wh kg-1 and 2352 W kg-1, respectively. The further increase/decrease of current 

density and deposition time has a deleterious effect on the storage performance. 

3.2. Introduction 

The prominence of the manganese dioxide (MnO2) cathode for electrochemical energy 

storage devices is much higher as the MnO2 is a low cost, low toxic, and abundantly 

available material compared to other transition metal oxides counterparts such as 

nickel and cobalt oxides. MnO2-based materials are used worldwide as a solid cathode 

for both aqueous and non-aqueous rechargeable battery systems. Recently, the use of 

MnO2-based materials has been extended to electrochemical capacitor (EC) 

applications. MnO2 can exist in several crystallographic forms, such as natural MnO2 

(NMD α and β), electrolytic MnO2 (EMD; γ), chemically synthesized MnO2 (CMD; 

δ), and spinel-type MnO2 (λ-MnO2) that are widely applied in energy storage 
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applications [1]. Their physicochemical properties and electrochemical behavior 

largely depend on the crystal structure and varying degrees of hydration. The structures 

differ based on the interlinks between MnO6 octahedra, which determines the voids 

within the material for the faradaic contribution required for charge storage [2]. 

Among all the structures, the γ-MnO2 is formed by the intergrowth of the major 

ramsdellite domain with the pyrolusite domain as an impurity. The dislocations during 

the structural intergrowth leave the defect sites, leading to higher discharge capacity 

and flat voltage characteristics, the prerequisites for both batteries and SC applications 

[3]. 

To date, the EMD is renowned material used mainly in primary alkaline batteries. The 

alkaline Zn-MnO2 primary battery using KOH electrolyte is commercialized, leading 

to a powerful system of today. Later, the primary battery was further developed by 

Kordesch et al. to a rechargeable type available since 1994 [4]. The charge storage 

mechanisms for batteries and SCs are different; batteries are based on ion diffusion, 

whereas SCs are based on surface adsorption of cations from the electrolyte. For SCs, 

the electrodes can be either in the form of powder or self-standing thin-film electrodes. 

The reports are constrained to the self-standing electrodes directly deposited onto a 

substrate requiring no further binding or conducting additives [5–7]. The binder-free 

nature of the electrode could result in higher capacitance along with unique properties, 

such as low electrode resistance and better electrolyte accessibility through the 

electronic conductivity of the material.  However, the increased thickness of the 

material will reduce the performance and requires a large surface of the substrates to 

improve the capacitance. Therefore, the self-standing method largely retards the 

scalability of the material utilized to develop commercial applications [8]. In contrast, 

producing the electrochemically synthesized MnO2 powdered material is scalable and 

commonly practiced at electrowinning plants, which can be utilized as bulk for various 

applications, including ECs. Moreover, electrodeposition has attractive features like 

synthesis at low temperatures, the ability to obtain the powder on complex 

morphologies, and other physical properties by simply controlling the synthesis 

parameters. Prior to moving to the work in this chapter, a snapshot of research on the 

individual electrodeposition parameters such as time, voltage, current density, and 
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modifications in the electrolytic bath reported in the literature have been discussed in 

the following section. 

Effect on independent electrodeposition parameter: a brief overview 

It has been widely reported [9–13] that the electrodeposition parameters such as the 

deposition time and current density affect the areal-specific capacitance and mass-

specific capacitance of the electrode. Dai et al. [9] explored the effects of deposition 

time varying from 30 s to 500 s, in which, at a lower duration of time, the deposited 

MnO2 has a porous structure, but the branches are incomplete. While between 150 s - 

300 s, the deposition is observed to be complete and uniformly porous. However, for 

500 s, the porosity and the specific surface area are reported to be reduced and may 

not be feasible for the transfer of electrons and ions from the electrolyte to the MnO2 

electrode phase. The authors have further validated these through the storage 

performance that the sample electrodeposited at 300 s reported to be the highest 

specific capacitance of 100 mF cm-2. It is discussed that the optimum duration of time 

is crucial otherwise, the thickness of the film increases with time (as reported for 500 

s), led to the insufficient utilization of the active MnO2 material during the chemical 

reaction, resulting in a decrease in specific capacitance to 80 mF cm-2. It has also been 

shown in this article by Dai et al. [9] that the current density employed for deposition 

is also critical for nucleation on the substrate, which is more sensitive to the applied 

deposition current. Therefore, both the time and current density determine the structure 

of the electrodeposited MnO2 on the chosen substrate.  On the other hand, Zhang et al. 

[10] showed the importance of electrodeposition potential. The authors varied the 

deposition potential of MnO2 in solution from 0.6 V to 1.2 V to electrodeposit MnO2 

on a nickel foam electrode that was soaked in alcohol prior to starting the experiment. 

At a lower voltage, a uniform crack-free deposit was obtained.  However, at a higher 

voltage, deposition speed rises, and the film becomes dense with the formation of 

dendrites that weaken the film adhesion to the substrate. The MnO2 deposited at a 

lower voltage is reported to have a more desirable rate performance and is suitable for 

long-term cyclability. To further enhance the available capacitance and cyclability of 

the electrodeposited MnO2, Zhang et al. [11] have modified the deposition solution by 

adding the supernatant (reduced graphene oxide - rGO) and reported a high-quality 
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MnO2/rGO exhibiting very low solution resistance and charge transfer resistance 

resulting in 347 F g−1 at a current density of 1 A g−1 with retention of 93 % after 2500 

cycles. The addition of rGO is shown to form a thin layer on the surface of MnO2, 

which appears to improve the conductivity of the material and is attributed to the 

observed high capacitance. Further to this, several other approaches have been made 

in tuning the electrodeposition process to obtain high specific capacitance. For 

instance, Zhang et al. [12] reported nanostructured MnO2 by ultrasonic treatment, and 

NH4
+ assisted one-step electrodeposition. In this method, authors have shown MnO2 

with a high specific capacitance of 810 F g-1 at a current density of 1 A g-1. Another 

study by Shi et al. [13] modified the deposition solution by adding 

polyvinylpyrrolidone (PVP) surfactant and obtained MnO2/rGO nanospheres for 

battery and SC applications. The presence of rGO enabled the expansion of the surface 

area of the MnO2 that buffered the lattice expansion with improved cyclability. In 

addition, several changes in the synthesis, including electrodeposition parameters 

[14,15], other modifications such as different plating solutions [16], heat treatment 

[17], etc., have been reported to examine the EMD electrochemical performance. 

Significance of work in this chapter 

In this chapter, a series of EMD bulk samples were deposited under different 

conditions in a low acidic electrolytic bath (<1 M) at 0.25 M H2SO4. According to the 

mechanistic path in low acid concentration, Mn2+ forms Mn3+ followed by hydrolysis 

to precipitate into MnOOH, which oxidized into MnO2 [18,19]. An attempt has been 

made to clarify the electrodeposition mechanism, optimize the parameters, and test its 

suitability for SC applications. As a consequence of varying the current applied for 

electrodeposition, the microstructure varied and hence the electrochemical properties 

of the material. Therefore, in this study, bulk EMD has been deposited at various 

current densities (100 - 300 A m-2) and deposition time durations (4 - 6 h), and their 

effects on the microstructure and capacitive behavior were investigated and reported.  

To be noted, in the previous studies [9–13], authors have deposited MnO2 at a duration 

of 500 s. The galvanostatic (constant current) mode of electrodeposition was carried 

out to synthesize the MnO2 for capacitor electrodes by adopting the procedure used by 

A. Biswal et al. [20], which is different from those reported by other researchers. EMD 
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for SC performance was determined in a single electrode cell, with reference to Pt 

counter electrode and standard Hg/HgO in a Na-based aqueous electrolyte (NaOH) as 

a potential substitute for Li-based electrolytes. The faradaic and non-faradaic 

contributions to the total charge obtained from the EMD were also quantified and 

compared at varying scan rates to bring insights into the kinetics associated with redox 

reactions. A hybrid (asymmetric) capacitor was fabricated using EMD as the positive 

electrode and a commercially available activated carbon (AC) as the negative electrode 

to study the cycling stability. The results indicated the challenge and importance of the 

delicate tailoring of the electrodeposited materials for improved performance 

characteristics. The work in this chapter adds value to the mining industry and clarifies 

the existing knowledge of synthesizing powdered manganese dioxide using the 

galvanostatic electrodeposition method and its suitability for capacitor applications.  

3.3. Experimental  

3.3.1. Materials 

All the chemicals used in the experiments were bought from commercial suppliers 

unless it was specifically mentioned. MnSO4.H2O (Chem supply; 99.5 %) is used as 

the manganese source in the electrolyte solution. MnSO4.H2O and concentrated H2SO4 

(Univar; 98 %) were dissolved and thoroughly mixed in deionized (DI) water to make 

the solution. The composition of Mn and H2SO4 used in the electrolytic bath was 50 g 

l-1 and 25 g l-1, respectively. The electrolytic bath used for deposition was a 500 ml 

glass beaker covered by a machined PTFE lid, a 99.99 % pure Pb plate was the anode, 

and the Stainless Steel (SS) plate was the cathode.  

3.3.2. Method 

Before conducting the electrodeposition, both electrodes were mechanically polished 

and rinsed thoroughly in DI water to remove extra dust attached to the surface and 

patted with lint-free tissues. The initial weight of the Pb electrode was measured and 
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noted. Both electrode plates were placed in the bath, and the connections were 

established to start the electrodeposition. The solution was continuously stirred during 

the experiment with a Teflon-coated magnetic stirring bar. A set of experiments were 

carried out under a matrix of conditions changing the deposition time and the current 

density using galvanostatic electrodeposition mode. The system was left to react and 

deposit for 4, 5, 6 hour periods, and the current supplied was altered as 100, 200, and 

300 Am-2. For convenience, those samples will be denoted as EMD(t,I), where ‘t’ 

represents the time and ‘I’ represents the current density. Throughout the experiment, 

bath temperature was maintained at 95 ± 2 °C. The synthesis process of the EMD 

materials is given in Figure 3.1 (refer to chapter 1, Figure 1.8 for further information). 

The generalized reaction R(3.1) for the deposition of manganese dioxide from Mn2+ is 

as follows. 

 

 

Soon after the deposition was finished, the Pb plate was removed from the bath. It was 

thoroughly rinsed with running DI water to remove entrained electrolytes. Then it was 

kept in the oven for drying overnight. The final weight was measured to calculate the 

amount of the material deposited on the Pb plate. The electrodeposited MnO2 was 

scraped from the electrode surface cautiously without damaging the electrode to avoid 

the contamination of Pb. All the small flakes were collected and rinsed till they 

completely swept away the electrolyte attached and were dried in the oven at 80 °C for 

12 hours. The flakes were directly used to observe the morphology. Finely ground 

EMD was used for other characterizations.  

 

 

 

 

 

𝑀𝑛2+ + 𝐻2𝑂 → 𝑀𝑛𝑂2 + 4𝐻+ + 2𝑒− R(3.1) 
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Figure 3.1. Electrolytic manganese dioxide (EMD) synthesis process. 

3.4. Method analysis and sample characterization 

3.4.1. Current efficiency and energy consumption of electrodeposition 

The current efficiency (𝜂) of the manganese dioxide electrodeposition was calculated 

using the equation (3.1) as follows, 

 

 

 

The actual amount of the deposited material is found by the difference in the electrode 

weights before and after the experiment. The theoretical weight of deposition was 

calculated using Faraday’s law as in equation (3.2) [21,22]. 

 

 

𝜂 =
𝑚𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑

𝑚𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
× 100% (3.1) 

(3.2) 𝑚𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝐼𝑡𝑀/(𝐹𝑧) 
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where, 𝑚 - the expected mass of MnO2 deposit, 𝐼 - applied current (A), 𝑡 - time of 

deposition (h), 𝑀 - molecular weight of MnO2 (86.94 g mol-1), and F - Faraday 

constant (96485 C mol-1) and z - number of electrons transferred from Mn2+ to Mn4+. 

The energy consumption for the process was determined by the following equation. 

 

 

where, 𝑉 - applied voltage, 𝜂 - current efficiency as calculated by equation (3.1).  

 

3.4.2. Physicochemical characterization  

The surface morphology and crystal size of the materials were obtained by field 

emission scanning electron microscope (FESEM, TESCAN CLARA) and 

Transmission electron microscope (FEI Talos FEG TEM). X-ray diffraction (XRD) 

data were collected using Cu Kα radiation as the target source (1.5418 Å, 35 kV, and 

28 mA). 2θ was changed from 10 to 70°, scan speed was 1° min-1, and the step size 

was 0.02. Kratos Ultra DLD instrument was used to perform X-ray photoelectron 

spectroscopy (XPS) using monochromatic X-ray source Al Kα as the source of 

excitation. Micromeritics surface area and porosity analyzer were used to obtain 

adsorption-desorption isotherms in the presence of Nitrogen gas as the adsorbate. A 

sample mass of 0.2 g was measured and degassed under vacuum at 110 °C, then used 

for analysis. 

3.4.3. Electrochemical characterization 

3.4.3.1. Electrode fabrication 

The coating of the electrodeposited materials was assembled on a 1cm × 1cm area of 

graphite substrate, which is 1 cm × 4 cm in size. Graphite was chosen as the substrate 

due to its good mechanical, chemical stability, conductivity, and the aspects of 

(3.3) 𝐸𝑐𝑜𝑛 =
𝑉𝐼𝑡

𝜂
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reusability and easy preparation of the surface. The substrate surface was smoothed 

using sandpaper, washed thoroughly with DI water, and dried on a hot plate. After 

drying, the initial weight was measured. To prepare the electrode, a composition of 75 

% EMD (active material), 15 % acetylene black, and 10 % of Polyvinylidene fluoride 

(PVDF) binder were employed. N-Methyl-2-pyrrolidone (NMP) solution was added 

to the mixture and thoroughly ground until all materials were distributed uniformly to 

make a slurry. The slurry was coated in the graphite electrode and dried in the oven at 

80 °C for 12 hours. The mass coated (mass loading) on the graphite electrode was 

determined from the weight difference before and after the coating. All weights were 

measured by a balance that can weigh at an accuracy of 0.1 mg. EMD was used as the 

positive electrode for hybrid (asymmetric) capacitor testing, while AC was the 

negative electrode. A similar procedure was followed for negative electrode coating, 

considering activated carbon as the active material.  

3.4.3.1.1. EMD (positive electrode) 

All electrochemical measurements were performed by a Biologic SP-150 potentiostat 

and EC-Lab software. Cyclic voltammetry (CV) and galvanostatic charge-discharge 

(GCD) results were analyzed to evaluate the electrochemical performance of the 

electrodes. EMD materials were tested within the potential of 0-0.6 V for CV and 

GCD. Various scan (sweep) rates from 2 to 50 mV s-1 were used to conduct CV. 

Current densities from 1 to 5 mA cm-2 were used for GCD. The single electrode cell 

was constructed with the working electrode, Pt counter electrode, and reference 

electrode (Hg/HgO), using a 2 M NaOH aqueous electrolyte. All the tests were 

conducted at room temperature. Further calculations were carried out to determine the 

faradaic and non-faradaic contributions to electrode capacitances.  
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3.4.3.1.2. Activated carbon (AC) (negative electrode)  

The CV and GCD measurements were obtained similar to the EMD described in 

3.4.3.1.1. at the varying scan and current rates. The potential window for the negative 

AC electrode was -1 to 0 V.  

3.4.3.1.3. Hybrid (asymmetric) capacitor (EMD vs. AC) 

The hybrid capacitor was fabricated using the best-performed EMD material and the 

commercial AC as positive and negative electrodes. The value of the mass ratio of the 

two electrode materials used in the full cell is determined by equation (3.4). The cell 

was operated at 1.4 V and tested for the cell capacitance, specific energy (energy 

density), specific power (power density), and cycling stability.  

 

 

where, 𝑚+ 𝑚−⁄  is the mass ratio of positive and negative electrodes, 𝐶− and 𝐶+ - 

specific capacitances of the negative and positive electrodes, ∆𝑣𝑚+  and  ∆𝑣𝑚−the 

potential window of the negative and positive electrodes, respectively. 

The equations to calculate the specific capacitance from GCD measurements (𝐶𝑠,𝐺𝐶𝐷, 

F g-1), specific energy (𝐸, Wh kg-1), and specific power (𝑃, W kg-1) are given in the 

following equations (3.5), (3.6), and (3.7). 

 

 

 

 

 

 

(3.4) 
𝑚+

𝑚−
=

𝐶− ∆𝑣𝑚−

𝐶+ ∆𝑣𝑚+
 

(3.5) 𝐶𝑠,𝐺𝐶𝐷 =
𝑖 ∆𝑡

∆𝑣 𝑚
 

(3.6) 𝐸 =
1

2
𝐶𝑠

∆𝑣2

3.6
 

(3.7) 𝑃 =
𝐸

𝑡
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where 𝑖 - current (A), ∆𝑡 - discharge time (s), 𝑚 - active electrode mass (g), ∆𝑣 - 

potential window (V). 

3.5. Results and discussion 

3.5.1. Electrodeposition method analysis 

Table 3.1 summarizes the energy consumption and current efficiency of the 

electrodeposited EMD. The lower deposition time and current density yield EMD(5,100) 

with a current efficiency of 99.9 % and energy consumption of 13.6 Wh m-2. With the 

higher current density and deposition time, the energy consumption increased to a 

maximum of 56.3 Wh m-2, with a loss in efficiency typically observed for EMD(5,300). 

Higher current density with a further increase in deposition time (to 6 h) leads to 

increased mass deposition. At an elevated value of 200 A m-2, the consumed energy, 

and the efficiency are quite similar, regardless of the deposition time.  

Table 3.1 Energy consumption and efficiency determined for the experiment. 

Sample Current 

efficiency (%) 

Total Energy 

consumption 

(Wh m-2) 

Energy consumed 

per unit weight  

(Wh g-1 m-2) 

EMD(5,100) 99.9 13.6 4.6 

EMD(4,200) 99.9 19.4  4.9 

EMD(5,200) 99.9 25.2 4.7 

EMD(6,200) 99.4 28.5 4.7 

EMD(5,300) 92.8 56.3 7.0 

 

The manganese dioxide deposition mechanisms have been reported earlier, which is 

based on the acidity of the solution, but in this chapter, we found the underlying anodic 

deposition mechanism of MnO2 to be more complex. The following competitive 

reactions are proposed via the ‘disproportionation’ (pathway 1) and ‘hydrolysis’ 

(pathway 2) mechanisms [8]. The mechanism is found to be dependent on the chosen 
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electrodeposition parameters. The growth of the nuclei (EMD crystallites) on the lead 

anode occurs independently from each of the pathways at the initial stage. 

 

Schematic representation of the anodic deposition mechanism of MnO2 

 

 

 

 

 

 

However, under different synthesis conditions, the height of the nuclei and the density 

of the EMD deposit are dependent that determine the rate of nuclei growth. The 

independent nuclei that are formed in the initial stages start overlapping diffusion 

zones around growing nuclei in the succeeding steps. This overlapping results in the 

development of local concentration and overpotential distribution in the neighborhood 

of the growing nuclei (clusters). With the increase in the applied current density (100 

– 300 A m-2), the fast transport of Mn2+ would increase the reaction rate (pathway 1), 

resulting in larger particle formation and a higher rate of crystallization reactions. The 

hydrolysis pathway could be the primary mechanism expected at a higher current 

density, increasing mass transfer of the soluble species Mn3+, which becomes less 

stable and leads to fast precipitation of MnOOH preferentially. The nucleated regions 

will not be interlinked to make a uniform deposition layer at higher current rates. On 

the other hand, at a lower current density of 100 A m-2, the deposition rate becomes 

relatively low owing to the sluggish transport of the ions, which results in a film-like 

surface.  

𝑀𝑛2+ → 𝑀𝑛3+ + 𝑒− 

2𝑀𝑛3+ → 𝑀𝑛2+ + 𝑀𝑛4+ 

𝑀𝑛4+ + 2𝐻2𝑂 → 𝑀𝑛𝑂2 + 4𝐻+ 

𝑀𝑛3+ + 2𝐻2𝑂 → 𝑀𝑛𝑂𝑂𝐻 + 3𝐻+ 

𝑀𝑛𝑂𝑂𝐻 → 𝑀𝑛𝑂2 + 𝐻+ + 𝑒− 

Pathway1: 

Disproportion

ation  

Pathway 2: 

Hydrolysis  
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3.5.2. Physicochemical characterization  

Morphology. The surface morphology of the electrodeposited MnO2 samples under 

different conditions; EMD(5,100), EMD(5,200), and EMD(5,300), are given in Figure 3.2. 

The FESEM micrograph of the EMD(5,100) shown in Figure 3.2A has grown like sea 

whips with densely packed interlinked particle formation. On the other hand, for the 

sample EMD(5,200), a spindle-like morphology is observed (Figure 3.2B), covering the 

entire surface due to the lower current density, which can be attributed to smaller 

deposited particles. The samples deposited at a current density of 200 A m-2 at different 

deposition time durations did not show significant changes in morphologies. 

Therefore, FESEM micrographs do not clearly indicate the synergy between the 

deposition time and the developed nanostructures. The uniformly grown spindle-like 

particles facilitate the transport of ions from the electrolyte, which suits SC 

applications. Under favorable electrochemical conditions, the surface nucleation of 

MnO2 predominantly occurs on the lead anode, which gradually transits further mass 

to the nuclei resulting in a growing crystallite upon more prolonged deposition. When 

the applied current is larger at 300 A m-2, the crystallite nucleation and crystallite 

growth can occur simultaneously, leading to surface non-uniformity, developing a 

moss-like morphology observed for EMD(5,300) in Figure 3.2E. The fast reaction rate 

might create loosened particle to particle deposition, and therefore, unstabilized 

randomly distributed MnO2 over the surface is evidenced. 
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Figure 3.2 FESEM images of (A) EMD(5,100), (B) EMD(4,200), (C) EMD(5,200) (D) 

EMD(6,200) and (E) EMD(5,300) samples. 

 

XRD patterns of EMD. The XRD patterns of EMD deposited at various 

electrochemical conditions are shown in Figure 3.3. The XRD pattern of EMD material 

shows the presence of well-resolved peaks of crystalline nature. However, the broader 
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peaks in the XRD patterns indicate that the deposited EMD is less crystalline and has 

more defects in microtwinning corresponding to γ-phase MnO2 [23]. Five major peaks 

can be observed in each sample at the 2θ values around 22º, 37º, 42º, 56º, and 67º. The 

XRD patterns studied under different electrochemical conditions invariably exhibit the 

characteristics of γ-MnO2 [3,24,25]. The γ-MnO2 has an orthorhombic phase (JCPDS 

file no. 65-1298) with the lattice parameters a = 9.32290 Å, b = 4.45330 Å, and c = 

2.84820 Å. Based on the classification postulated by Chabre and Pannetier [3], the 

EMD samples prepared in this chapter belong to the γ-MnO2 type III pattern that 

describes the extensive presence of microtwinning in the samples. Thus, the change in 

electrochemical parameters had no significant effect on the crystalline structure of 

EMD bulk samples; however, it influenced the surface morphology. Further, XPS 

analysis was acquired for EMD(5,200) material to identify the elemental composition 

and the oxidation states present in the electrodeposited sample. 

 

 

 

 

 

 

 

 

 

Figure 3.3 X-ray Diffraction (XRD) patterns of EMD electrochemically synthesized 

at different current densities and deposition time durations. 

X-ray photoelectron spectroscopy (XPS). Figure 3.4A shows the survey (broad) XPS 

spectrum of EMD(5,200) associated with the major elements manganese (Mn), oxygen 

(O), and carbon (C), which is as expected. The binding energy values have been 

20 30 40 50 60 70 80

(002/061)

(240/221)

(121)

(021)
(110)

 

 

EMD(5, 100)

 

EMD(5, 200)

 

In
te

n
si

ty
 (

a
. 

u
.)

EMD(5, 300)

 

EMD(4, 200)

 

 

EMD(6, 200)

2q (degrees)



Chapter 3. Consequences of electrodeposition parameters on the microstructure and 

electrochemical behavior of electrolytic manganese dioxide (EMD) 

 

 

113 

corrected using the adventitious carbon (C 1s) peak at 284.8 eV. The spectrum has 

been fitted using a 70% Gaussian line shape. The higher energy resolution for the Mn 

2p region shown in Figure 3.4B represents Mn 2p1/2, and the Mn 2p3/2 consists of 

several peaks. These six multiplets correspond to the Mn4+ state, and their peak fitting 

applied to the spectra of Mn oxides as reported in the literature [26,27]. However, the 

small peak at low binding energy of 641.25 eV cannot be assigned to Mn4+ [28,29] but 

is attributed to the Mn3+ state. Figures 3.4 C and D represent the higher energy 

resolution for the O 1s and C 1s regions. The O 1s spectrum has a major peak around 

530 eV and a distinct, broad shoulder on the higher binding energy, characteristic of 

MnO2. Different ranges of binding energies for O 1s bonding with manganese and 

hydrogen are reported in the literature [28, 30-32]. Mn-O varies from 529.1 to 530.3 

eV, Mn-OH varies from 530.5 to 531.5 eV, while the H-O-H is 531.8 to 532.8 eV 

[28,30–32]. The O 1s spectrum was fitted to these three components (Figure 3.4C), 

labeled as peaks 1, 2, and 3. The most intense C 1s peak is attributed to carbon atoms 

in adventitious carbon, while the minor peaks C2 at 286.15 eV can be attributed to the 

C-OH or C-O-C functionalities, and C3 at 288.76 eV to C=O and O-C=O functional 

groups [33].  
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Figure 3.4 (A) XPS survey spectra, (B) Mn 2p spectra, (C), O 1s spectra and (D) C 1s 

spectra for EMD (5,200). 

Surface area. After structural and microscopic analysis, BET surface area analysis and 

pore size distribution studies were carried out to gain further insight into the structural 

behavior of bulk-deposited EMD under different conditions. The reported BET surface 

area values of the EMD deposits were in the range of 10-100 m2 g-1 [34,35]. The BET 

surface area is usually correlated with the electrochemical reactivity of metal oxides, 

as a higher surface area results in higher performance. Nevertheless, several studies 

have also revealed that increasing the surface area further might not proportionally 

enhance the capacitance [36,37] as several other factors have been involved. 

Therefore, the BET result can be taken as an approximation for the electrochemically 

active surface area of the material [36]. The measurements are based on the N2 
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adsorption-desorption measurements by the amount of gaseous adsorbate (nitrogen, 

argon, or carbon dioxide) condensed on the surface of the tested EMD material [38].  

The EMD samples were ground, and the powdered form was degassed to remove all 

the moisture/gas within its volume. During the testing, nitrogen will create a film 

formation on the surface by penetrating the pores. The analysis gives the specific 

surface area and the pore size, which influences the capacitive properties. 

Physisorption isotherms can be grouped into six types. According to the IUPAC 

classification, the isotherms obtained for EMD samples can be categorized as type IV 

isotherms with an H2 hysteresis loop in the range 0.4-0.8 P/P0. Corresponding pore 

size distribution curves were taken from the Barret-Joyner-Halenda (BJH) data, which 

indicated the samples are mesoporous. The surface area values, average pore sizes, and 

volumes for the EMD samples are presented in Table 3.2. The Nitrogen adsorption-

desorption isotherms are displayed in Figure 3.5A, and the pore size distribution is 

given in Figure 3.5B. The lowest surface area of 73.8 m2 g-1 exhibited by EMD(5,100) 

could be due to the diffusion of ions into the nucleus on the electrode occurring at a 

low deposition rate allowing uniformly layered deposition; therefore, small grains are 

well packed on the surface. The surface area of the EMD deposited at a slightly higher 

current rate of 200 A m-2 has not varied much with the deposition duration. EMD(5,300) 

reported that the largest surface area of 103 m2 g-1 could be due to the larger current 

introduced by forced convection. It increased the mass transfer of the Mn species, 

creating a mossy surface of EMD. The pore size range in Table 3.2 facilitates the 

transportation of OH- ions into these pores contributing to the overall capacitance. The 

BET surface areas of the EMD samples synthesized under different conditions confirm 

that the current density facilitated the increase in surface area but no significant effect 

by the deposition duration.  
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Table 3.2 BET surface area and pore sizes of all the EMD materials. 

Sample BET surface area 

(m2 g-1) 

BJH average pore 

diameter (nm) 

BJH cumulative 

volume of pores 

(cm3 g-1) 

EMD(5,100) 73.8 4.15 0.071 

EMD(4,200) 83.4 4.11 0.080 

EMD(5,200) 80.5 4.21 0.082 

EMD(6,200) 81.4 4.16 0.071 

EMD(5,300) 103.7 4.10 0.087 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Comparison of the (A) Nitrogen adsorption and desorption isotherms and 

(B) pore size distribution of EMD electrochemically synthesized at different current 

densities. 

Transmission electron microscopy (TEM). The TEM observations of the EMD(5,200) 

are shown in Figure 3.6. Figure 3.6A demonstrates the nano grain-shaped particles 

with size ranges from 8 - 39 nm, with ~17 nm mean particle size. The high-resolution 

transmission electron microscopy (HRTEM) in Figure 3.6B indicates the semi-

crystalline nature of the material, which is also evidenced by the XRD pattern. High-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

image is shown in Figure 3.6C, and the corresponding Energy-dispersive X-ray 
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spectroscopy (EDS) images (Figure 3.6 D and E) confirmed that the local chemical 

composition of the deposited material merely consists of manganese and oxygen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. (A) Transmission electron microscopy (TEM) image, (B) High-resolution 

transmission electron microscopy (HRTEM) image, (C) High-angle annular dark-field 

(HAADF) scanning electron microscopy (STEM), and (D, E) Energy-dispersive x-ray 

spectroscopy (EDS) elemental mapping showing the presence of ‘Mn’ and ‘O’ in the 

material of EMD(5,200). 

3.5.3. Electrochemical characterization 

Cyclic voltammetry (CV). Cyclic voltammetry (CV) curves for each EMD are shown 

in Figure 3.7 (A-I, B-I, C-I, D-I, E-I). The CV curves obtained at a lower scan rate of 

2 mV s-1 show a more rectangular shape with no observed redox peaks, typical of the 

capacitive materials. Generally, the samples undergo a few cycles (~ 20 cycles) for 

equilibration. Overall, the CVs of each EMD sample exhibit the quasi-rectangular 

shape that is typically shown by pseudo-capacitive materials. At higher scan rates (≥ 
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10 mV s-1), the shape of the CV curve deviates from the quasi-rectangular to the 

elliptical, indicating the deviation from ideal capacitive behavior [39,40]. This 

suggests pronounced limitations of the transport phenomena in the single electrode 

configuration at high scan rates. The charge storage mechanisms for amorphous and 

crystalline MnO2 can be elaborated in two ways. The protons (H+) or alkaline cations 

(M+) can be adsorbed/desorbed on the electrode/electrolyte interface involving a non-

faradaic process, along with an Mn4+/Mn3+ charge-transfer (faradaic) process 

occurring at the near-surface primarily in amorphous MnO2. The 

intercalation/deintercalation of protons and cations involving redox reaction is 

predominant in crystalline MnO2 [39]. Since the EMD described in this chapter is less 

crystalline, it tends to follow the surface adsorption/desorption mechanism through the 

microporous structure allowing the transportation of electrons and ions. This is further 

confirmed by the quasi-rectangular CV curves, which do not show the pronounced 

cathodic/anodic peaks but indicate the electrochemical double-layer capacitor. At slow 

scan rates, the protons and the cations get sufficient time to transfer to the MnO2 

surface, desolvate then adsorbs, leading to more reactions at the EMD electrode 

surface. On the other hand, at higher scan rates, the time for adsorption is limited due 

to the polarization of the desolvation process of the hydrated alkaline ions. Therefore, 

it does not allow complete adsorption of cations hence the deviation of CV curves from 

the ideal behavior. 

Galvanostatic charge-discharge (GCD). The GCD curves for EMD samples shown 

in Figure 3.7 (A-II, B-II, C-II, D-II, E-II) depict non-linear behavior, usually expected 

for pseudocapacitors based on the redox processes and can be complied with CV 

curves. Increasing the charge-discharge current applied to the electrode lowers the 

available capacitance. Similar to the CV curves, due to the less time for protons and 

cations to get adsorbed onto the surface of the material, the rate capability decreases 

with increasing the current density.  

Specific capacitance of EMD - half-cell measurements. The specific capacitances for 

different EMDs were calculated using GCD measurements. The capacitance 

contributed by the graphite substrates as a current collector used in this study was 

insignificant and not comparable with the capacitance provided by the active material. 
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Hence, the substrate contribution does not influence the calculated specific 

capacitances from the charge-discharge measurements. At a current density of 1 mA 

cm-2, the specific capacitances for EMD(5,100), EMD(4,200), EMD(5,200), EMD(6,200), 

EMD(5,300) are 77, 94, 98, 95, and 90 F g-1 respectively. The results indicate that the 

specific capacitance observed for EMD(5,100) is lower than the other samples. The local 

resistance of electrolyte ion transport can be higher with a lower surface area 

possessing a sea-whip morphology and lower porosity [41]. The capacitances observed 

in the range of 95 F g-1 for EMD materials deposited at a current density of 200 A m-2 

and varying deposition times as 4, 5, and 6 hours show no significant differences. The 

EMD(5,300) also delivered comparable capacitance similar to EMD(5,200). However, the 

inefficiency and high energy consumption of the synthesis processes seem less 

attractive for electrowinning plant operation for EMD production. In conclusion, based 

on the examined process conditions, 200 A m-2 current density was found to be optimal 

for synthesizing electrolytic manganese dioxide using Pb anode and SS cathode in 

acidic MnSO4 precursor. As investigated in this chapter, the time duration of 

deposition did not hugely affect the capacitances and allowed for higher mass yields 

with increased duration. To evaluate its durability for potential applications, the 

cycling stability of the EMD(5,200) electrode was evaluated up to 1000 charge-discharge 

cycles at a 1 mA current rate. Figure 3.7F shows the variation of specific capacitance 

against the increasing cycle number. The specific capacitance was decreased from 97.1 

to 95.6 F g-1 after 1000 cycles representing good cyclability with 98.5% of capacitance 

retention. The Nyquist plots related to EMD(5,200) for before and after cycling are 

shown in Figure 3.7G. In the high-frequency region, the absence of a semicircle-like 

shape indicates low interfacial resistance of the EMD electrode. In the low-frequency 

region, a deviation of the straight line with an inclination of 45º to the Y-axis represents 

a pseudocapacitor behavior of the material. The corresponding equivalent circuit 

diagram is shown in the inset of Figure 3.7E. The charge transfer resistance R2 is found 

to be decreased from 11.01 to 10.47 Ω during cycling, indicating the insertion process 

causes a change in the series resistance of the EMD material.  
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Figure 3.7 Cyclic voltammograms (CV) (A-I, B-I, C-I, D-I, E-I) and galvanostatic 

charge-discharge (GCD) (A-II, B-II, C-II, D-II, E-II) profiles of EMD samples tested 

at different scan rates and current rates, (F) Cycling stability for the EMD(5,200) sample 

in 2M NaOH for 1000 cycles (specific capacitance against cycle number), (G) Nyquist 

plots for EMD(5,200) electrode for before and after cycling (inset: the equivalent circuit 

used to fit the EIS data). 
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Faradaic and non-faradaic contributions to charge storage. The area of the CV 

curves represents the total charge stored via both faradaic and non-faradaic processes. 

The faradaic process can be either the H+/Na+ ion insertion from the NaOH electrolyte 

or the charge transfer that takes place at the surface with OH- surface atoms as 

pseudocapacitance. The non-faradaic process depends on the electric double layer 

(EDLC) capacitance. These charge storage phenomena of the EMD(5,200) involve both 

the faradaic and non-faradaic processes, which were analyzed by using the CV data 

(Figure 3.7) at different scan rates according to the power-law in equation (3.8). 

 

where 𝑖 is measured current (mA), 𝜈 is scan rate (V s-1), and both 𝑎 and 𝑏 are adjustable 

parameters. The 𝑏 values are determined by the slope of the plot of log 𝑖 vs. log 𝜈, 

which is shown in Figure 3.8. When the 𝑏 value is closer to 0.5, diffusion-controlled 

(faradaic) reactions dominate the charge storage, while the values closer to 1 represent 

the capacitive (non-faradaic) response. The maximum obtained was 0.65 at the 

potential of 0.45 V. This indicates that the current primarily comes from faradaic 

reactions. At the potentials higher or lower than 0.45 V, the values lie within 0.5 - 0.6. 

This explicitly shows that for the EMD discussed in this thesis, the charge storage 

essentially occurred via the faradic reactions and the potential range (0 - 0.6 V) studied 

in CV. Further investigation was carried out to identify the quantitative contributions 

of the faradaic and non-faradaic for the charge storage. Considering the underlying 

investigations from power law, the current response at a fixed potential can be 

expressed as a combination of two distinct mechanisms, namely, capacitive effect and 

diffusion-controlled insertion processes, given by the equation (3.9) [42]. 

 

     

where, 𝑘1𝜈 and 𝑘2𝜈1/2 correspond to the current contributions from surface capacitive 

effects and the diffusion-controlled intercalation process. With the known values of 𝑘1 

and 𝑘2, the fraction of current at a specific potential can be determined. The above 

equation can be rearranged to equation (3.10) for analytical purposes. 

𝑖 = 𝑎𝜈𝑏 (3.8) 

𝑖(𝑉) = 𝑘1𝜈 + 𝑘2𝜈1/2  (3.9) 
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Figure 3.8B was plotted using equation (3.10), and the 𝑘1 and 𝑘2 values were found 

from the slope and y-axis intercept point, respectively. This enabled us to distinguish 

the current contributions with varying scan rates, as shown in Figure 3.8C. The 

influence of the capacitive contribution was increased while reducing the diffusion-

controlled insertion contribution with increasing scan rates. At 2, 10, 20, 50 mV s-1, 

the calculated capacitive contributions were 10.8, 21.3, 27.6, and 37.6, respectively. 

The outcomes agreed with the CV profiles of EMD. The pseudocapacitive nature of 

the curves gradually deviated to more like elliptical with increasing scan rates due to 

losing the faradic contributions. Knowing the faradaic and non-faradaic contribution 

of the material is useful when incorporating it into a hybrid (asymmetric) capacitor, 

which will be discussed in the following section. 

 

 

 

 

 

 

 

 

 

 

 

 

𝑖(𝑉)/𝜈1/2 = 𝑘1𝜈1/2 + 𝑘2 (3.10) 
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Figure 3.8 (A) b-values obtained for EMD(5,200) plotted against the voltage for anodic 

sweeps; 2, 10, 20, 50 mV s-1 [inset: plot of power law; log (i) as a function of log 

(sweep rate)], (B) Plot generated using the equation (10) for different voltage regime 

(a) 0.16 (b) 0.24 (c) 0.32 (d) 0.40 (e) 0.48 V and, (C) comparison of the capacitive and 

diffusion controlled insertion processes contribution to the total charge storage. 

 

Aqueous hybrid (asymmetric) electrochemical capacitor (EMD/AC). The EMD(5,200) 

at the optimized synthesis conditions was further examined for the hybrid (two-

electrode) configuration. The AC negative electrode capacitance was measured in the 

three-electrode system to balance the masses of each electrode for the two-electrode 

cell. AC is generally used as active electrode material in supercapacitors due to its 
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large surface area of ~3000 m2 g-1 and high electrochemical stability, porosity, 

conductivity & low cost [43–46]. At a 1 mA applied current rate, activated carbon 

delivered 81 F g-1 capacitance, obtained with a ~3 mg mass loading on a 1 cm2 area of 

the graphite substrate. Regardless of the higher theoretical capacitance, practically 

~130 F g-1 in non-aqueous electrolytes and ~200 F g-1 in aqueous electrolytes are 

achievable for a single electrode system [47,48]. Figure 3.9A and B present respective 

CV and GCD profiles of AC tested in a 2 M NaOH aqueous electrolyte. As expected, 

activated carbon exhibited a rectangular-shaped CV curve and a triangular-shaped 

GCD curve, indicating near electrochemical double-layer capacitor behavior. 

 

 

 

 

 

 

 

 

 

Figure 3.9 (A) Cyclic voltammetry (CV) and (B) galvanostatic charge-discharge 

(GCD) profiles of the commercial activated carbon (AC) measured at different scan 

rates and current rates. 

 

The two-electrode consists of EMD(5,200), and AC electrodes are tested for specific 

capacitance, power, energy performance, and cycling stability. Figures 3.10 A, B, and 

C show the CV and GCD curves and cycling stability of the device in an aqueous 

NaOH electrolyte. Compared to the expensive ionic and organic electrolytes, aqueous 

electrolytes are much cheaper for supercapacitors, reducing the overall cost. While this 

has been a significant advantage, the cell voltage of symmetric capacitors of AC/AC 

is limited in aqueous electrolytes. Therefore, hybrid (asymmetric) capacitors are being 
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developed to enhance the cell voltage and energy density [49]. Initially, from the two-

electrode fabricated, the capacitance was 36 F g-1, which decreased to 28 F g-1 after 

5000 cycles. The calculated energy density and power densities at 2 mA were 10 Wh 

kg-1 and 2352 W kg-1, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 (A) Cyclic voltammograms (CV), (B) galvanostatic charge-discharge 

(GCD) profiles, and (C) cycling stability of the hybrid (asymmetric) capacitor 

EMD/AC over 5000 cycles. 

Summary of electrochemical data from the literature for manganese dioxide 

powdered electrodes. The current energy storage performance is compared with 

previously reported work on MnO2 synthesized by conventional synthesis, and their 
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used are compared to see their influences on the performance. The summary of the 

electrochemical data along with their supercapacitor performance values, suggests that 

the EMD discussed in this chapter is comparable to the MnO2 with different crystal 

structures synthesized by varying chemical synthesis methods found in the literature. 
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Table 3.3 Summary of electrochemical data of composite manganese oxide electrodes. 
R

ef
 

S
y

n
th

es
is

 m
et

h
o

d
 

X
R

D
 

E
le

ct
ro

d
e 

co
m

p
o

si
ti

o
n

 

C
u

rr
e
n

t 
co

ll
ec

to
r
 

S
u

rf
a

ce
 a

re
a

 (
m

2
 g

-1
) 

C
a

p
a

ci
ta

n
ce

 (
F

 g
-1

) 

E
le

ct
ro

ly
te

 

M
n

O
2
 (

w
t%

) 

C
ar

b
o

n
 (

w
t%

) 

B
in

d
er

 (
w

t%
) 

Lee  and 

Goodenough 

[50] 

Precipitation a-MnO2 70 25 5 Titanium 

welded on 

Tantalum 

foil 

303 200                  

(2 mA cm-2) 

2 M KCl 

Toupin et al. 

[51] 

Coprecipitation a-MnO2 

Cryptomelane 

80 15 5 Stainless 

steel grid 

180 ± 

30 

166                  

(2 mV s-1) 

0.1 M Na2SO4 

Jeong et al.   

[52] 

Reduction process MnO2 70 25 5 Titanium 

welded on 

Tantalum 

foil 

391 250                  

(2 mA cm-2) 

2 M NaCl 

Toupin et al.       

[53] 

Coprecipitation a-MnO2 80 15 5 Stainless 

steel mesh 

160 ± 3 150                  

(5 mV s-1) 

0.1 M Na2SO4 

Brousse et al. 

[54] 

Sol-gel γ-MnO2 68 25 7 Stainless 

steel 

41 30                    

(5 mV s-1) 

0.1 M K2SO4 
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connected to 

a copper 

wire 

Zolfaghari et al. 

[55] 

Sonochemistry γ-MnO2 60 35 5 Stainless 

steel grid 

301 118 – 258        

(5 mV s-1) 

0.5 M Na2SO4 

Wang et al.   

[56] 

Sol-gel γ-MnO2 80 15 5 Nickel foam - 317              

(100 mA g-1) 

1 M LiOH 

Xu et al.        

[57] 

Reduction method a-MnO2 70 25 5 Nickel foam 171 298.7               

(5 mA) 

2 M KOH 

Xu  et al.       

[58] 

Microemulsion  a-MnO2 70 20 10 Stainless 

steel mesh 

connected to 

a nickel wire 

145.7 246.2               

(2 mV s-1) 

1 M Na2SO4 

Yuan  et al.    

[59] 

Interface synthesis α- and γ-MnO2 75 20 5 Graphite  239 285                  

(2 mV s-1) 

1 M Na2SO4 

Ragupathy  et al. 

[60] 

Chemical mixing δ-MnO2 75 20 5 Stainless 

steel 

230 250               

(0.5 mA cm-2) 

0.1 M Na2SO4 

Du  et al.       

[61] 

Anodic 

electrodeposition 

under supergravity 

field 

γ-MnO2 85 10 5 Nickel foam 127.71 277.9             

(0.5 A g-1) 

6 M KOH 

Liu  et al.      

[62] 

Anodic 

electrodeposition 

under supergravity 

field 

γ-MnO2 80 15 5 Nickel foam - 277.34          

(0.5 A g-1) 

6 M KOH 
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Dupont and 

Donne [63] 

Anodic 

electrodeposition 

α-MnO2 75 15 10 Stainless 

steel rod 

123.3 110                  

(25 mV s-1) 
0.5 M Na2SO4 

Tizfahm  et al. 

[64] 

Cathodic pulse 

electrodeposition 

and heat treatment 

α- and γ-MnO2 80 15 5 Nickel foam - 182                     

(2 A g-1) 

1 M Na2SO4 

Bai  et al.      

[65] 

Hydrothermal  Birnessite MnO2 80 15 5 Nickel foam 706.1 

cm3 g-1 

178                    

(1 A g-1) 

0.5 M Na2SO4 

Dupont  et al. 

[66] 

Anodic 

electrodeposition 

γ-MnO2 80 15 5 Stainless 

steel 

33.5  45                    

(25 mV s-1) 

0.5 M Li2SO4 

Shivakumara  et 

al. [67] 

Coprecipitation a-MnO2 85 10 5 Stainless 

steel foil 

232 290                  

(0.5 A g-1) 

0.1 M 

Ca(NO3)2.4H2O 

Mahadi  et al. 

[68] 

Anodic pulse 

electrodeposition 

α-MnO2 80 10 10 Nickel foam 154.03 526.44              

(0.5 A g-1) 

0.5 M Na2SO4 

Our work -

EMD(5,200) 

Anodic 

electrodeposition 

γ-MnO2 75 15 10 Graphite 80.4 98 (1 mA cm-2/ 

1 A g-1) 

2 M NaOH 



 

 

3.6. Conclusion  

In this chapter, EMD materials were synthesized via the galvanostatic 

electrodeposition method at varying synthesis conditions. Improving scientific 

understanding of the anodic electrodeposition of MnO2 represents an opportunity to 

guide the electrowinning plant for scalable and economic production. We have used 

the existing knowledge and performed studies associated with different current 

densities (100 - 300 A m-2) and deposition time durations (4 - 6 h) and reported their 

consequences on the microstructure and electrochemical behavior. The morphology of 

EMD deposited at lower current densities was spindle-like uniform and compact 

deposit, while a moss-like morphology was observed due to randomly deposited 

particles at higher current densities. From both physicochemical and electrochemical 

perspectives of the tested samples, the optimum process conditions were found for the 

EMD produced at 200 A m-2 for a 5 h deposition period. The specific capacitance 

observed for the EMD(5,200) was 98 F g-1 tested in the three-electrode cell in an aqueous 

NaOH electrolyte. The charge storage process of EMD(5,200) was quantitatively 

analyzed in detail. Surface redox (faradaic) reactions are found to be the primary 

charge storage mechanism. The faradaic contribution became lower with increasing 

scan rate while the capacitive contribution became predominant. For two-electrode, at 

a 2 mA current rate, the cell delivered 10 Wh kg-1  energy density and 2352 W kg-1 

power density, comparable to the reported values. Therefore, the electrochemically 

synthesized manganese dioxide material could be prominent for energy storage.  
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Link to the next chapter 

The electrodeposition conditions were investigated and optimized to synthesize the 

EMD via anodic electrodeposition in the previous chapter 3. The parameters were set 

to obtain optimal energy storage performance of EMD in supercapacitors. However, 

the determined specific capacitance of the pristine EMD was relatively lower to be 

utilized for any practical applications and should be improved. Thus, the established 

method in the previous chapter 3 has been followed in chapter 4 for further 

modifications in electrodeposited material to enhance its electrochemical performance.  

In chapter 4, we have used a bio-polymer Alginic acid additive in the electrolytic bath 

studied at its varying concentrations to modify the EMD characteristics. The newly 

introduced molecular level interactions to the electrolyte species due to the addition of 

the bio-polymer were examined by computational modeling, which supported the 

experimental observations in the EMD deposits having varying morphologies. 

Compared to the pristine EMD in the hybrid capacitor, the bio-polymer modified EMD 

exhibited higher specific capacitance and energy densities, further improving its 

potential application in hybrid capacitors.  
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4.1 Abstract 

Electrolytic manganese dioxide (EMD) synthesized from different electrolytic baths 

with varying biopolymer additive concentrations has been investigated for application 

as an electrochemical supercapacitor. Alginic acid, also termed “alginate”, is a widely 

used biopolymer for various biological applications due to its physicochemical 

properties. Here, the EMD material synthesized with alginate crosslinking was 

introduced in the field of electrochemistry for supercapacitors. Different EMD and 

alginate composites were characterized to find the trade-off between the biopolymer 

content in the bath and the energy storage capability. Compared to the pristine EMD, 

the EMD composites at all of the alginate concentrations influenced both the physical 

and the electrochemical storage properties of the materials. The presence of alginate 

in the solution at higher concentrations altered the morphology from spindle-shaped 

to cactus-shaped with flutes. Rearranged morphology and enhanced particle size are 

attributed to the ability of the alginate to act as a template for binding the Mn2+ ions 

on the substrate in a relatively ordered and widely distributed manner. The EMD 

composite delivered 5 times higher capacitance (487 F g−1) than the pristine EMD at a 

current density of 1 mA cm−2 in a three-electrode system using a 2 M NaOH aqueous 

electrolyte. When the EMD composite was coupled with activated carbon, the hybrid 

device exhibited 52 F g−1 capacitance at a current density of 2 mA cm−2 while giving 

excellent capacitance retention (94 %) over 5000 cycles. The molecular dynamics 

simulation model supported the influence of alginate on ion−polymer interactions in 

the electrolytic bath. The simulations showed that the alginate provides a template for 

binding Mn2+ ions in a relatively ordered manner. It could assist the EMD/Alg 

composite growth in a more favorable condition for energy storage applications.  

4.2 Introduction 

High atmospheric CO2 and other greenhouse gases due to the significant use of fossil 

fuels are a concern with severe consequences to the earth. To enable a transition to 

clean energy utilizing renewable yet intermittent energy sources such as solar and wind 

power requires energy storage to guarantee consistent energy supplies. Recently, 
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significant research has been focused on electrochemical energy devices for 

environmentally friendly operation and flexible energy storage to meet the supply and 

demand of electrical energy. Rechargeable batteries and electrochemical capacitors 

(ECs) are currently the best candidates among the available options. High specific 

energy density and power density are essential aspects of an efficient energy storage 

device accompanied by low-cost and environmentally friendly electrode materials. 

Supercapacitors (SCs) are a class of energy storage devices offering performance 

characteristics between ECs and rechargeable batteries.1  Consequently, SCs have 

become widely accepted in energy management with their excellent combination of 

high-power delivery (5 - 10 kW kg−1 ) and reasonable energy density capability (20 - 

30 Wh kg−1). In comparison, rechargeable batteries have larger energy densities (30 - 

260 Wh kg−1) but lower power values (0.1 - 5 kW kg−1).2  

Compared with the commonly investigated electrode materials for energy storage, 

manganese dioxide (MnO2) cathode is abundant, eco-friendly, cost-effective, and used 

in both primary and secondary batteries available in the market.3,4 More recently, there 

has been a dramatic increase in the research on manganese dioxides for SC 

applications as pseudocapacitive materials.5–7 The SCs are classified as two types 

based on the charge storage reactions: (a) electric double-layer capacitors (EDLCs) 

employing non-faradic charge accumulation at an electrode−electrolyte interface, and 

(b) pseudocapacitors employing a faradic (charge transfer) redox reaction across the 

interface through a diffusion process of charge storage ions. Manganese dioxide can 

be either natural (NMD) or synthesized via chemical methods (CMD) or by 

electrodeposition (EMD).8–10 The electrolytic manganese dioxide has advantages over 

other types due to its low production cost, scalable production, electrochemical 

activity, and high purity.11 Electrolytic manganese dioxide can be formed from the 

direct electrolysis of an aqueous bath containing manganese sulfate in sulfuric acid. 

Electrodeposition is a simple technique that could be conducted with moderate 

experimental conditions to tune the material properties such as particle size, density, 

and morphology,12,13 which greatly influence the electrochemical energy storage 

properties.14 Based on the applied voltage or current, the deposition techniques can be 

categorized as galvanostatic (GS), potentiostatic (PS), and cyclic voltammetry (CV). 

Despite the advantage of producing scalable EMD, the lack of structural stability for 
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the deposited EMD results in significant energy storage losses over long-term cycling 

when used as an electrode in SC applications. Therefore, additives/dopants are 

commonly introduced as foreign materials in the electrolytic bath to improve the 

surface morphology, electrochemical cyclability, structural stability, and flexibility of 

the deposited manganese dioxides.15 To date, different composite electrodes of EMD 

with other metal dopants (Ni2+, Co2+, Fe2+, Pb2+, Zn2+), polymers (chitosan, 

polyaniline, poly(o-phenylenediamine)), and surfactants (cetyltrimethylammonium 

bromide (CTAB), sodium n-dodecyl benzene sulfonate (SDBS), etc.) additives have 

been reported by many researchers.16,17  

In this chapter, alginic acid crosslinked with EMD has been newly introduced, and its 

electrochemical properties were explored. This biopolymer is of interest in this chapter 

due to its excellent properties such as compatibility with hydrophobic and hydrophilic 

molecules, nontoxicity, tunable adhesiveness, and mechanical stability. A widely used 

natural polysaccharide, alginic acid (Figure 4.1), also termed “alginate”, is an anionic, 

biopolymer.  

 

 

 

 

 

 

 

 

Figure 4.1 Chemical structure of the Alginic acid polymer.  

Alginate is naturally created from brown algae, where it is present in the algae cell 

walls and intercellular spaces. It has an essential role in providing flexibility and 

strength to marine plants. Besides, alginate plays a pivotal part in several industrial 

applications such as biomedical, food, water treatment,18 and catalysis19 due to its 

biocompatibility, low toxicity, and relatively low cost.20 The unique nature of alginate 

in facilitating film formation and spinning of fibers is also well known.21 Alginate is a 
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block copolymer composed of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate 

(G) residues. The G-blocks of alginate participate in intermolecular crosslinking with 

divalent cations, while M-blocks are responsible for the shape of the extended polymer 

chain. At a low pH, an increase in viscosity leads the alginate to undergo mild gelling, 

allowing for encapsulation of other species; for instance, Ca2+ can replace some of the 

H+ and Na+ in the alginate to form a calcium alginate gel. The molecule has highly 

reactive carboxylic acid groups that could be modified for various applications to act 

as functional materials. Therefore, the biopolymer alginate has been used as an 

additive in situ during the electrodeposition of manganese dioxide from the manganese 

sulfate electrolyte bath. The importance and originality of this chapter are that it 

explores the effect of alginate concentration on energy storage and cyclic stability 

through experimental analysis supported by molecular dynamics modeling. The 

molecular dynamics simulation was conducted to obtain further insights into the role 

of alginate in electrodeposition. Two different models were built of a fully protonated 

form and a model in which the carboxylic acids were deprotonated for comparison. 

4.3. Materials and methods 

4.3.1. Chemicals  

All of the precursors and other chemicals used in the experiments were bought from 

commercial suppliers and used without further purification. Deionized (DI) water was 

used for solution preparation. MnSO4·H2O (99.5 %), concentrated H2SO4 (98 %), and 

alginic acid as biopolymer additive were used as precursors in electrodeposition. 

Hereafter, the term “Alg” will be used to refer to alginic acid/alginate in this chapter. 

4.3.2. Electrodeposition of MnO2 with varied concentrations of Alg biopolymer  

The concentrations of Mn2+ and H2SO4 used in the electrolytic bath were 0.9 and 0.25 

M, respectively. Alginate is not readily dissolved in the electrolyte solution used in the 

experiment. Therefore, Alg was homogeneously dispersed in DI water by stirring. 

From a prepared stock solution, the appropriate amount of additive was added to the 
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electrolytic bath and stirred constantly throughout the experiment. The electrolytic 

solutions were prepared at different concentrations of Alg as 0.0, 0.1, 0.25, 0.5, and 

1.0 g l−1. The sample with a 0.0 g l−1 concentration of Alg is termed pristine EMD. 

Each sample was anodically deposited for 5 h on a lead (Pb) substrate with stainless 

steel (SS) stands as the cathode regardless of the additive concentration. A constant 

current of 200 A m−2 was applied, and the electrolytic bath was kept at 95 °C 

throughout the experiment. The electrolytic bath was covered with a 

poly(tetrafluoroethylene) (PTFE) lid to minimize evaporation, and the solution was 

continuously agitated to keep uniform conditions. At the end of the experiment, the Pb 

substrate was taken out and thoroughly washed with running DI water to remove 

entrained electrolyte and then kept in the oven for drying overnight. Later, the 

electrodeposited material was scraped off the electrode surface cautiously without 

damaging the anode electrode to avoid Pb particle contamination. The collected EMD 

flakes were further rinsed with DI water to make them electrolyte-free, and the 

resultant flakelike particles were dried in an oven at 80 °C for 12 h and termed “active 

material”. 

4.3.3. Material characterization  

The surface morphology of the electrodeposited materials was observed by field 

emission scanning electron microscopy (FE-SEM, TESCAN CLARA). Mid-infrared 

(MIR) analysis was carried out at the infrared facility at the Australian Synchrotron, 

Melbourne. The beamline was coupled to a Bruker IFS 125/HR Fourier transform (FT) 

spectrometer. The data was acquired in single reflection diamond attenuated total 

reflection (ATR) transmission mode within 1970−400 cm−1 in the mid-IR using a Si:B 

photodetector. A background spectrum was first collected. Subsequently, the sample 

spectra were recorded with 50 scans and subtracted from the background spectrum. 

All data collection was performed using OPUS software version 8.0.19. X-ray 

diffraction was carried out to determine the crystal structure of the synthesized EMD 

samples using Cu Kα radiation (1.5418 Å) operated at 28 kV and 10 mA. Neutron 

diffraction data (NPD) were collected on the Echidna high-resolution powder 

diffractometer at the Open Pool Australian Lightwater (OPAL) facility located at the 
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Australian Nuclear Science and Technology Organisation (ANSTO), Australia. Data 

were collected in the 2θ range of 4 - 164° using 1.622 Å wavelength. The Rietveld 

refinement for NPD data was performed using crystallography data analysis software, 

GSAS-II. The surface area and pore structure of the EMD samples were characterized 

by adsorption−desorption isotherms of N2 at 77 K using the equipment ASAP 2010 

MicroPore System (Micromeritics). The specific surface area was calculated by the 

Brunauer−Emmett−Teller (BET) method, and the pore volume vs. the pore diameter 

was determined by the Barrett−Joyner−Halenda (BJH) method. 

4.3.4. Electrochemical (supercapacitor) studies 

 The synthesized EMD as active materials, either pristine EMD or EMD/Alg, was 

mixed with acetylene black and polyvinylidene difluoride (PVDF) binder in a mass 

ratio of 75:15:10 in N-methyl-2-pyrrolidone (NMP) solvent and made into a slurry for 

electrode coating. A 1 cm2 area of a graphite current collector was coated and dried at 

80 °C for 12 h. The active mass coated on the graphite was determined by weighing 

before and after the coating. Cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD), and electrochemical impedance spectroscopy (EIS) tests were carried out in a 

three-electrode system (half-cell measurements) with Hg/HgO reference and Pt wire 

counter electrodes in 2 M NaOH aqueous electrolyte using a BioLogic SP150 

potentiostat. Half-cell measurements on CV and GCD were recorded at different 

sweep rates (2, 5, 10, and 20 mV s−1 ) and current densities (0.5, 1, 2, and 3 mA cm−2 

). EIS was performed for EMD/Alg single electrode at a frequency range of 10 mHz 

to 100 kHz with 10 mV amplitude. The impedance for real and imaginary parts was 

collected with ten points per decade for each frequency value. A hybrid capacitor 

comprising EMD/Alg coupled with activated carbon (AC) electrode was used to study 

the full-cell capacitance, cycling stability, and energy and power densities. The 

equations used in the calculation of specific capacitance from CV measurements 

(Cs,CV, Fg−1), specific capacitance from GCD measurements (Cs,CD, Fg−1), energy 

density (E, Wh kg−1), and power density (P, W kg−1) obtained from the 

charge−discharge data of half-cell, and full-cell capacitor studies are given by the 

equations 4.1 - 4.4. 
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4.3.5. Computational studies of the electrolyte solution in electrodeposition 

 

Molecular dynamics simulations were performed to explore the nature of the 

interactions between the different species in the solution. The high molecular weight 

and low concentration of the Alg in the experiments meant that it was not possible to 

exactly recreate the experimental concentrations in the simulation, as this would have 

led to a computationally intractable simulation cell. However, the simulations used the 

experimental concentrations for Mn2+ (0.9 M), SO4
2− (1.15 M), and H+ (0.5 M), but 

the Alg was simulated by two fragments of polymer that were seven repeat units long, 

and the concentration was 1.5 × 10−4 M. The fully protonated form of Alg was used to 

represent the polymer at pHs below pKa (referred to as “Algp”). A second model was 

prepared in which the carboxylic acids were deprotonated (referred to as “Algdp”). The 

modeling framework for both the surface and molecules was developed using 

Materials Studio V 6.1.2. All species were represented by fully atomistic models. Each 

simulation was placed in a unit cell with dimensions 40.9 × 40.9 × 40.9 Å3 under 3D 

periodic boundary conditions.  

(4.1) 𝐶𝑠,𝐶𝑉 = න
𝑖 𝑑𝑣

2𝑉𝑠𝑚∆𝑣
=

𝑄

𝑚∆𝑣

0.6

0

 

(4.2) 𝐶𝑠,𝐶𝐷 =
𝐼 ∆𝑡

𝑚 ∆𝑣
 

(4.3) 𝐸 =
1

2
𝐶𝑠,𝐶𝐷

∆𝑣2

3.6
 

(4.4) 𝑃 =
𝐸

∆𝑡
× 3600 
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The potential energy for each simulation was calculated using the COMPASS force 

field22, which has previously been shown to perform well in describing the interactions 

between condensed hydrophilic and hydrophobic species.23–25 Electrostatic 

interactions were calculated using the Ewald procedure, while van der Waals 

interactions were calculated with an atom-based procedure using a 12.50 Å cutoff, a 

spline width of 1.00 Å, a buffer of 0.50 Å, and a long-range tail correction. The 

modeled systems were initially energy minimized using the conjugate gradient 

procedure, with a convergence criterion of 0.04 kJ mol−1. Molecular dynamics 

simulations were performed in the canonical ensemble (NVT, constant number of 

atoms (N), volume (V), and temperature (T)), equilibrated for 500 picoseconds (ps), 

followed by data acquisition for 4500 ps using 1.0 femtosecond (fs) time steps. The 

temperature was maintained at 298 K using the Andersen thermostat26 with a collision 

ratio of 1.0. 

4.4. Results and discussion 

4.4.1. Physicochemical characterization  

Morphology. The samples were first characterized by FESEM analysis to examine the 

morphologies of the EMD/Alg composites and compare them with the pristine EMD. 

The hierarchical structure of EMD is attributed to the electrodeposition synthesis of 

the MnO2 material. The pristine EMD shows a small spindle-shaped particle (Figure 

4.2A). However, in the magnified image (Figure 4.2B), ricelike grains associated with 

a star-shaped pattern branching out from the cluster of grains on the surface are seen. 

The FE-SEM images show that the grains have an average length of 100 - 150 nm with 

a width of 10 - 20 nm range. For the electrolytic bath with Alg added (EMD/Alg 

composite), both the shape and the thickness of the particles are changed (Figure 4.2 

C−J). It is evident from the images that both pristine EMD and the EMD/Alg 

composites exhibit two different morphologies. The individual shape and thickness of 

the EMD particles changed significantly with the concentration of the Alg in the bath. 

At a lower concentration of 0.1 and 0.25 g l−1, the Alg ions electrostatically interact 

with the surface of MnO2, indicating the evolution in surface morphology (Figure 4.2 
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C−F) due to the biopolymer additive. At a concentration of 0.5 g l−1, the increase in 

the thickness and elongation of the needlelike spines of the cactus-shaped (Figure 

4.2G) particle indicates that the Alg is crosslinked onto the surface layer of 

electrodeposited MnO2. The chelating interaction between the metal cation and the 

carboxylate groups seems viable in the gelation/crosslinking process. The magnified 

FE-SEM image for the EMD/Alg composites in Figure 4.2H shows cactus-shaped 

particles having flutes with an average length of 300 - 400 nm, which are well arranged 

to provide uninterrupted pathways for transporting ions to/from the electrolyte. 

However, agglomerated particles of nodule-shaped morphology have been observed 

for 1 g l−1 of Alg in the electrolytic bath. Therefore, Alg concentrations above the 

threshold (≥ 0.5 Alg) tend to cause more aggregation on the material surface (Figure 

4.2I) because of the uncontrolled gelation (due to the competition of the carboxylic 

group with Mn2+ at a faster rate). The corresponding magnified image (Figure 4.2J) 

shows a porous morphology with no uniform gel structure and mechanical integrity. 

Overall, the results suggest that an excessive concentration of biopolymer additive can 

cause inhomogeneous distribution of particles and gel clogging issues resulting in 

inconsistent surface properties, which are not suitable for efficient storage 

applications, while the optimized amount (0.5 Alg) exhibits a more compact structure. 
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Figure 4.2 FESEM images for (A, B) pristine EMD, (C, D) EMD/0.1 Alg, (E, F) 

EMD/0.25 Alg, (G, H) EMD/0.5 Alg, and (I, J) EMD/1 Alg. 

Structural analysis. Fourier transform infrared (FTIR) spectroscopy was used to 

analyze any functional groups present on the surface of the pristine EMD and 

EMD/Alg samples. The spectra obtained in the mid-infrared range of 500 - 1970 cm−1 

is superimposed in Figure 4.3A. The highly intense absorption band appearing around 

the 575 cm−1 region for all samples represents the metal−oxygen Mn−O bond 

vibrations, indicating that a γ form of MnO2 is present as expected. However, the 

observed bands in the range of 800 - 1100 cm−1 are slightly shifted to the higher 

frequency region for the EMD/Alg samples as compared to the pristine EMD sample. 

This may be due to the possible crosslinking of Alg with MnO2. The overall intensity 

of the bands of the spectra of the Alg-added samples is increased with well-defined 

peaks at higher concentrations illustrating the strong interaction between MnO2 and 

carboxylic anions. The strong and sharp band observed in the range of 800−1000 cm−1 

can be attributed to the Mn−O−Mn bending vibrations of the MnO6 octahedral in γ-

MnO2. The various shoulders observed between 900 and 1970 cm−1 can be assigned 

to the varying degrees of hydrogen bonding in the samples and the interactions 

between manganese and the carboxylic anions.27,28 The band observed at 995 cm-1 may 

correspond to the stretching vibrations of the O-H groups.29,30 The weakly formed 

doublet absorption around 1020 cm−1 in the EMD/Alg samples indicates that the 

surfaces of the EMD composites are rich in carboxyl groups, providing the possibilities 

for their further functionalization for energy storage activities.  

2 µm 200 nm 
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Figure 4.3B shows the XRD patterns of pristine EMD compared with the EMD/Alg 

composites. Five diffraction peaks observed at 2θ values of 22, 37, 42, 56, and 67° can 

be adequately described as γ-MnO2 having a defective crystal phase. Chabre and 

Pannetier31  explained that the EMD composites could be indexed by the orthorhombic 

unit cell structure. For comparison, the diffraction pattern of Alg for all concentrations 

has also been superimposed. The XRD spectrum of Alg exhibits broad diffuse 

diffraction peaks indicating its poor crystallinity. At a higher concentration of Alg in 

the electrolytic bath, the crystalline diffraction peak of EMD corresponding to a plane 

(110) was broadened, which could be due to the increment of crosslinking degree 

between the carboxylic group and Mn. 

 

 

 

 

 

 

 

 

 

Figure 4.3 (A) Mid IR spectra and (B) XRD patterns of pristine EMD, EMD/0.1 Alg, 

EMD/0.25 Alg, EMD/0.5 Alg, and EMD/1 Alg as denoted along with the curves. 

The EMD material (γ-MnO2) obtained from the optimized amount of Alg was further 

analyzed using neutron powder diffraction (NPD) data. This was to carry out a 

quantitative phase analysis based on the Rietveld refinement method. A comparison 

of the conventional XRD and NPD patterns of EMD/0.5 Alg is shown in Figure 4.4 A 

and B. Both patterns exhibit the features of structural disorder present in the 

electrodeposited material, which occurred due to the “De Wolff” disorder.31  The 

Rietveld refinement was undertaken for the diffraction pattern (Figure 4.4B), which 

reveals that the EMD/0.5 Alg structure can be related to both the orthorhombic (Pnma) 

ramsdellite and tetragonal (P42/mnm) pyrolusite models. The parameters for the 

ramsdellite and pyrolusite phases were initially obtained from the database (American 
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Mineralogist Crystal Structure Database; AMCSD).32,33 According to the refinement 

results, 0.42 of pyrolusite and 0.58 of ramsdellite fractions were present in the EMD 

material. The Rietveld refinement parameters were obtained using the lower-weighted 

profile R-factor (Rwp) of 0.0163, and the goodness of fit was 1.19. The refined unit cell 

parameters are provided in Table 4.1, while the atomic coordinates and displacement 

parameters are listed in Table 4.2. The data collected from previous studies for the 

pure pyrolusite and ramsdellite phases are also provided. Compared to the manganese 

oxide structures of ramsdellite and pyrolusite, EMD/0.5 Alg shows distortions in the 

unit cell parameters. The pyrolusite component is enlarged by 3.3 % along the a-axis, 

causing a volume expansion of 4.9 %. For the ramsdellite phase, a very little volume 

increase (0.07 %) is observed with axis expansion along a and b, while there is a 

contraction for c. It has been widely known that the degree of intergrowth of pyrolusite 

in ramsdellite varies with the synthesis conditions. This has been observed for the 

optimized biopolymer additive (EMD/0.5 Alg), which decreases the microtwinning by 

having a larger amount of pyrolusite in the crystalline ramsdellite phase. 

 

 

 

 

 

 

 

 

 

Figure 4.4 (A) X-ray diffraction pattern of EMD/0.5 Alg (γ-MnO2), (B) Rietveld 

refinement profile using EMD/0.5 Alg data. Structural models for ramsdellite and 

pyrolusite are used as represented by green and blue vertical bars, respectively. 

Observed data are shown in purple, the calculated pattern in red, the background in 

black, and the difference between the observed and calculated in dark blue. The clearly 

observed reflections (021), (200), and (121) are labeled in black, the expected positions 

which are slightly seen, the (110), (130), and (221) reflections are also labeled.  
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Table 4.1 Unit cell parameters and volumes for ramsdellite and pyrolusite used in the 

Rietveld analysis. 

 

Table 4.2 Atomic coordinates and thermal parameters for EMD/0.5Alg determined 

from NPD data analysis.32,34 

Sample 𝒂 (Å) 𝒃 (Å) 𝒄 (Å) 𝑽 (Å3) 

Reported values for MnO2 32,34 

Ramsdellite 9.3229 4.4533 2.8482 118.25 

Pyrolusite 4.396 4.396 2.871 55.482 

EMD/0.5 Alg 

Ramsdellite 9.6079 4.4152 2.7896 118.338 

Pyrolusite 4.5403 4.5403 2.8222 58.178 

Sample Atom 𝒙 (Å) 𝒚 (Å) 𝒛 (Å) 𝑼𝒊𝒔𝒐 (Å2) 

Reported values for MnO2 32,34 

Ramsdellite Mn1 0.1332 0.25 0.0258 0.0021 

 O1 0.9655 0.25 0.7838 0.0041 

 O2 0.2796 0.25 0.3201 0.0034 

Pyrolusite Mn1 0 0 0 - 

 O1 0.30200 0.30200 0 - 

EMD/0.5 Alg 

Ramsdellite Mn1 0.1287 0.25 0.0207 0.015 

 O1 0.9580 0.25 0.7689 0.011 

 O2 0.2883 0.25 0.2938 0.007 

Pyrolusite Mn1 0 0 0 0.017 

 O1 0.33260 0.33260 0 0.095 
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Nitrogen adsorption-desorption analyses were performed to examine the specific 

surface area, total pore volume, and pore diameter of the pristine EMD and EMD/Alg 

composites.  EMD flakes were ground into powder and degassed before the Brunauer‐

Emmett‐Teller (BET) analysis. The BET analyses of pristine EMD and EMD/Alg 

composites in Figure 4.5 show a type IV isotherm with an H2 hysteresis loop in the 

range 0.47 - 0.8 P/Po according to the IUPAC classification.35 The measured average 

pore sizes and pore volumes are presented in Table 4.3. The results indicate that the 

addition of Alg biopolymer has improved the surface area. The extent is larger for the 

optimized amount of Alg, which is EMD/0.5 Alg exhibiting 97.1 m2 g-1 with an 

average pore diameter of 3.84 nm. The BET surface areas for electrodeposited EMD 

reported in the literature were in the range of 10 - 100 m2 g-1.36,37 The hysteresis loop 

at relative pressure closer to unity in the adsorption-desorption curves indicates the 

presence of mesopores in the material.38 A significant increment of pore volume (from 

0.1 cm3 g-1 to 0.7 cm3 g-1) in the particle diameter ranging from 2 to 6 nm has been 

observed from the curves obtained by Barret-Joyner-Halenda (BJH) method for 

EMD/0.5Alg composite as illustrated in Figure 4.5D.  
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Figure 4.5 Nitrogen adsorption and desorption isotherms of (A-I, A-II) Pristine EMD, 

(B-I, B-II) EMD/0.1 Alg, (C-I, C-II) EMD/0.25 Alg, (D-I, D-II) EMD/0.5 Alg, (E-I, 

E-II) EMD/1 Alg. 

 

 

 

 

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

10

20

30

40

50

60

0 5 10 15 20 25
0.00

0.02

0.04

0.06

0.08

0.10

0.12

 Adsorption

 Desorption

 

 

V
o
lu

m
e 

(c
m

3
 g

-1
 S

T
P

)

Relative pressure (P/P0)

 

 

P
o
re

 v
o

lu
m

e 
(c

m
3
 n

m
-1

 g
-1

)

Average diameter (nm)

0.0 0.2 0.4 0.6 0.8 1.0
10

20

30

40

50

60

0 5 10 15 20 25
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 Adsorption

 Desorption

 

 

V
o
lu

m
e 

(c
m

3
 g

-1
 S

T
P

)

Relative pressure (P/P0)

 

 

P
o

re
 v

o
lu

m
e 

(c
m

3
 n

m
-1

 g
-1

)

Average diameter (nm)

A-I A-II B-I B-II 

0 5 10 15 20 25

0.00

0.04

0.08

0.12

0.16

0.0 0.2 0.4 0.6 0.8 1.0
10

20

30

40

50

60

P
o
re

 v
o

lu
m

e 
(c

m
3
 n

m
-1

 g
-1

)

Average diameter (nm)

 

 

V
o
lu

m
e 

(c
m

3
 g

-1
 S

T
P

)

Relative pressure (P/P0)

 Adsorption

 Desorption

 

 

0.0 0.2 0.4 0.6 0.8 1.0
10

20

30

40

50

60

0 5 10 15 20 25

0.00

0.15

0.30

0.45

0.60

0.75

0.90

 Adsorption

 Desorption

 

 

V
o
lu

m
e 

(c
m

3
 g

-1
 S

T
P

)

Relative pressure (P/P0)

 

 

P
o
re

 v
o

lu
m

e 
(c

m
3
 n

m
-1

 g
-1

)

Average diameter (nm)

0.0 0.2 0.4 0.6 0.8 1.0
10

20

30

40

50

0 5 10 15 20 25

0.00

0.03

0.06

0.09

0.12

0.15

 Adsorption

 Desorption

 

 

V
o

lu
m

e 
(c

m
3
 g

-1
 S

T
P

)

Relative Pressure (P/P0)

 

 

P
o
re

 v
o

lu
m

e 
(c

m
3
 n

m
-1

 g
-1

)

Average diameter (nm)

C-I C-II D-I D-II 

E-I E-II 



Chapter 4. Alginate biopolymer effect on the electrodeposition of manganese dioxide 

 

 

160 

Table 4.3 Surface area and pore size distribution values for the pristine EMD and 

EMD/Alg composites. 

 

 

The high-resolution transmission electron microscopy (TEM) and the corresponding 

selected area electron diffraction (SAED) pattern in Figure 4.6 A and B shows the 

semicrystalline nature of the electrodeposited material. The γ-MnO2 structure of the 

EMD identified by the XRD and NPD patterns could be further confirmed by the 

diffraction rings obtained from the selected area electron diffraction (SAED) analysis. 

The TEM image of the powdered sample obtained after grinding the EMD flakes 

indicates the presence of nanograins within the EMD, typically of sizes ranging from 

10 to 30 nm. High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image is shown in Figure 4.6C, and EDS mapping of the elements 

Mn, O, and C in the EMD/0.5 Alg sample is shown in Figure 4.6 D−F. This confirms 

the presence of the EMD composites. Compared to the HRTEM of pure EMD (Figure 

4.6 G), slight changes could be observed, implying expansion of the lattice spacing in 

EMD/0.5 Alg in Figure 4.6 H and I. This could be related to the increments of unit cell 

volumes as obtained from the Reitveld refinement analysis of NPD data. Hence, the 

dependence of the lattice parameters could be attributed to the intercalation of polymer 

in the EMD structure. 

 

Sample BET surface 

area (m2 g-1) 

BJH adsorption 

average pore 

diameter (nm) 

BJH Adsorption 

cumulative pore 

volume (cm3 g-1) 

EMD 80.4 4.57 0.08 

EMD/ 0.1 Alg 83.2 4.00 0.08 

EMD/ 0.25 Alg 84.8 4.13 0.07 

EMD/ 0.5 Alg 97.1 3.84 0.08 

EMD/ 1 Alg 94.6 4.15 0.08 
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Figure 4.6 (A) Transmission electron microscopy (TEM) image, (B) Selected area 

electron diffraction image corresponding to image (a), (C) High angle annular dark-

field (HAADF) – scanning transmission electron microscopy (STEM) images, and (D-

F) Energy-dispersive x-ray spectroscopy (EDS) elemental mapping of EMD/0.5 Alg 

(G) High-resolution transmission electron microscopy (HRTEM) image of pristine 

EMD and (H, I) HRTEM images of EMD/0.5 Alg. 
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4.4.2. Electrochemical characterization  

Electrochemical Characterization of the Single Electrode System. Capacitive 

Performance of the EMD/Alg Composites. CV and GCD tests were conducted to 

examine the electrochemical characteristics of the EMD samples. Figure 4.7 presents 

the CV and GCD profiles of the EMD samples at various concentrations of Alg (0, 

0.1, 0.25, 0.5, and 1 g l−1) individually at the potential range of 0-0.6 V in the sweep 

rates of 2-20 mV s−1 and current rate range of 0.5-3 mA, respectively. The CV curves 

in Figure 4.7 (A-I, B-I, C-I, D-I, E-I) show increased current response area under the 

curve for the EMD/Alg composites compared to the pristine EMD, thereby 

establishing beneficial charge storage properties. The current response increases with 

the increase in the concentration of Alg in the bath, but after the threshold (≥ 0.5 Alg), 

for 1 Alg, the current response decreases. Despite these, for all the biopolymer Alg 

concentrations, the CV curves invariably show cathodic (reduction) and anodic 

(oxidation) peaks during the analyses. The quasi-rectangular shape of the obtained 

peaks indicates that the charge storage mechanism involves charge transfer 

corresponding to being pseudocapacitive. For the EMD/0.5 Alg (Figure 4.7 D-I), the 

shape of the CV curve resembles or approaches electrochemical double layer (EDLC) 

behavior. The corresponding quasi-triangular shaped charge-discharge curves are 

shown in Figure 4.7 (A-II, B-II, C-II, D-II, E-II). The applied current rate (0.5 - 3 mA) 

is inversely proportional to the charge-discharge time, implying that at a lower current 

rate of 0.5 mA accumulation of ions from the electrolyte with the electrode interface 

gets longer, resulting in a longer discharge time. For the EMD/Alg composites, the IR 

drop of the discharge cycle is negligible, indicating the polymer is beneficial in 

reducing the IR drop and electrode resistance; this is further confirmed by EIS analysis 

(Figure 4.9). Among the concentrations studied, the EMD/0.5 Alg in Figure 4.7 D-II 

shows increased charge-discharge time, indicating a better charge storage mechanism 

for the EMD/Alg composites. However, at a higher concentration of Alg (1 Alg), the 

charge-discharge time gets similar to that of pristine EMD, suggesting the extensive 

aggregation of the carboxylic group with Mn cation led to poor behavior. 
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Figure 4.7 Cyclic voltammograms (CV) and galvanostatic charge-discharge (GCD) 

profiles of (A-I, A-II) pristine EMD, (B-I, B-II) EMD/0.1 Alg, (C-I, C-II) EMD/0.25 

Alg, (D-I, D-II) EMD/5 Alg, (E-I, E-II) EMD/1 Alg and the bio polymer-modified 

EMD (Note. the axes scales are different for CV and GCD curves of each sample). 

 

Based on the initial studies, we have chosen 10 mV s−1 sweep rate and 1 mA cm−2 

current rate to compare the Alg concentrations to their energy storage performance. 

Figure 4.8 A and B show the CV and GCD curves of all Alg concentrations recorded 

at 10 mV s−1 and 1 mA cm−2. CV curves have slightly deviated from the ideal 

rectangular shape for all of the concentrations, indicating faradic behavior 

corresponding to the pseudocapacitive nature of all samples. However, the EMD/0.5 
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near triangular curves), giving the best electrochemical capacitance performance 

among the studied Alg concentrations. The calculated specific capacitances from CV 

are 94, 145, 300, 489, and 434 F g−1 for EMD, EMD/0.1 Alg, EMD/0.25 Alg, EMD/0.5 

Alg, and EMD/1 Alg, respectively. The Alg composite EMD/0.5 Alg exhibits superior 

values (about 5 times) compared to the pristine EMD, indicating an enhanced ion 

transport after crosslinking. For GCD results at 1 mA cm−2, the specific capacitances 

obtained for EMD/0.1 Alg, EMD/0.25 Alg, EMD/0.5 Alg, and EMD/1 Alg are 95, 

124, 364, 487, and 410 F g−1, respectively. Figure 4.8C shows the specific capacitance 

variability at different Alg concentrations derived from GCD data conducted at 0.5, 1, 

2, 3, and 5 mA current rates. The specific capacitances decline steadily with increasing 

current rates mainly affected by the shorter time for efficient charging and discharging. 

Thus, the fast-current flows do not access all of the available surface area and pores of 

the active material. Therefore, the higher current rates affect ion transportation at the 

electrode−solution interface by the low utilization of micropores, resulting in a short 

discharging time.39,40 Figure 4.8D shows the variation of the specific capacitance with 

the increasing Alg concentrations. A significant improvement of the capacitance was 

obtained when the concentration varied from 0 to 0.5 g l−1, showing the maximum 

capacitance of 487 F g−1 for 0.5 Alg. Following this, the capacitance decreases to 410 

F g−1 for 1 Alg with a loss of ∼16 %. 
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Figure 4.8 (A) CV at 10 mV s-1, (B) CD at 1 mA cm-2, (C) specific capacitance vs. 

current density at different Alg concentrations, (D) Specific capacitance calculated at 

1 mA cm-2 at different concentrations of Alg (the trend lines connecting the data points 

in (C) and (D) are only for showing the pattern of the data points distribution).  

 

To further understand the crosslinking process of the best performed EMD/0.5 Alg 

composites, their kinetics were studied through electrochemical impedance 

spectroscopy (EIS) measurements. The EIS measurements and fitted curves (Figure 

4.9) closely agree with the experimental data collected before and after 1000 cycles in 

the three-electrode configuration. The equivalent circuit was built using the EC-Lab Z 

fit. The difference observed between the initial and after 1000 cycles is not significant. 

Typically, the Nyquist plot consists of a semicircle at high frequency, followed by a 

straight line. In the EMD/0.5 Alg, the Nyquist plot (Figure 4.9A) showed only a 

diffused semicircle at a high frequency that tails off linearly at lower frequencies. The 
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charge transfer resistance (Rct) determined from the semicircle diameter is shown in 

Table 4.4. The ionic charge at the interface contributes to the ideal double-layer 

capacitance. However, the coated electrode surface roughness and porosity could 

produce overlapping double layers that caused deviations from the ideal capacitance. 

Therefore, the non-ideal capacitance is usually represented by a constant phase 

element 41–44 (CPE1 in Figure 4.9B), parallel to the charge transfer resistance Rct.  

When the protons and electrons are inserted into the EMD structure during the charge 

transfer, a diffusion component should also be considered for charge diffusion. At 

higher frequencies, the diffusion of charge (insertion and extraction) will occur 

considerably faster; therefore, the impact given to the impedance by diffusion will not 

be significant. At lower frequencies, the inserted electrons and ions tend to penetrate 

more depth; hence the mass transfer by diffusion would be the limiting factor in 

determining the impedance. This phenomenon is accounted for by the Warburg circuit 

element (W in Figure 4.9B). However, the structural disorder and porous surface of 

the crosslinked EMD will overrule the underlying assumption of Warburg impedance 

that is applied only to planar and semi-infinite diffusion of charge. This was 

compensated by the second constant phase element (CPE2 in Figure 4.9B) was 

included in the circuit in series with the Warburg element and Rct. The values of the 

parameters according to modified Randle’s circuit are shown in Table 4.4. Based on 

the results, only minimal changes have occurred for both Rs and Rct. The ‘n’ is a 

number associated with the constant phase element CPE can vary between 0 to 1 (0 ≤ 

n ≤ 1). If the ‘n’ value is equal to 0, it shows the pure resistance, and if the value is 1, 

it is pure capacitance. According to ‘n’ parameters given by the model, the ‘n1’ has a 

moderate value of about 0.6 while the ‘n2’ is about 0.9 before and after charge-

discharge cycling. The kinetic study concludes that crosslinked EMD seems to be 

stable for long-term cycling, and porosity enhances the ion transport for charge 

storage. The alginate acted as a template for binding the Mn2+ ions on the substrate in 

a relatively ordered and widely distributed manner that led to the enhancement of the 

capacitance. The biopolymer reduced the electrode−electrolyte interface resistance 

and improved the charge (ions, electrons) flow within the electrode. 
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Figure 4.9 (A) Electrochemical impedance spectra of the EMD/0.5 Alg in 2M NaOH 

electrolyte for single electrode cell (before and after 1000 cycles) and fitted curve, (B) 

Equivalent circuit model employed in EIS analysis. 

 

Table 4.4 Equivalent circuit parameters from the fitting using the modified Randles 

circuit. 

 Rs 

(Ω) 

Rct 

(Ω) 

σ * 

(Ω 

s0.5) 

CPE1×103 

(F sn
1

-1) 

n1 CPE2×103 

(F sn
2

-1) 

n2 

Before 

cycling 

9.5 11.5 4.2 6.2  0.69 0.035 0.99 

After 

cycling 

9.8 10.1 4.4 5.9 0.67 0.030 0.94 

 

Electrochemical characterization of the two-electrode system (hybrid capacitor). 

Commercially available activated carbon (AC) was used as the negative electrode in 

the two-electrode cell. CV and GCD analysis for activated carbon were performed in 

a negative potential range of -1 to 0 V at different sweep rates and current densities, as 

previously indicated in Figure 3.9 in chapter 3. The AC electrode clearly showed an 

EDLC behavior with perfect symmetrical charge-discharge curves. At a current 
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density of 1 mA cm−2, the activated carbon exhibited a specific capacitance of 81 F 

g−1. The hybrid device has been fabricated based on the best performed EMD/0.5 Alg 

(as the cathode) coupled with AC. The CV profiles for EMD/0.5 Alg and AC recorded 

at a similar scan rate (10 mV s−1) (Figure 4.10) were found to have a working potential 

window of (+) 0.6 V and (−) 1 V, respectively. The AC electrode exhibited EDLC 

behavior, while the EMD/0.5 Alg composite exhibited pseudocapacitive behavior. 

Therefore, the potential window of the hybrid capacitor could be 1.6 V. To determine 

the safe operating voltage for the device, a two-electrode cell was tested at different 

voltages (Figure 4.11), and a mid-range of 1.4 V was found to be optimal. Considering 

the half-cell measurements of EMD and AC, the optimal mass ratio of the materials 

for the hybrid aqueous cell was calculated by the relationship as explained in equation 

4.5.45,46 

 

 

 

 

 

 

Figure 4.10 Cyclic voltammetry profiles of activated carbon (negative potential 

window -1 V) and EMD/0.5 Alg (positive potential window 0.6 V) at 10 mV s-1 scan 

rate. 
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Figure 4.11 Cyclic voltammograms of the hybrid capacitor (EMD/0.5 Alg and AC) 

with increasing the operating voltage from 1.2 to 1.8 V at the scan rate of 10 mV s-1. 

 

 

 

where,  𝐶+, 𝑚+, ∆𝐸𝑚
+  and 𝐶−, 𝑚−, ∆𝐸𝑚

−  are specific capacitances, masses, and safe 

operation potential window of the positive and the negative electrodes. The electrode 

mass ratio was determined as 0.30. 

Typical CV and GCD profiles of the fabricated EMD/0.5 Alg vs. AC are shown in 

Figure 4.12. The CV curve (Figure 4.12A) shows two distinct regions, EDLC at a 

lower potential and a diffused redox characteristic at a higher potential. Even at higher 

sweep rates, the shape of the CV profiles is intact, indicating that the material can 

sustain fast charge kinetics. The storage mechanism is related to the intercalation of 

alkali metal cations (Na+ ions in the electrolyte) into the EMD electrode during 

reduction and deintercalation upon oxidation. As no clear redox peaks are observed, 

the battery-type intercalation mechanism is ruled out.34 However, a charge transfer 

reaction occurs at a higher voltage between 1.2 and 1.4 V, resulting in the reduction of 

surface pseudocapacitance. The charge-discharge profiles for EMD/0.5 Alg vs. AC at 

a voltage window of 1.4 V tested at different current rates are shown in Figure 4.12B. 

The cell is reversible, and the shape of the curves is more symmetrical at higher current 
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rates with no obvious IR drop. At a lower current rate of 2 mA, an inflection in the 

charge curve at 1.2 V is observed, and the discharge process is not fully reversible. 

The discharge cell capacitances calculated at 1, 2, 3, 4, 5, and 6 mA cm−2 were 52, 50, 

45, 41, 38, and 35 F g−1. The EMD synthesized at an optimized Alg concentration 

enhanced the charging kinetics, where pores acted as the ion reservoir and facilitated 

ion transport. The long-cycling performance of EMD/0.5 Alg versus AC at 2 mA cm−2 

is shown in Figure 4.12C for over 5000 cycles. The capacitance retention of the cell as 

a function of cycle number and its Coulombic efficiency can be inferred from this plot. 

At the end of 5000 cycles, 94 % of the initial capacitance was retained, confirming the 

excellent stability of the cell within the tested voltage range. The observed superior 

performance could be attributed to the unique structure and mesoporous nature of the 

EMD/0.5 Alg. The energy and power densities of the hybrid capacitor (EMD/0.5 Alg 

versus AC) were calculated and displayed in the Ragone plot in Figure 4.12D, 

compared with the reported literature for other electrodeposited manganese oxides. At 

increasing applied currents of 1, 2, 3, 4, 5, 6, and 7 mA cm−2, the cell delivered the 

following power, energy densities (14, 500), (14, 1000), (12, 1500), (11, 2009), and 

(10, 2533), respectively. Despite the lower capacitance obtained from the hybrid 

capacitor, the maximum energy density is 14 Wh g−1 (at 1 mA cm−2). This value is 

noticeably better than the values reported for EMD in hybrid cells in the literature.45,46 
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Figure 4.12 (A) CV and (B) GCD profiles of hybrid capacitor in aqueous 2 M NaOH 

electrolyte at 1.4 V cell voltage, (C) capacitance retention and coulombic efficiency 

over 5000 cycles (D) energy and power densities of the hybrid capacitor with 

increasing applied current densities; 1, 2, 3, 4, 5, 6, 7 mA cm-2 (Ref: 47–51). 

4.4.3. Simulation results   

In this section, the model results are presented, which were carried out to examine the 

electrolyte, the medium of the electric circuit formed between the anode and the 

cathode. The model evaluates the ion-polymer interactions, distribution, and influence 

on manganese dioxide/polymer composite electrodeposition. 

The images in Figure 4.13 A and B show the arrangement of the deprotonated Alg 

(pink), Mn2+ (purple), and sulfate ions (yellow/red) at the end of the simulation. Water 

molecules have been hidden in these pictures to make the location of other species 

easier to see. Although there is some clustering of the Mn2+ and SO4
2− ions, quite a 
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few Mn2+ ions are distributed around the deprotonated Alg polymers. This likely 

improves the distribution of the Mn2+ ions and modifies the way in which these are 

deposited in the final structure. At pHs below the pKa of the Alg, the carboxylate 

groups of the polymer are protonated and there is less attraction of the Mn2+ ions. This 

is evident in the images in Figure 4.13 C and D, where there is a wider dispersion of 

the Mn2+ ions throughout the simulation cell. 

Figure 4.13 A-E describes the average separation between different species during the 

simulations that provides some measure of the level of interaction between these 

species. The Mn2+ ions are dispersed throughout the simulation cell. As can be seen in 

Figure 4.13A, there is a peak at 4.0 Å, indicating that this is the closest that these ions 

approach one another during all of the simulations. The peaks are more intense for the 

systems with Alg, indicating a higher probability of the ions being at this separation 

than the solution without the Alg. However, there is little difference in the separation 

between Mn2+ ions for the two pHs investigated. The Mn2+ ions are well solvated in 

all of the simulations. There is very little difference in the interactions between water 

and Mn2+ with a Mn/O distance of 2.8 Å for the first solvation shell. The peak is 

slightly more intense in the system with no Alg because there is no Alg present to 

interact with the Mn2+ ions. The analysis of the interactions between the Mn2+ ions and 

the oxygen atoms of the carboxylate groups of the Alg polymers is shown in Figure 

4.13C. The Mn2+ ions are strongly attracted to the deprotonated carboxylate groups 

(Alg above pKa), as shown by the large peak at 2.6 Å. The two oxygen atoms of the 

carboxylate are equivalent in the deprotonated state, and therefore, there is only a 

single plot for this interaction. In the protonated state (pH below pKa), the two oxygen 

atoms of the carboxylates are not equivalent. These are designated Algp_Mn2+/-CO for 

the carbonyl oxygen atom and Algp_Mn2+/-COH for the acidic (-OH) oxygen atom. 

The interaction of Mn2+ with the protonated carboxylate groups is much weaker, as 

shown by the smaller peaks in the plot (Figure 4.13C). Interaction between Mn2+ and 

the acidic oxygen atom is favored over the carbonyl oxygen, but as noted, this 

interaction is much weaker than the interaction with the deprotonated carboxylates. 

The interaction between Mn2+ and the alcohol groups of the Alg polymers is quite 

strong. This is particularly the case for the simulation with the deprotonated Alg. It 

should be noted that the alcohol groups in this set are not deprotonated, but the strong 



Chapter 4. Alginate biopolymer effect on the electrodeposition of manganese dioxide 

 

 

173 

electrostatic attraction between Mn2+ and -RCO2 brings the metal ions close to the 

polymer, and this increases the probability of interaction with the alcohol groups. This 

same interaction is present in the protonated polymer simulations but is weaker 

(Algp_Mn2+/-OH in Figure 4.13D). Naturally, there is a strong electrostatic attraction 

between Mn2+ and SO4
2− in solution (Figure 4.13E). The interactions are largely 

unaffected by the charge state of the polymer. The plots indicate that the average 

separation between Mn2+ and SO4
2− is 2.5 Å. There is evidence of the solvated Mn2+ 

and SO4
2- clustering in the simulations. It seems likely from these simulations that the 

Alg provides a template for binding the Mn2+ ions in a relatively ordered manner that 

may assist in the growth of the EMD/Alg composite in a more favorable condition for 

storage applications. 

Based on the foregoing discussion, the underlying mechanism of the EMD deposition 

is proposed. The results suggest that the ionic species in the electrolytic bath are 

uniformly dispersed in the presence of the alginic acid polymer. The Mn2+ divalent 

cations attract the carboxylic surface functional groups in the electrolyte via ionic 

interactions and crosslinking, which influenced the morphology of the EMD deposits. 

Increasing the polymer concentrations in the electrolyte improved the crosslinking 

density; however, the optimized value is found to be 0.5 g l−1. Above this threshold, 

the aggregate morphology seen on the EMD surface led to lower energy storage. 
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Figure 4.13 Average separation between different species in the absence and presence 

of Alg (protonated (Algp) and deprotonated (Algdp)) in the electrolyte bath: (A) Mn2+ 

ions, (B) Mn2+ ions and water, (C) Mn2+ ions and carboxylate groups of Alg polymer, 

(D) Mn2+ ions and alcohol groups, (E) Mn2+ and SO4
2- ions. 

4.5. Conclusion  

Manganese dioxide was synthesized by anodic electrodeposition with varied 

concentrations of alginate (Alg) biopolymer additive. The process is scalable, cost-

effective, and environmentally friendly. Here, we have reported the structural, surface, 

morphological, and electrochemical properties of the hierarchical structure of Alg 

crosslinked with EMD. Cacti-shaped flutelike EMD nanomaterial with tunable 

porosity was obtained for the EMD/0.5 Alg concentration. Compared to the pristine 

EMD, the EMD/0.5 Alg exhibits an excellent specific capacitance of 487 F g−1 for a 

single electrode study, which is 5 times higher than that of the pristine EMD. A 

practical hybrid capacitor device was fabricated using the EMD/0.5 Alg //activated 

carbon, which gave the specific energy of 14 Wh kg−1 and specific power of 500 W 

kg−1 at a 1 mA current rate. The Alg crosslinked with EMD cathode favors a more 

0 2 4 6 8 10 12 14 16 18 20
0

1

2

3

4

5

6

 

 

g
(r

)

Radial distance (A)

 no Alg_Mn2+/Mn2+

 Alg dp_Mn2+/Mn2+

 Algp_Mn2+/Mn2+

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

 

 

g
(r

)
Radial distance (A)

 no Alg_Mn2+/water

 Algdp_Mn2+/water

 Algp_Mn2+/water

0 2 4 6 8 10 12 14 16 18 20
0

4

8

12

16

20

 

 

g
(r

)

Radial distance (A)

 Algdp_Mn2+/-COOH

 Algp_Mn2+/-CO

 Algp_Mn2+/-COH

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

 
 

g
(r

)

Radial distance (A)

 Algdp_Mn2+/-OH

 Algp_Mn2+/-OH

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

 

 
g

(r
)

Radial distance (A)

 no Alg_Mn2+/SO4
-

 Algdp_Mn2+/SO4
-

 Algp_Mn2+/SO4
-

A B C 

D E 



Chapter 4. Alginate biopolymer effect on the electrodeposition of manganese dioxide 

 

 

175 

diffusion-free pseudocapacitance-like charge storage mechanism. In addition, the 

interactions between ions and polymer species (Mn2+, OH−, H+, SO4
2−, Alg polymer) 

in the electrolytic bath were fully comprehended by molecular modeling. It clearly 

depicted the advantages of Alg in the electrolytic bath with its tailorable architecture 

for assembling the EMD on the anode substrate and enhancing its physicochemical 

and electrochemical properties. Using the facile electrodeposition method inherited 

from chapter 3 was rewarded with an attractive material for energy storage. Clearly, 

there exists the potential of using the natural biopolymer Alg for developing 

composites by combining its functional framework with active materials to be used in 

future energy storage devices.  
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Link to the next chapter 

The role of the bio-polymer Alginic acid (Alg) in the electrolytic bath when used at 

different concentrations to synthesize EMD for supercapacitors was studied in the 

previous chapter 4. Further design and synthesis of EMD can be explored, broadening 

its potential application as a pseudocapacitive electrode in the energy storage field. 

Surfactants usually play a significant role in controlling morphologies and particle 

sizes, thus changing material properties. Unlike the polymers, it has been demonstrated 

by the researchers that the surfactants can get adsorbed on the metal surface and reduce 

the interfacial tension between solid and liquid. Therefore, in chapter 5, we prepared 

the EMD using various surfactants with different molecular structures and, adding 

them into the electrolytic bath for electrodeposition. The influence of the surfactants 

that occurred due to their physisorption/chemisorption on the Pb anode surface on the 

anchoring of the MnO2 particles has been investigated using molecular modeling. The 

suitability and optimal concentrations of the surfactants on the EMD material 

electrochemical performance were also explored in chapter 5.     
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5.1. Abstract 

Electrochemical energy storage is one of the most promising ways of storing energy 

from intermittent, renewable sources. To meet the needs, the development of scalable, 

earth-abundant, chemically stable, and environmentally friendly electrode materials is 

crucial. This chapter presents four cationic surfactant-mediated manganese sulfate 

electrolytic solutions used for the synthesis of electrolytic manganese dioxide (EMD) 

to produce scalable material that satisfies the prerequisites desired for supercapacitor 

applications. The influence of the surfactant molecular structure, its concentration, and 

its interaction in the manganese sulfate electrolytic bath was studied, which opens up 

new possibilities for the fabrication of the supercapacitor electrode. The performance 

of three surfactants (Tetradecyltrimethylammonium bromide, 

Didodecyldimethylammonium bromide, Benzyldodecyldimethylammonium bromide) 

was benchmarked against the widely used Cetyltrimethylammonium bromide under 

identical conditions. The surfactants were chosen based on their different head groups 

and hydrocarbon chains. Benzyldodecyldimethylammonium bromide-assisted EMD 

(EMD/B-AB) in a three-electrode system showed improved capacitance of 602 F g-1 

(at 1 mA cm-2) over the other surfactant-mediated samples. The molecular dynamics 

simulations indicated that the electrodeposition of manganese dioxide is highly 

influenced by B-AB, as it adsorbs with the aryl group planar to the Pb surface. The 

appropriate concentration of B-AB surfactant in the bulk solution appears to be 

incorporated into the EMD deposit due to their hydrophobic nature and controlled 

nucleation and established improved pseudocapacitive performance to score a twofer. 

The hybrid capacitor of EMD/B-AB30 vs. porous activated carbon exhibited a high 

specific capacitance of 91 F g-1, with an energy density of 32.4 Wh kg-1 for a 

corresponding power density of 971 W kg-1.  

5.2. Introduction 

Sustainable, clean, low-cost production and highly efficient energy technologies to 

store and supply energy are one of the most significant concerns in today’s world. 

Presently, various types of electrochemical energy systems such as lithium-ion 

batteries (LIBs), electrochemical capacitors (ECs), metal-O2 batteries (Zn-O2; Li-O2), 



Chapter 5. Surfactant-mediated electrodeposition of manganese dioxide 

 

186 

and fuel cells are primarily used in the applications of portable electronics, hybrid 

electric vehicles, smart grids, and other rechargeable electronic devices [1,2]. 

Therefore, innovative materials chemistry is more appealing than ever for the means 

of continual improvement of high-power energy sources. 

A number of surfactants exist with unparalleled potential in various industrial 

applications, such as detergents, medicines, cosmetics, pharmaceuticals, corrosion 

inhibitors, wetting agents, and electrochemical devices [3]. Surfactants are organic 

compounds with opposing polarities, a head group with an affinity for polar phases 

and a tail group that attracts the non-polar phases, showing their amphiphilic nature. 

This unique structure of surfactants can be used to reduce surface and interfacial 

tension [4]. Surfactant-mediated synthesis of materials plays a critical role in 

optimizing particle properties. The limitations of preparing stable dispersions in 

nanotechnology have been addressed by using amphiphilic surfactants as stabilizers to 

disperse hydrophobic inorganic nanomaterials such as carbon nanotubes [5], graphene 

[6], etc. Using surfactants as additives can alter the atomic surface arrangements, 

active sites and affect the chemisorption/physisorption process of the electrochemical 

energy storage materials [7–10]. The functions of the surfactants, when present in 

electrolytic baths, differ with their properties of electron density and the shape of 

adsorbate orbitals. Physisorption and chemisorption at the electrode substrate (Pb in 

this chapter) may take place depending on the properties of the surfactants. Adding 

surfactants to the electrolyte solution affects the kinetics and the electrodeposition 

mechanism. Surfactants can be adsorbed additives that can get adsorbed onto the 

electrode and reduce the mean free path for lateral diffusion of the ions when the 

element/compound diffuses to find the position with the lowest potential energy to 

deposit on the electrode [11].  

In this chapter, we have employed four different surfactants (Figure 5.1) as additives 

in the electrolytic bath to study their influence and the relationship with the molecular 

structure to the electrodeposited manganese dioxide (EMD) characteristics. The 

surfactant-modified EMD was analyzed to explore its applicability in hybrid capacitor 

devices. The three quaternary ammonium-based surfactants (Figure 5.1 A-C), namely, 

Benzyldodecyldimethylammonium bromide, Didodecyldimethylammonium bromide, 

Tetradecyltrimethylammonium bromide, are labeled as (B-AB), (D-AB), (T-AB), 

respectively have not been researched widely for energy storage applications. The 
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quaternary ammonium-based surfactants are structured with at least one hydrophobic 

alkyl chain bonded to a positively charged nitrogen atom. Therefore, these surfactants 

have been chosen to study due to the fact that the different chain lengths and character 

of head groups, which can assist in structure-directing EMD formation. The surfactants 

are expected to control the disproportionation and hydrolysis reactions of the Mn2+ 

ions at the electrode-electrolyte interface. With their hydrophobic chains, surfactants 

can also help extend the operating voltage of the capacitor due to hydrophobic thin 

films incorporated in the electrode, which shifts the water electrolysis region [12]. The 

performance of the relatively new cationic surfactants is benchmarked against the 

well-known Cetyltrimethylammonium bromide (C-AB) (Figure 5.1D) [13–15] and 

pristine EMD. Previous studies reported that the adsorption of cationic and nonionic 

surfactants is greater than that of anionic surfactants [16]. Notably, there is hardly any 

report on the use of EMD when the cationic surfactants are varied in terms of the head 

group and the molecular chain for supercapacitor application. In this chapter, each 

cationic surfactant was tested at similar concentrations to compare the performances.  

Herein, we demonstrate a significant improvement in capacitor activity and stability 

of surfactant-mediated EMD by tuning the interfacial tensions between solid and liquid 

phases, improving the dispersion stability, and controlling the geometry of the 

electrodeposited MnO2. The use of extremely small amounts of surfactants to influence 

the EMD microstructural properties was another advantage compared to using metal 

elements or polymer additives. Compared to C-AB, the T-AB-assisted EMD was in a 

similar range of performance with slightly higher values for EMD/C-AB, which could 

be related to the surfactant chain length. Similar behaviors have also been reported 

elsewhere [17,18]. D-AB has double chains (with relatively shorter individual chain 

lengths), which are strongly adsorbed and well-performed at lower concentrations. The 

D-AB reached its critical micelle concentration (CMC) within the chosen 

concentrations, and EMD/D-AB performance decreased when surpassing the CMC 

value. When the micelles are formed, they can saturate the electrode surface with one 

or more surfactant layers, and the interactions between them could also be significant. 

This phenomenon can affect the Mn2+ ion reaction, creating an additional electrostatic 

barrier at the substrate for EMD deposition and promoting surfactant incorporation in 

EMD. Among the chosen surfactants, the presence of B-AB in the electrolytic bath 

helped improve the EMD material properties. This can be attributed to the B-AB 
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molecular structure with the aryl group bonded to the hydrophilic head group that 

enhanced the molecular assembling of the EMD particles. We have also explored the 

effect of B-AB orientation on the Pb substrate and compared it with the C-AB and 

pristine EMD, as shown in molecular simulation. To the best of our knowledge, there 

is no evidence in the literature for such a study using both experimental and 

computational work to explore the influence of surfactant in the electrodeposited 

material. The EMD/B-AB led to improved microstructure in contact with the 

electrolyte and improved storage properties (capacitance) among all the materials. A 

hybrid capacitor was fabricated using best performed EMD material (EMD/B-AB30), 

and activated carbon (MS-AC) [19] showed higher energy and power densities 

comparable to the recently reported literature for the asymmetric/hybrid capacitors. To 

this end, the findings on the orientation of the B-AB on the Pb substrate surface with 

the effect of the aromatic ring in the alkyl chain provide new insight into enhancing 

the pseudocapacitive properties of EMD for supercapacitors.   
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Figure 5.1 Molecular structures of the surfactants used in the electrodeposition. 
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5.3. Materials and methods 

5.3.1. Electrode material synthesis  

Manganese dioxide material was deposited on a lead (Pb) anode substrate, where 

Stainless Steel (SS) was used as the cathode (Figure 5.2). An aqueous solution of acidic 

(0.25 M H2SO4) manganese sulfate (0.9 M of Mn2+) was used as the electrolyte bath. 

Pristine EMD was synthesized from the surfactant-free electrolyte, and each surfactant 

was homogeneously dispersed in the electrolyte to synthesize the surfactant-mediated 

EMD. The electrodeposition was carried out galvanostatically at an applied current of 

200 A m-2 at 95 ± 2 ºC for 5 h. Then the anode was removed from the bath, rinsed with 

deionized (DI) water, and kept in the oven for drying overnight. Later, the deposited 

material was scraped from the substrate cautiously without damaging it to avoid Pb 

particle contamination. The EMD flakes were rinsed with DI water, dried in the oven 

at 80 °C for 12 h, and termed as an active material for supercapacitor studies. 
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Figure 5.2 Electrodeposition of manganese dioxide on Pb electrode using manganese 

sulfate and surfactant electrolyte solution. The magnified image shows EMD deposited 

on the Pb electrode hanger bar and the scraped particles suitable for characterization. 

5.3.2. Physicochemical characterization 

The crystallinity of the synthesized material was characterized using a GBC Emma X-

ray diffractometer using Cu Kα radiation (λ = 1.5418 Å) operated at 28 kV and 10 mA. 

Mid-infrared (MIR) analysis was carried out at the infrared facility at the Australian 

Synchrotron, Melbourne. The beamline was coupled to a Bruker IFS 125/HR Fourier 

transform (FT) spectrometer. The data was acquired in single reflection diamond 

attenuated total reflection (ATR) transmission mode within 1970 - 400 cm−1 in the 

mid-IR using Si:B photodetector. The data was collected using OPUS software version 

8.0.19. The microstructure and the surface morphology of the materials were 

investigated using field emission scanning electron microscopy (FE-SEM, Tescan 

Clara). Transmission electron microscope observations (TEM) observations were 

performed by FEI Talos FS200X G2. The surface area and pore analysis of the 

MnSO4 
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synthesized samples were conducted by the N2 adsorption-desorption isotherms at 77 

K using ASAP 2010 MicroPore System (Micromeritics).  

5.3.3. Electrochemical characterization  

The active material, acetylene black and polyvinylidene difluoride (PVDF) binder, 

were mixed in a mass ratio of 75:15:10, respectively, in N-methyl-2-pyrrolidone 

(NMP) solvent and made into a slurry. The graphite current collector was coated with 

the slurry and dried at 80 °C for 12 hours. Electrochemical measurements of all the 

EMD electrodes were taken using a three-electrode configuration (half-cell 

measurements) in an aqueous 2 M NaOH electrolyte, with a Hg/HgO reference 

electrode and a platinum (Pt) wire counter electrode.  

The best-performed materials were identified after analyzing the physicochemical and 

electrochemical characterization of different electrodes in the three-electrode system. 

The two surfactants that showed promising results in the preliminary studies were 

selected for further experiments while varying at different concentrations. Finally, the 

highly performed electrode material was chosen to study the hybrid capacitor (two-

electrode system) performance that comprised of surfactant-mediated EMD (EMD/B-

AB30) vs. in-house synthesized biomass-derived activated carbon (MS-AC) [19]. The 

masses of the EMD/B-AB30 and MS-AC used in the hybrid capacitor are 0.5 mg and 

1.3 mg, respectively, calculated using equation 3.4 in chapter 3. The hybrid capacitor 

was evaluated by CV and GCD tests within the potential range of 0-1.6 V. The 

equations used to calculate the specific capacitance (F g-1), energy density (Wh kg-1), 

and power density (W kg-1) from GCD measurements are explained in chapter 3 

(equation 3.5 - 3.7).   

5.4. Computational modeling 

Molecular dynamics (MD) simulations were performed to explore the nature of the 

interactions between the different species in solution and a lead substrate. Two 

surfactants, benzyl dodecyl dimethylammonium bromide (B-AB) and 

cetyltrimethylammonium bromide (C-AB) (Figure 5.1 A and D), were investigated 

using the MD simulations. The low concentration of the surfactants in the experiments 
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meant that it was not possible to exactly recreate the experimental concentrations in 

the simulation. However, the simulations used the experimental concentrations for 

Mn2+ (0.9 M), SO4
2- (1.15 M), and H+ (0.5 M), but the surfactants were simulated at a 

concentration of 1.5 x 10-4 M. The Pb surface was modeled using a crystalline lead 

structure cleaved along the 1 0 0 planes. The modeling framework for the molecules 

was developed using Materials Studio 2017 R2. All species were represented by fully 

atomistic models. Each simulation was placed in a unit cell with dimensions 39.6 x 

39.6 x 90.0 Å under 3D periodic boundary conditions.  

The potential energy for each simulation was calculated using the COMPASS force 

field, which has previously been shown to perform well in describing the interactions 

between condensed hydrophilic and hydrophobic species [20–22]. Electrostatic 

interactions were calculated using the Ewald procedure, while van der Waal’s 

interactions were calculated with an atom-based procedure using a 12.50 Å cutoff, a 

spline width of 1.00 Å, a buffer of 0.50 Å, and a long-range tail correction. The 

modeled systems were initially energy minimized using the conjugate-gradient 

procedure, with a convergence criterion of 0.04 kJ mol-1. Molecular dynamic 

simulations were performed in the canonical ensemble (NVT, constant number of 

atoms (N), volume (V), and temperature (T)), equilibrated for 500 picoseconds (ps), 

followed by data acquisition for 9500 ps using 2.0 femtosecond (fs) time steps. The 

“Fix bond” option was selected to improve the computational efficiency that 

constrained C-H and O-H bond lengths during the simulation. The coordinates of the 

lead atoms of the substrate were also constrained during the simulation. The 

temperature was maintained at 298 K using the Andersen thermostat [23] with a 

collision ratio of 1.0. 

5.5.Results and discussion 

5.5.1. Physicochemical characterization 

Morphology. Manganese dioxide flakes were electrodeposited on the Pb anode in the 

absence and presence of surfactants at various concentrations while keeping the other 

parameters constant to make a meaningful comparison. Regardless of the presence of 

surfactants, black MnO2 flakes were visibly deposited on the Pb substrate invariably. 
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Figure 5.3 shows the surface morphologies of the pristine EMD (absence of surfactant) 

and EMD/surf (surfactant-mediated EMD) with 30 mg l-1 surfactant concentration. 

Figure 5.3 gives the surface morphologies of EMD/surf with 15 mg l-1. The pristine 

EMD in Figure 5.3A shows spindle-shaped aggregated particles in a net-like assembly. 

A compacted nature of the micro-sized particles is visible. With the introduction of 

surfactants, the surface morphologies of the surfactant-mediated EMD have shown in 

Figure 5.3 B-E. The FESEM images have not markedly changed for EMD/T-AB30 

(Figure 5.3B) against the well-known EMD/C-AB30 (Figure 5.3C) and pristine EMD 

(Figure 5.3A) except for the particle shape. The aggregated arrangement remains while 

a small change is observed as the particle shapes have been shown to form tiny rod-

like shapes compared to the pristine EMD. Interestingly, for EMD/D-AB (Figure 

5.3D) and EMD/B-AB (Figure 5.3E), the surface morphology has been dramatically 

changed with an emerged nanoscale texture. This shows stronger adsorption of D-AB 

and B-AB onto the EMD surface compared to that of T-AB and C-AB counterparts. 

The D-AB bearing the double hydrocarbon chains and the B-AB with a longer chain 

and larger head group strongly influenced the surface modification of the EMD. 

According to Figure 5.3D, adding D-AB (30 mg l-1) into the electrolytic bath led to the 

formation of prickly sow-thistle flower-like morphology. When the B-AB was 

introduced, the morphology evolved with composed particles representing Romanesco 

broccoli-like surface morphology (Figure 5.3E). The adsorption of D-AB and B-AB 

on the EMD surface has also reduced the particle size by limiting the growth compared 

to the pristine EMD. The fine branches appeared like the rootlets on the modified 

surface increased the surface area of the EMD/D-AB and EMD/B-AB, as evidenced 

by the BET surface area values. Overall, Figure 5.3 clearly emphasizes the effect of 

the surfactants depending on their molecular structures on forming nucleation and film 

growth during deposition. The presence of the well-defined shaped nanoparticles 

enhances the surface area and pores, which in turn influences its pseudocapacitive 

properties through fast ion transport toward high capacitance. 
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Figure 5.3 Field emission scanning electron microscope (FESEM) images of the EMD 

synthesized in the absence (A) pristine EMD and presence of the surfactants (B- E) at 

the concentration of 30 mg l-1 in the electrolytic bath; (B) EMD/T-AB30, (C) EMD/C-

AB30, (D) EMD/D-AB30, and (E) EMD/B-AB30.  

 

 

 

 

Figure 5.4 Field emission scanning electron microscope (FESEM) images of the EMD 

synthesized in the presence of the surfactants at the concentration of 15 mg l-1 in the 

electrolytic bath; (A) EMD/T-AB15, (B) EMD/C-AB15, (C) EMD/D-AB15, and (D) 

EMD/B-AB15.  
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Further characterization of EMD samples in a TEM confirms the nanostructured 

material. Figure 5.5 represents the TEM images obtained after pipetting 3 - 5 µl of the 

powdered form of EMD dispersed in ethanol onto a TEM grid. The TEM images of 

the pristine EMD are compared with surfactant-mediated EMD/D-AB30 and EMD/B-

AB30 in Figure 5.5 A-C, respectively, confirming the presence of nanoparticles. For 

EMD/B-AB30 (Figure 5.5C), several ultrafine nanoparticles have a uniform 

distribution of shapes and sizes and are densely packed, whereas they are less defined 

for both EMD/D-AB30 (Figure 5.5B) and pristine EMD (Figure 5.5A). The inclusion 

of B-AB in the electrolytic bath passivates the layer with the fine surfactant clusters 

embedded in EMD nanocrystals, which made the deposition more resistant to 

aggregate and refined the grain structure. The deposition mechanism of EMD initiates 

anodically upon applying a voltage to the Pb electrode immersed in the electrolyte 

solution. With the continuation of electrodeposition, more surfactant molecules tend 

to get adsorbed onto the EMD surface. The presence of B-AB molecules provided by 

large electrostatic attraction with the ions due to their larger head groups highly 

influences the growth process, controlling the assembly of particles within the 

deposited material. The surfactants may have controlled the deposition mechanisms 

(disproportionation and hydrolysis reactions in chapter 3) initiated by the Mn2+ ions 

by stabilizing the Mn3+ ions at the Pb interface, providing sufficient time to react and 

deposit as MnO2. This can limit prospective portions of MnOOH deposition. The 

selected area electron diffraction (SAED) pattern for EMD/D-AB (inset of Figure 

5.5B) and EMD/B-AB (inset of Figure 5.5C) indicate the semicrystalline nature of the 

EMD materials. The high resolution-TEM was employed for EMD/D-AB (Figure 

5.5D) and EMD/B-AB (Figure 5.5E) to gain further insights. The corresponding high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

images and energy-dispersive x-ray spectroscopy (EDS) mapping revealed the 

homogenous distribution of Mn and O in both samples confirming the successful 

formation of EMD deposits. 
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Figure 5.5 Transmission electron microscope (TEM) images of (A) Pristine EMD, (B) 

EMD/D-AB30, and (C) EMD/B-AB30. High-resolution transmission electron 

microscopy (HR-TEM) image, the corresponding High angle annular dark-field 

(HAADF) - scanning transmission electron microscopy (STEM) images, and energy-

dispersive x-ray spectroscopy (EDS) elemental mapping images of (D) EMD/D-AB30, 

and (E) EMD/B-AB30.  

 

XRD and IR analyses. Figure 5.6A presents the X-ray diffraction (XRD) patterns of 

the EMD materials to reveal their crystal structure. All the observed X-ray diffraction 

peaks are identified as the orthorhombic gamma (γ) phase of MnO2 without any 

detectable impurities. Surfactant-mediated EMD samples did not show any significant 
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variation in the peak intensities implying the crystallographic orientations are like that 

of pristine EMD. As the surfactant concentrations used for the electrochemical 

synthesis are a meager amount, it is undeniable that no significant changes visibly 

occur in the crystal structure. Therefore, all the profiles can be indexed to the 

orthorhombic γ-MnO2 (JCPDS card no. 65-1298), which is favorable for 

electrochemical energy storage performance. The broad diffraction peaks, which is a 

characteristic nature of EMD, suggest the semicrystalline nature of the samples. The 

semicrystalline nature of the nanoparticles has also been confirmed by high-resolution 

TEM studies. To analyze any presence of surface functional groups on the 

electrodeposited surface, mid-IR spectra are employed, and the spectra in the region 

500-1970 cm-1 are shown in Figure 5.6B for pristine EMD and chosen surfactant-

mediated EMD materials. The broad peak observed for all the samples around 600 cm-

1 is the characteristic absorption band of γ-MnO2 as expected for this material, which 

corresponds to the stretching collision of H-O-H  [24,25]. The absorption band ~995 

cm-1 is attributed to the bending vibrations of the O-H groups combined with the Mn 

atoms [26,27]. Additionally, shoulder peaks between 900-1970 cm-1 can be assigned 

to varying degrees of hydrogen and Mn bonding in the samples [28,29], representing 

the surface -OH groups for EMD particles. All these facts point to the importance of 

molecular structure and length of chain for the chosen surfactant, and its introduction 

in the electrolytic bath leads to a larger concentration of nanoparticles and its size and 

arrangement but with only subtle changes in the structure on the atomic level. 
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Figure 5.6 (A) X-ray diffraction (XRD) patterns and (B) Mid-IR spectra of EMD 

synthesized in the absence (pristine) and presence of the surfactants (labeled in the 

respective figures) at the concentration of 30 mg l-1 in the electrolytic bath. 

Surface area and pore distribution analyses. Figure 5.7 shows the nitrogen 

adsorption-desorption isotherms and pore size distribution analysis of the pristine 

EMD compared with the surfactant-mediated EMD synthesized at a similar surfactant 

concentration (30 mg l-1). The surface area and pore analysis values are tabulated in 

Table 5.1. All the curves exhibit a type IV isotherm with an H2 hysteresis loop, 

implying the presence of mesoporous samples. The measured BET surface area of the 

pristine EMD, EMD/T-AB, and EMD/C-AB is arrayed in a similar range (~80 m2 g-

1), while the EMD/D-AB and EMD/B-AB exhibit relatively higher values ~100 m2 g-

1. Compared to pristine EMD, the surfactant-added electrolytic bath could stabilize the 

particles at smaller sizes uniformly, resulting in an improved surface area that is more 

pronounced for EMD/D-AB and EMD/B-AB. This can be attributed to the double 

chain length of the D-AB, which effectively reduces the interfacial tension at the 

electrolyte/substrate when compared to that of T-AB and C-AB [30] counterpart 

surfactants. A similar contribution also applies to B-AB, in addition to that, it has a 

polar head group bonded to an aryl group that is inclined to get adsorbed onto a particle 

surface during deposition. Therefore, the B-AB could be more influential on the 

reactions of Mn4+
 at the substrate and the conformation of MnO2 on the surface. The 

well-developed mesopores of EMD/B-AB originated from the way of refining the 
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grain structure, as evidenced in the microscopy analysis. During the electrodeposition 

process, a rough surface was initially built upon the Pb surface, accompanied by 

nucleation. In the absence of surfactants, it is difficult to scrape off the EMD materials 

from the substrate. However, in the presence of the B-AB, the EMD deposits can be 

easily scraped from the substrate due to reduced interfacial tension. This simple and 

cost-effective protocol will further eliminate the Pb contamination in the EMD and 

make the production scalable. However, an excess amount of surfactant would disrupt 

the EMD structure therefore, the concentration is optimized. The aromaticity and the 

electronic structure stemming from the surfactant-mediated EMD would facilitate the 

electrochemical performance discussed in the subsequent section.  

 

 

 

 

 

Figure 5.7 Nitrogen adsorption and desorption isotherms of EMD synthesized in the 

absence (pristine) and presence of the surfactants (labeled in the respective figures) at 

the concentration of 30 mg l-1 in the electrolytic bath and the corresponding surface 

area and pore analysis data.  
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Table 5.1 Surface area and pore analysis data of pristine EMD and EMD/surf 

materials. 

 

 

 

 

5.5.2. Electrochemical characterization: Three-electrode system (Half-cell 

measurements) 

The electrochemical profiles of the surfactant-mediated EMD materials were 

characterized by the typical three-electrode system and compared against the pristine 

EMD. The three-electrode configuration comprises EMD as the working electrode, Pt 

as the counter, and Hg/HgO serving as a reference electrode. Figure 5.8 A and B show 

the cyclic voltammetry (CV) curves related to all the EMD materials in the absence 

and presence of surfactants at a 10 mV s-1 scan rate. The CV curves show no clear 

redox peaks in each curve, indicating the typical pseudocapacitor nature of the 

electrodeposited MnO2 material. It suggests the rapid intercalation/deintercalation of 

Na+ ions into the material. Accordingly, two charge storage mechanisms can be 

proposed in the reaction, R(5.1) and R(5.2). 

 

 

The shape of the CVs remains the same for all the samples studied, implying the 

electrochemical process is identical. However, the area of the CV curve increased for 

all the surfactant-mediated EMD deposits against the pristine EMD, resulting in 

enhanced specific capacitance. The extent of the area under the CV curve was found 

Sample BET surface area 

(m2 g-1) 

BJH average pore 

diameter (nm) 

EMD/B-AB30 103.1 3.96 

EMD/D-AB30 99.5 3.95 

EMD/T-AB30 83.2 3.76 

EMD/C-AB30 84.6 4.19 

Pristine EMD 80.5 4.31 

𝑀𝑛𝑂2 + 𝑁𝑎+ + 𝑒− ↔ 𝑀𝑛𝑂𝑂𝑁𝑎 R(5.1) 

(𝑀𝑛𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑁𝑎+ + 𝑒− ↔ (𝑀𝑛𝑂2 − 𝑁𝑎)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 R(5.2) 
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to be higher for EMD/D-AB and EMD/B-AB samples. Figure 5.8 C and D shows the 

corresponding galvanostatic charge-discharge (GCD) profiles, where the applied 

current rate was 1 mA cm-2. When tested at 1 mA cm-2 current, the electrodes exhibited 

specific capacitances of 98, 110, 126 ,128, 133, 180, 274, 564, 602 for pristine EMD, 

EMD/T-AB15, EMD/C-AB15, EMD/T-AB30, EMD/C-AB30, EMD/D-AB15, EMD/D-

AB30, EMD/B-AB15, EMD/B-AB30, respectively. Figure 5.8E presents the rate 

performance tested at different current densities of 0.5, 1, 2, 3, 4, 5 mA cm-2 (1, 2, 4, 

6, 8, 10 A g-1 respectively). Overall, increasing the current decreases the specific 

capacitance, which is expected as there is only less time available for ion transfer at 

higher current densities. The B-AB-modified EMD materials delivered the best 

performance among the samples studied, while the D-AB-modified EMD also 

exhibited considerable improvement. The obtained specific capacitance is comparable 

to the high rate performances recently reported for electrolytic manganese dioxide 

capacitors in the literature, 489.7 [31], 526.44 [32], 458 [33], 170 [34] F g-1. Even at 

the higher current rates, the EMD/B-AB and EMD/D-AB sustained to provide higher 

capacitances than the pristine EMD (Figure 5.8E). Further comparisons of CV, GCD, 

and EIS performance of the EMD materials are given in Figure 5.9. Capacitances 

delivered from each electrode material at a 1 mA cm-2 current rate were evaluated in 

Figure 5.8F. Based on the performances shown in Figure 5.8F, EMD/B-AB15 and 

EMD/B-AB30 tested at two different concentrations were found to be superior, having 

the highest values of 564 F g-1 and 602 F g-1, respectively. The presence of D-AB 

surfactants also shows some potential, but the available capacitance for EMD/D-AB 

is half to that of EMD/B-AB and twice the amount to that of the pristine EMD. To 

further demonstrate the function of the EMD/B-AB and EMD/D-AB, additional 

experiments were conducted at their varying concentrations, and to get more insights, 

simulations have been performed at the molecular level. The summarized results of 

EMD/B-AB are illustrated in Figure 5.10, and EMD/D-AB are in Figure 5.11.  
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Figure 5.8 (A-B) Cyclic voltammetry at 10 mV s-1 scan rate, (C-D) galvanostatic 

charge-discharge curves at 1 mA current rate; (E) rate performance of all the samples 

(the trend lines connecting the data points are only for showing the data points 

distribution pattern), (F) obtained capacitance value of EMD synthesized in the 

absence (pristine), and presence of the surfactants (labeled in the respective figures) at 

the concentration 15 and 30 mg l-1 in the electrolytic bath. 
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Figure 5.9 Cyclic voltammetry and Galvanostatic charge-discharge (GCD) curves of 

(A-I, A-II) EMD/T-AB30, (B-I, B-II) EMD/C-AB30, (C-I, C-II) EMD/D-AB30, (D-I, 

D-II) EMD/B-AB30, (E) Electrochemical impedance spectroscopy and (F) Bode 

impedance diagrams of EMD/T-AB30, EMD/C-AB30, EMD/D-AB30, EMD/B-AB30 

samples.  

 

Figure 5.10 summarizes the electrochemical performances and the physicochemical 

characteristics of EMD/B-AB with varying concentrations, i.e., 15, 30, and 60 mg l-1. 

The CV curves of the EMD/B-AB at various concentrations (Figure 5.10A) show the 

areas of the curved surface around 0.3 V vs. Hg/HgO increase with the increase in 

concentration from 15 - 60 mg l-1. To elaborate further, the corresponding GCD curves 

(Figure 5.10B) of the samples with increasing concentrations showed a quasi-

triangular shape representing a longer discharge time than the charging time with an 

inflection at a voltage of around 0.2 V, indicating pseudocapacitive properties. The 
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specific capacitance of the EMD/B-AB demonstrated 564 F g-1 (at 1mA cm-2) at 15 

mg l-1 surfactant concentration. After doubling the concentration to 30 mg l-1, the 

capacitance improved to 602 F g-1. When the concentration was further increased to 

60 mg l-1, the calculated capacitance was reduced to 582 F g-1. Figure 5.10C represents 

the GCD curves related to the half-cell at different currents. The specific capacitance 

values for 30 mg l-1 (EMD/B-AB30) at 1, 2, 4, 6, 8, 10 A g-1 were 837, 602, 411, 300, 

267, 204 F g-1. Figure 5.10C indicates the current rate performance curve of an 

EMD/B-AB sample is feasible for higher current rate performance. Overall, the study 

of the EMD/B-AB sample with varying concentrations suggests that increasing the 

concentrations of the surfactants in the electrolytic bath over the threshold value (30 

mg l-1) would lower the energy values as the surfactant can passivate the layers 

covering the MnO2 particles. Therefore, it concludes that the maximal specific 

capacitances of EMD synthesized in the presence of B-AB can be reached at a 

concentration within the range of 30 - 60 mg l-1. At higher concentrations, the solubility 

of the B-AB surfactant reaches its limit while reaching its critical micelle concentration 

(CMC). The concentrations used in work in this chapter are lower than the CMC (5.3 

× 10-3 mol l-1) [35] of the B-AB surfactant.  This is explained due to agglomerative 

formations (Figure 5.10D), the enhanced size of the mesopores (Figure 5.10F) rather 

than any structural influence as evidenced in the XRD (Figure 5.10E) for surfactant-

mediated EMD at concentrations 15 - 60 mg l-1.  
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Figure 5.10 (A) Cyclic voltammetry (CV), (B) Galvanostatic charge-discharge 

(GCD), (C) specific capacitances at 1 mA (2 A g-1), (D) FESEM of EMD/B-AB60, (E) 

Xray diffraction (XRD), (F) Nitrogen adsorption desorption isotherms of B-AB with 

varying surfactant concentration (15, 30, 60 mg l-1) in the electrolyte solution.  

The EMD/D-AB materials at varying concentrations followed a similar trend can be 

seen in Figure 5.11. Comparatively, EMD/D-AB60 (Figure 5.11A) is occupied with 

more clusters due to it marginally exceeds its maximum limit of critical micelle 

concentration (CMC) of 1.5 × 10-4 mol l-1 in the solution [36] hence the adsorption 

density has been increased. This decrease in capacitance could be due to the increased 

adsorption of micelles onto nano EMD particles creating concentrated defect regions. 

Hence, the capacitance at the final concentration (120 F g-1 at 60 mg l-1) was ~33% 

lower compared to its result at the initial concentration (180 F g-1 at 15 mg l-1).   
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Figure 5.11 (A) Cyclic voltammetry (CV), (B) Galvanostatic charge-discharge 

(GCD), (C) specific capacitances at 1 mA (2 A g-1), (D) FESEM of EMD/D-AB60, (E) 

Xray diffraction (XRD), (F) Nitrogen adsorption desorption isotherms of D-AB with 

varying concentrations (15, 30, 60 mg l-1) surfactant in the electrolyte solution. 

5.5.3. Simulation results 

According to the physicochemical characteristics, the surfactant adsorption and 

manganese dioxide electrodeposition were controlled by electrostatic and hydrophobic 

interactions of the surfactants at the surface/electrolyte interface. It demonstrated that 

the adsorption of T-AB and C-AB have resulted in morphology that is qualitatively 

alike. This is simply due to their slightly different molecular structures; thus, the 

driving force for adsorption are quite similar. Further, the B-AB was more effective in 

improving both the physicochemical and electrochemical properties of EMD 

exhibiting pseudocapacitive properties. This was studied in the molecular dynamics 

(MD) simulation to get insights into its activity at the Pb substrate compared to the 

pristine EMD and EMD/C-AB. The MD simulations reveal that the surfactants form a 

film adsorbed at the electrode surface via van der Waals and electrostatic interactions 
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when the Pb substrate is immersed in the solution (Figure 5.12). As in Figure 5.12A, 

the B-AB adsorbs with the aryl group planar to the Pb surface and the hydrophobic tail 

oriented parallelly to the metal surface. Once the B-AB molecule is in contact with the 

surface, it remains fixed in this orientation. This excludes manganese ions from the Pb 

surface at the specific points of contact for the B-AB, and therefore nucleation occurs 

around the molecule. The B-AB molecule interactions were compared with the C-AB 

and pristine EMD in Figures 5.12 B and C. The C-AB molecule also adsorbs parallel 

to the Pb surface but shows more freedom of movement across the surface, and this 

will likely disturb nucleation around the molecule and affect the growth of the 

manganese dioxide particles. During the electrodeposition, the surfactants in the bulk 

solution are incorporated into the deposit due to their hydrophobic nature; therefore, it 

may modulate nucleation. However, at higher concentrations of the surfactant, it is 

prone to form more surface aggregates which eventually saturate the surface. 
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Figure 5.12 Top and side views of the equilibrium arrangements of molecules for 

simulations of (A) Pristine EMD (no surfactant), (B) C-AB system, and (C) B-AB 

system. Pb atoms are depicted in grey, Mn purple, O red, S yellow, H white, C green, 

and Br (brown). Water molecules have been hidden for clarity.  

5.5.4. Hybrid capacitor performance (EMD/B-AB30 vs. MS-AC) 

Based on the three-electrode configuration studies, the best-performed EMD/B-AB30 

electrode has been chosen for a two-electrode system. The EMD/B-AB30 electrode was 

coupled with a porous Mango seed-derived carbon material which was in-house 

synthesized (in chapter 6) and exhibited a specific capacitance of 135 F g-1 [19]. The 

operating voltage of the hybrid device is determined by both the chemistry of the 

electrode materials and the electrochemical kinetics of the electrolyte. The electrodes 

used in this work showed single electrode potential windows of 0.6 V for EMD 

(positive) and 1 V for the MS-AC (negative) electrode. Therefore, the capacitor 

voltage is calculated as the potential difference between positive and negative 

electrodes, which is 1.6 V for the hybrid capacitor discussed in this chapter. The hybrid 

(A-I) (B-I) (C-I) (top) 

(side) (A-II) (B-II) (C-II) 
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device has been evaluated for its suitability at varying potential windows (1.4, 1.5, 1.6, 

1.7, 1.8 V) through CV and GCD measurements. The electrochemical performances 

at different operating potentials are shown in Figure 5.13. The results show that the 

capacitor is reversibly exhibiting a quasi-rectangular shape at a higher voltage. This 

has also been evidenced in the CV curves, a deviated rectangular-shaped curve is more 

obvious at higher potential implying 1.6 V is a safe operating window. The study 

illustrates the material is safe for a higher potential window exhibiting a 

pseudocapacitive in nature.   

 

 

 

 

 

 

 

Figure 5.13 Performance of the asymmetric capacitor at different potential windows 

(1.4, 1.5, 1.6, 1.7, 1.8 V) (A) Cyclic voltammetry (CV), (B) Galvanostatic charge-

discharge (GCD) curves. 

 

The CV curves of the hybrid capacitor obtained at 5, 10, 20, 30, and 40 mV s-1 scan 

rates exhibit a near rectangular-shaped curve which is a characteristic of 

pseudocapacitors, as shown in Figure 5.14A. The corresponding GCD curves shown 

in Figure 5.14B are tested at a constant current of 2, 3, 4, 5, and 6 mA within an optimal 

voltage window of 1.6 V, preserving the asymmetric nature of the charge-discharge 

curves. The specific capacitance values were calculated as 91, 76, 65, 57, 48 F g-1 at 

2, 3, 4, 5, and 6 mA cm-2. Figure 5.14C shows the long-term stability tested for 10000 

cycles at a current density of 5 mA cm-2. After 10000 cycles, the capacitance was 

decreased from 57 to 36 F g-1. However, the couloumbic efficiency was more than 

95 %   suggesting excellent reversibility after long cycling contributed by the 

modulated nucleation resulting from the B-AB surfactant. The Ragone plot in Figure 
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5.14D shows that the EMD/B-AB30 vs. MS-AC hybrid capacitor delivered a high 

performance comparable with the recently reported literature [37–42]. The device 

exhibits a specific capacitance of 91 F g-1 at 2 mA cm-2 (1 A g-1) and an outstanding 

energy density of 32.4 Wh kg-1 at a power density of 971 W kg-1. A further illustration 

of the electrochemical properties of similar systems published in the literature in 

comparison to our work is given in Table 5.2.  

The full cell also shows markedly lower equivalent series resistance (Rs) and charge 

transfer resistance (Rct), implying higher electrical conductivity as suggested by the 

electrochemical impedance spectroscopy (EIS) results (Figure 5.14E). A diffused 

semicircle at high frequencies, which linearly tails off at lower frequencies, is noticed. 

The bulk electrolyte resistance, R1, before and after cycling were 11.5 Ω and 11.9 Ω, 

respectively. The charge transfer resistance, R2, corresponds to the sum of the 

electrolyte resistance in the porous electrode structure and resistance at the 

electrode/current collector interface, which was 2.4 Ω before cycling and decreased to 

2.0 Ω at the end of cycling [43]. The Warburg impedance element, W2, and the 

capacitor element C2 are the responses of a non-ideal and non-homogeneous system, 

elaborating the deviations of ideal Warburg diffusion impedance. The Q2 represents 

the actual cell capacitance [44]. All parameter values are given in Table 5.3. These 

results conclude that the faster ion transport at the electrode surface for the surfactant-

mediated sample contributes to the improved pseudocapacitive performance. 
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Figure 5.14 (A) CV and (B) GCD profiles of hybrid capacitor in an aqueous 2 M 

NaOH electrolyte at 1.6 V cell potential, (C) long-term stability and coulombic 

efficiency over 2000 cycles, (D) Ragone plot for energy and power density 

comparison between the EMD/B-AB30 vs. MS-AC and the asymmetric/hybrid 

capacitors reported in the literature [38–43], (E) Nyquist plots and fitted curves 
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(inset: equivalent circuit model), and (F) Bode impedance curves before and after 

cycling. 

 

Table 5.2 Comparison of the hybrid capacitor performance carried out in this chapter 

with similar asymmetric/hybrid systems reported in the literature. 

 

Ref. Electrodes Electrol

yte 

Voltage 

(V) 

Current 

density 

(A g-1) 

Csp 

(F g-1) 

Esp 

(Wh kg-1) 

Psp 

(W 

kg-1) 

Positive 

(cathode) 

Negative 

(anode) 

Wang et 

al. [37] 

CoNiFe-

LDH/CNF

s-0.5 

Activated 

carbon 

 

6 M 

KOH 

1.6 1 84.9 30.2 ~750 

Pei et al. 

[45] 

nano-

Co3O4/Co

S 

RHC 2 M 

KOH 

1.4 1 - 22 - 

Rathore et 

al. [38] 

Vanadium 

telluride/C 

Activated 

carbon 

1 M 

Na2SO4 

1.8 0.1 42.8 19.3 89.9 

4.1 1800 

Yan et al. 

[39] 

NiS/MoS2 Activated 

carbon 

3 M 

KOH 

1.5 0.1 48.4 15.1 75 

0.2 46 14.4 150 

0.5 40.5 12.7 375 

1 32.1 10.0 750 

2 25.6 8 1500 

3 20.5 6.4 2250 

Morenghi 

et al. [40] 

Ni-

decorated 

graphene 

Pure 

graphene 

3.5 M 

KOH 

1.5 0.04 - 37 15 

     10 - 10 5000 

Siwek et 

al.[41] 

MnOx@N

iCof 

Carbon 

cloth 

1 M 

Na2SO4 

1.5 - - 14 400 

9 2000 

7 4000 

Li et al. 

[42] 

MXene/P

ANI 

Activated 

carbon 

7 M 

KOH 

1.2 0.5 - 22.67 217 

20  14.25 17900 

Our work 
EMD/B-

AB30 
MS-AC 

2 M 

NaOH 
1.6 1  91 32.4 971 

Csp - specific capacitance  

Esp - specific energy 

Psp - specific power 
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Table 5.3 Equivalent circuit parameters determined from the EIS data. 

 

 

 

 

5.6. Conclusion 

The surfactant-mediated electrodeposition of MnO2 demonstrates how significantly 

the electrochemical performance of a MnO2 can change despite similar bulk 

characteristics. EMD materials have been synthesized using an aqueous MnSO4 

solution in the absence and presence of four cationic surfactants in the bath. The results 

from XRD suggest the presence of surfactant has no significant changes in the crystal 

structure, however, the FE-SEM and TEM analyses showed a variation in the 

morphologies of the obtained EMD deposits. It was revealed that the effect of 

surfactants on the nanostructured MnO2 performance is highly correlated to their 

molecular geometries, possessing different hydrocarbon chain lengths and head 

groups, which are desired to manipulate the surface morphology and the surface area. 

Among the studied surfactants, Benzyldodecyldimethylammonium bromide (B-AB) 

has been found to provide improved specific capacitance of 602 F g-1 at 1 mA current 

rate compared to that of the other surfactants (T-AB, D-AB, C-AB) examined. The 

best performance of EMD/B-AB has been evidenced by the molecular dynamics 

simulation. It provides stability for nucleation and growth due to its unique molecular 

structure. The hybrid capacitor EMD/B-AB30 vs. MS-AC delivered a specific 

capacitance of 91 F g-1 and an energy density of 32 Wh kg-1 at a power density of 971 

W kg-1, also exhibiting excellent cycling stability. Overall, the work in this chapter 

shows that even with small additives used in the electrodeposition, it is feasible to tune 

the properties, a crucial characteristic for an energy storage electrode, and improve the 

performance of the electrochemical capacitors.    

 

 R1 

(Ω

) 

R2 

(Ω) 

Q2 × 

103 

(F sa-1) 

a1 Q3 × 

103 

(F sa-1) 

a3 

Before cycling 8.8 27.8 0.012 0.65 0.042 0.61 

After cycling 5.2 10.7 0.010 0.88 0.020 0.67 
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Link to the next chapter 

Electrodeposited MnO2 studied in the previous chapters 3 to 5 was found to be a 

potential positive electrode in hybrid capacitor applications. Usually, the carbon 

materials are used as the negative electrodes in hybrid capacitors since they tend to 

have better cycling stability and rate capability. Therefore, developing and designing 

advanced carbon electrodes with higher surface area, surface morphology, and 

hierarchical pore structure is essential. On the other hand, the usual synthesis of carbon 

materials using fossil fuel resources is unsustainable and harmful to the environment.  

Biomass waste is a cheap, abundant, and environmentally friendly precursor and can 

be a realistic alternative to currently used carbon precursors. Recently, various biomass 

precursors have been investigated by several researchers. In chapter 6, we studied the 

synthesis of activated carbon (AC) from Mango seed (MS) husk collected from 

Western Australia. We were interested in seeing how the MS husk-derived carbon 

inherits the porous structure from its precursor and its effectiveness in fabricating the 

carbon electrodes. In this chapter, the synthesis was conducted in a two-step process 

of carbonization and activation. The influence of the activation temperature was also 

studied here on developing the porous network within the AC materials. The 

physicochemical, electrochemical, and theoretical findings encouraged using the MS 

husk-derived AC to fabricate the hybrid capacitors are discussed in chapter 6.   
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6.1. Abstract 

Bio-waste valorization of Mango seed (MS) husk to Activated Carbon (AC) was 

conducted via carbonization followed by chemical activation using KOH for 

sustainable supercapacitor material. Various physicochemical techniques were used to 

characterize MS husk and AC, while electrochemical techniques were used to assess 

the energy storage capability. Carbonized MS husk was activated at four different 

temperatures 800, 900, 1000, and 1100 °C. The optimal activation temperature was 

found to be 1100 °C resulting in a hierarchical porous structure, possessing the highest 

specific surface area of 1943 m2 g−1 and average pore volume of 0.397 cm3 g−1, the 

critical parameters for their energy storage performance. In a three-electrode 

configuration, the MS-AC sample synthesized at 1100 °C (MS-AC 1100) exhibited a 

maximum specific capacitance of 135 F g−1 at 5 mA cm−2 with the energy density of 

19 Wh kg−1 at the power density of 1077 W kg−1, which is higher than the 

commercially available AC. The MS-AC 1100 delivered 97 % of the capacitance when 

increasing the current densities from 2 to 10 mA cm−2. The capacitance retention is 

100 % at 5 mA cm−2 with 1000 cycles. Moreover, Machine Learning (ML) models are 

used to identify the non-linear pattern for predicting the AC capacitance using various 

input parameters. Out of the four ML models considered in this chapter, the Multi-

Layer Perceptron (MLP) model outperformed the other models in correlating the 

predicted data and the experimental measurements. This chapter demonstrates the 

economic perspective of repurposing MS husk bio-waste into a low-cost 

supercapacitor electrode material and developing high-performance carbon materials 

to aid the integration of renewable energy into electricity systems. 

6.2. Introduction 

The viability of using cost-effective energy storage materials to alleviate renewable 

penetration levels for decarbonizing electricity production is a critical issue that 

remains unsolved due to a multi-disciplinary problem encompassing areas such as 

materials science, chemical engineering, and electrochemistry. The ever-growing 

energy demand is being addressed by the ‘energy mix’ developing clean and 
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sustainable energy substitutions for fossil fuels, such as solar, wind, and tide, as 

weather-dependent renewable resources [1]. Therefore, the inherent attribute of these 

resources being intermittent and variable has become a significant limitation for 

balancing the demand and supply of the societal energy requirement [2]. Thus, 

efficient energy storage has become one of the greatest challenges in the 21st century 

that can provide us with a range of services, and its economic rationale is 

predominantly application-dependent. Consequently, the batteries and capacitors play 

a vital role as electrochemical energy storage systems but have different characteristics 

and applications.  

The electrochemical capacitors, also known as supercapacitors, are much more 

efficient than the conventional capacitors [3]. The two distinct categories of 

supercapacitors are electrochemical double-layer capacitors (EDLC) and pseudo-

capacitors. Comparatively, pseudo-capacitors exhibit higher specific capacitances than 

the EDLCs. A supercapacitor cell consists of highly conductive two electrodes 

(positive and negative) that are physically apart in an electrolyte with mobile ionic 

species. Upon applying a voltage across these electrodes, the cations and anions 

accumulated and adsorbed at the two electrodes [3]. The ion adsorption is highly 

reversible and leads to high specific capacitance, power density, and excellent cycling 

stability. Unlike the batteries, the super-capacitors store charge not only through the 

diffusion of ions into the bulk material but also store/release charge at the interface. 

Despite this, available energy density is significantly low, explaining that no single 

technology excels in all characteristics. Nevertheless, with these complementary 

features, the electrochemical capacitors could couple with batteries in need of high-

power requirements.  

Addressing waste management via reducing, reusing, and recycling waste is crucial 

for sustainable development to accelerate the transition from a linear economy to a 

circular economy. Huge efforts have been made to convert waste into functional 

materials, especially carbon-based electrodes, for supercapacitor applications. Among 

the available different forms of carbon, such as carbon nanotubes  [4], graphene [5], 

graphene oxide [6], porous carbon [7] and their composites [8], etc., activated carbon 

has been a versatile electrode for storing ions [9,10]. This is due to their high 

production cost, process complexity, environmental degradation, and unsustainability, 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

227 

limiting the other forms of carbon from wider applications. Utilizing the biomass 

materials and their derivatives, including renewable crops and animal residues, to 

produce AC for storing energy can be regarded as less environmentally polluting, 

cheaper, and sustainable. Every year, about 146 billion tons of waste are generated by 

crop yields, which should be used wisely without being directly sent to landfills [11]. 

A number of studies have reported repurposing various natural sources/waste, such as 

algae, catkins, rice, orange peel, sugar cane bagasse, rice stem, wheat straw, coconut 

shell, almond, etc., as biomass precursors for storing energy efficiently [12].  

The intrinsic microstructural characteristics and chemical compositions of the biomass 

materials varied from one to another. Generally, it possesses a 3D framework that is 

mostly stable and would be inherited by the carbon material after the thermochemical 

conversion [13–15]. Besides being a carbon-rich material, biomass possibly contains 

other elements such as H, O, N, S, and some traceable amounts of Ca, K, Mg, Na, and 

Si minerals [16,17]. When these minerals naturally exist in the original sample, they 

can act as self-activating agents and cause the direct conversion to porous carbon with 

no further activation step required. Otherwise, the synthesis process can be of two steps 

with carbonization followed by physical or chemical activation conducted in an inert 

environment. Chemical activation is the most economically feasible approach due to 

the shorter processing time and higher yield of activated carbon [18]. In the chemical 

activation method, the pyrolyzing of the sample is generally carried out at a 

temperature > 400 °C, then mixed with an activating agent (KOH, NaOH, CaCl2, 

ZnCl2, H3PO4, K2CO3) to generate highly porous structures, and finally heated in a 

protective atmosphere (Ar, N2) at a temperature commonly lies in the range of 500 - 

800 °C [19].  

Herein, a series of KOH-activated carbon materials have been synthesized using MS 

husk as the biomass waste precursor. A 35 - 60 % of the Mango fruit comprises Mango 

seed, the kernel protected by a thick husk, and the outer skin is discarded as waste [20]. 

The MS husk has less commercial value than the Mango seed kernel and is disposed 

to the environment. Australia discards Mango seeds about 60,000 tonnes per year, 

causing significant waste disposal [21]. The waste Mango seeds collected from the 

Western Australia region are of interest in this chapter for converting the thick-husk 

biomass precursor into activated carbon (AC) for energy storage applications. 
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Moreover, MS husk is a natural, abundant, and low-cost lignocellulosic biomass that 

offers an inexpensive and excellent carbon source. Therefore, the options for the 

valorization of this waste pave the way for sustainable and renewable carbon-rich 

resources than synthetic precursors for future energy storage [18]. Several studies 

reported on Mango seed-derived activated carbon but were limited to the applications 

such as wastewater treatment and adsorbent in the adsorption cooling system [18,22]. 

The research to date on sustainable biomass material has not yet investigated the MS 

husk-derived activated carbon as an electrode for supercapacitor application along 

with effective material designing.  

Therefore, in this chapter, the MS husk-derived activated carbon (MS-AC) is reported 

for supercapacitor applications. Experimental data are used to establish Machine 

Learning (ML) models for predicting the energy storage performance of the 

synthesized AC samples. ML tools are a powerful approach to obtaining a quantitative 

understanding of the relationship between input and output variables. Importantly, it 

reduces the time and cost of repetitive experiments for optimizing synthesis parameters 

and increases the efficiency of discovering new materials [23]. For instance, an 

investigation with promising results could be more effective if guided by 

computational modeling to design the material further to obtain desirable material 

properties. It is predominant with the current transition to clean and renewable energy 

storage applications, where ML would undoubtedly play a critical role in material 

designing. In material science, it has been proven to predict band gaps, dielectric 

constants, thermodynamic stability, chemical reactions, etc. [24]. It has already shown 

its superior capability over conventional DFT simulations compared to when it is 

guided by ML-based methods [25]. The results indicated that ML-based approaches 

could significantly accelerate the over guess-and-check research paradigm initially 

conducted in the past [23,25]. In order to study the carbon electrodes as supercapacitor 

materials, most researchers have utilized inputs only based on physical properties and 

established good correlations [26,27]. In the study conducted by Dongale et al. [28], 

the cyclic voltammetric behavior of the samples was predicted using potential and 

current density as inputs. With this inspiration from the published literature, ML 

methods have been used for the work in this chapter to study the influence of material 

synthesis conditions, structural and electrochemical features on the MS electrode 
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performance. we have attempted to evaluate the chemical and physical aspects of MS 

husk-derived AC and compare the raw MS husk precursor characteristics that inherit 

the final product. The role of carbonization and activation temperature of the MS husk 

are investigated. This chapter summarizes material synthesis, physicochemical 

characterization, electrochemical characterization, and ML model that predicts the 

capacitance nearly within their experimental uncertainty. Using MS husk bio-waste as 

the starting precursor for AC synthesis and simulating its properties and behaviors 

would be decisive steps forward, contributing to developing new materials by 

advancing from laboratory to industry. 

6.3. Experimental  

6.3.1. Conversion of biomass to activated carbon 

The waste mango seeds were washed and kept in the oven at 80 °C to dry appropriately. 

Then the MS kernels and the thick husks were separated from the raw mango seeds. 

The separated MS husks were cleaned and dried in the oven at 60 °C for 24 h, ground 

into small particles, and screened through a 350 µm mesh sieve (steps 1 and 2 are 

shown in Figure 6.1). The powder was put into a tubular furnace heated to reach 600 

°C with a heating rate of 5 °C min−1 and kept for 3 h in an N2 atmosphere with a 

nitrogen flow rate of 1 l min−1. Carbonized (biochar) sample and the KOH (85.0 % 

min, chem-supply) taken 1:3 ratio were mixed in a solution. The mixture was dried 

and put into the tubular furnace and heated at 5 °C min−1 with 1 h keeping time for 

activation at four different temperatures of 800, 900, 1000, and 1100 °C in the presence 

of inert N2 gas at the same flow rate. The product is shown in Figure 6.1 (step 3). After 

carbonization and activation, the samples were cooled to room temperature naturally 

in an inert atmosphere. The excess base in the AC was neutralized by acid treatment 

with 1 M HCl (32 %) followed by washing with deionized water until pH was neutral 

≈ 7. Then, the sample was dried in the oven at 60 °C for 12 h. For performance 

comparison, commercial AC is purchased from Calgon carbon, USA. 
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Figure 6.1 Schematic representation shows various steps to convert Mango seed (MS) 

husk biomass to activated carbon (AC).  

6.3.2. Physicochemical characterization 

Microstructural analysis of the synthesized materials was carried out by Field 

Emission Scanning Electron Microscopy (FESEM, TESCAN CLARA). Surface area 

and pore analysis (SAPA) of the samples was carried out by N2 adsorption-desorption 

isotherms at 77 K. The obtained specific surface area was calculated by Brunauer-

Emmett-Teller (BET) method, while the pore volume vs. the pore diameter was 

determined by Barrett-Joyner-Halenda (BJH) method. X-ray diffraction (X-ray 

powder diffractometer, EMMA) and the Raman spectroscopy (high-resolution WITec 

Alpha 300RA+ system with a 532 nm Ar laser) were used for structural analysis. 

Elemental analysis was carried out to identify the carbon and other elements (O, H, N, 

S) in the raw precursor and the AC. 
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6.3.3. Electrochemical characterization 

MS-derived AC (MS-AC active material), acetylene black, and PVDF binder in a mass 

ratio of 75: 15: 10 were mixed in a slurry using N-Methylpyrrolidone (NMP) as a 

solvent for electrode coating. 1 cm2 area of a graphite current collector was coated with 

approximately 1 mg of the material using the slurry coating method and dried at 80 °C 

for 12 h to evaporate the solvent. The active mass coated on graphite was determined 

by the mass weighing before and after coating. Cyclic Voltammetry (CV), 

Galvanostatic Charge-Discharge (GCD), and electrochemical impedance spectroscopy 

(EIS) tests were carried out in a three-electrode system (half-cell measurements). MS-

AC working electrode, Pt wire counter electrode, and Hg/HgO reference electrode in 

2M NaOH aqueous electrolyte were used in the electrochemical cell connected to 

Biologic SP-150 potentiostat. Half-cell measurements on CV and GCD were carried 

out for practical purposes at different scan rates (5 - 50 mV s-1 ) and current densities 

(2 - 10 mA cm−2). EIS was performed at a frequency range of 10 mHz to 100 kHz with 

a 5 mV bias voltage. A symmetric capacitor fabricated with two MS-AC electrodes 

was used to study the full cell capacitance, energy, and power densities. The equations 

(3.5 -3.7) in chapter 3 were used to calculate the specific capacitance (Cs,CD, F g−1), 

energy density (E, Wh kg−1), and power density (P, W kg−1) obtained from charge-

discharge data in two-electrode/three-electrode configurations. 

6.4. Machine Learning (ML) models 

6.4.1. Regression modeling using ML 

ML tasks can be either supervised, semi-supervised or unsupervised. Supervised 

learning tasks are provided with a set of data and some associated labels. In opposition, 

unsupervised tasks do not require labels to execute tasks [29]. Most of the supervised 

tasks fall into two categories, either classification or prediction. The problem 

concerned in this chapter is to identify the relationship between the inputs and the 

outputs or estimate a mapping function from input variables to a continuous output 

variable. Therefore, the predictive regression modeling was selected as the ML 
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model’s task. The quantity that is predicted from these ML models is capacitance. The 

inputs used to predict the capacitance are activation temperature, surface area, ID/IG, 

pore-volume, average pore diameter, and current density. 

Four popular ML models, namely, Linear Regression model (LR) [30], Support Vector 

Regression model (SVR) [31], Decision Tree regression (DT) [32], and a Multi-Layer 

Perceptron model (MLP) [33], were used and compared in this chapter. LR is 

commonly used when predicting the variable’s value based on another variable’s 

value, while a linear relationship can be found between them [34]. LR is a fast 

prediction technique and easy to implement. However, a simple linear regression 

might not perform well for cases where the relationship between the input and output 

becomes non-linear. Hence, other regression algorithms such as SVR, DT, and MLP 

are also used. SVR is a regression technique for solving regression estimation 

problems using an extended concept of Support Vector Machines (SVM) [35]. Thus, 

SVRs have a strongly non-linear approximation ability using kernel tricks, and the data 

are separated using different planes or lines. In the DT regression model, data is split 

along the predictor axes into subsets with similar dependent variable values [36]. 

Therefore, the process can be represented by a decision tree that can be used to make 

predictions from newly observed data. MLPs are a type of Artificial Neural Network 

(ANN) with hidden layers between the inputs and outputs. MLPs can provide a general 

framework for representing non-linear functional mappings between input variables 

and a set of output variables [37]. Each hidden layer and the output layer of MLPs 

consist of computational nodes with activation functions that can compute complex 

non-linear problems. In addition, the MLP learning process adjusts the weighted 

connections between nodes until the best solution is reached. 

The four ML models, LR, SVR, DT, and MLP, were built using the Sci-Kit-learn 

package in Python. LR, SVR, and DT use the default settings given in the Sci-Kit-

learn package. The MLP regressor was built using two hidden layers with 10 and 5 

nodes each. The activation function used is ’ReLu’ (Rectified Linear Unit), and the 

solver used is ’lbfgs’ (Limited-memory Broyden-Fletcher-Goldfarb-Shanno). The 

MLP was trained for a maximum iteration of 2500. The 5 - fold cross cross-validation 

scheme is applied to all the ML models. From the experimental data, 80% is used for 

training, and the rest is used for testing the ML models. Hence, it assures that a 
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different set of test data and training data is used to predict each simulation run which 

provides the average of the 5 - fold simulation as the final result. 

6.4.2. Comparison matrices 

Results of the 5 - fold simulations are presented using three evaluation metrics. The 

correlation coefficient R2 as given in equation (6.1), Mean Squared Error (MSE) as 

given in equation (6.2), and Mean Absolute Error (MAE) as given in equation (6.3) 

are used to benchmark the model accuracy in capacitance predictions.  

 

 

 

 

 

where n, 𝑦
𝑖
, 𝑢𝑖, �̅� are the number of data points, the value calculated from ML, the 

experimental value, and the average of all experimental data, respectively. To identify 

the best ML model, it should show the highest R2, which would reach 1 for a perfect 

fit, whereas the MSE and an MAE should be lower. The smaller the MSE and MAE 

are, the closer the predicted and actual values. 

6.5. Physicochemical characterization of the MS-derived biomass 

Microstructural analysis. Figure 6.2 A-B shows the FESEM images of the raw MS 

husk as a precursor for synthesizing activated carbon. The microstructural images of 

the MS husk raw precursor in Figure 6.2 A-B illustrate a twisted shape, a typical 

characteristic of the precursor. Apart from this, no other clear evidence of forming a 

well-defined porous network is evident before being subjected to thermochemical 

conversion. However, a substantial change in morphology is seen as a function of 
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temperatures in Figure 2 C-J, which arises after removing the volatile components 

from the MS husk via lignocellulosic biomass decomposition. During the 

carbonization, the moisture content from the lignin is removed, and the inorganic 

compounds produce volatile products that undergo condensation resulting in the 

porous framework. Figure 2 C-J shows the evolution of cleavage, channels, and 

formation of pores, which have been grown on the twisted structure with increasing 

activation temperature. The initial twisted structure of the MS husks is preserved 

during its thermal degradation, implying that the physiological function of the MS 

husks was able to inherit the porous architecture originating from the precursor [38]. 

Compared to the commercial AC in Figure 6.2 K-L, the morphology of the MS-AC 

surfaces (Figure 6.2 C-J) are different in their shapes and sizes. The MS-AC samples 

exhibit more open channels, and porous networks evolved through carbonization and 

activation. The cracks and pores generated after carbonization facilitated KOH to flow 

into the interior of the carbonized materials. As a function of the increase in 

temperature, the pores on the surface become more prominent (Figure 6.2 G-J) with 

improved pore volume. This created better pathways that help to reduce the flow 

resistance and allow for efficient ion transportation from the electrolyte into the bulk 

material during charging-discharging. On the other hand, samples activated at a lower 

temperature, MS-AC 800 (Figure 6.2 C-D), displayed more cracks with short tunnels 

and fissures within them. Randomly arranged macro-pores ranging from a few hundred 

nanometers to microns are seen on the surfaces. At the same time, a combination of 

2D and 3D morphologies can be observed for the MS-AC 1100 (Figure 6.2 I-J) that 

could synergistically improve the material performance. The TEM images (Figure 6.3) 

further confirm randomly distributed highly porous carbon layers indicating the 

disordered structure of MS-AC 1100. A few other regions of the TEM (Figure 6.3C) 

show graphite sheets-like morphology. 
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Figure 6.2 Field-emission Scanning Electron Micrographs (FE-SEM) of Mango seed 

(MS) husk derived AC materials. (A-B) MS raw precursor, (C-D) MS-AC 800, (E-F) 

MS-AC 900, (G-H) MS-AC 1000, (I-J) MS-AC 1100, and (K-L) Commercial AC. 
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Figure 6.3 (A, B, C) TEM images of MS-AC 1100. 

 

The plausible activating mechanism for KOH activation can be as follows. The pore 

network in the material is created by the redox reactions between KOH and carbon. 

The intermediate compounds such as CO2 and H2O participate in gasification reactions 

(physical activation), resulting in the formation of pores. The metallic ‘K’ produced 

during the reactions intercalating into the carbon lattice cause lattice expansion, which 

is removed by washing the sample after activation. Subsequently, the relevant spaces 

are occupied by the micro-pores leading to a hierarchical pore structure [39]. When 

the activation temperature increases from 800 - 1100 °C, a lower yield has been 

observed in the AC samples but results in a highly porous form. The pore volume 

occupied by the micro-pores has been increased, leading to a well-defined hierarchical 

porous architecture as the critical parameter for energy storage applications. 

Pore structure analysis. Figure 6.4A shows Nitrogen adsorption-desorption curves of 

four MS-derived biomass samples. The BET surface area, cumulative pore volume, 

and diameter for the samples activated at different temperatures are compared with 

commercially available activated carbon in Table 6.1. According to the IUPAC 

classification, all the isotherms (Figure 6.4A) can be categorized as type-IV isotherms. 

In all the isotherm curves, primary adsorption occurs at a relative pressure of less than 

0.1 and shows an almost horizontal plateau at higher relative pressures except for MS-

AC 1100 (red plot in Figure 6.4A). This indicates that compared to MS-AC 1100, the 

other samples possess a considerable portion of micro-pores but have narrow pore size 

distribution  [40]. The pore size distributions shown in Figure 6.4B are generally alike 

A B C 
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for those samples synthesized at 800, 900, and 1000 °C, but the pore volume obtained 

for MS-AC 1100 is significantly high. This is consistent with the hysteresis (Figure 

6.4A) becoming more clearly visible in the samples with increasing activation 

temperature suggesting high porosity. Hysteresis starts to occur for pores wider than ~ 

4 nm. Therefore, the MS-AC 1100 contains a higher amount of mesopores with larger 

pore sizes, leading to hysteresis behavior. The type H4 hysteresis loop, typical for 

micro-mesopore carbon, is seen in the relative pressure range of 0.4 to 1.0. This 

represents that different pore shapes exist in the carbon lattice though there is no effect 

of pore-blocking/percolation that often occurs due to more complex pore structures 

[41,42]. Based on the pore size distribution, all the samples are rich in mesopores and 

micro-pores. Meso-pores in the MS-AC samples can store the electrolyte, reduce the 

electrolyte diffusion distance, and supply the electrolyte for quick storage/release of 

ions.  

 

 

 

 

 

 

 

 

Figure 6.4 BET nitrogen adsorption-desorption hysteresis loops of MS-AC activated 

at different temperatures along with commercially activated carbon shown for 

comparison, and (right) pore size distribution profiles (effect of activation temperature 

on surface area and pore volume are shown in the inset profile). 
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From Table 6.1, it can be inferred that both the BET surface area and the average pore 

volume estimated for MS-AC 1100 are superior to those of MS-AC activated at lower 

temperatures. Therefore the pore structure presented by MS-AC 1100 is suitable for 

ideal supercapacitor material having considerable amounts of the micro (˂ 2 nm), meso 

(2–50 nm), and macro (˃50 nm) pore types [43]. Overall, it is concluded that at 

increased activation temperature, the material possesses micro-meso-macropores with 

heteroatoms residues for creating defects on activated materials resulting in 

turbostratic carbons. 

Table 6.1 BET surface area analysis of MS-derived materials compared with 

commercial AC. 

 

Structural and spectral analysis. The XRD profiles of MS raw precursor carbonized 

at 600 °C and activated at different temperatures are compared with commercially 

available activated carbon in Figure 6.5A. For the raw precursor, the primary 

diffraction peak is located in the region of 22° (with the h k l indices 002), and a 

shoulder is seen between 16° and 18° are attributed to the cellulose component in the 

biomass precursor. Correspondingly, the presence of diffused diffraction peak 

confirms the semi-crystalline nature of biomass [44]. During the heat treatments of 

carbonization and activation at different temperatures, the semi-crystalline biomass 

has been transformed to amorphous carbon as in the XRD profiles of MS-AC in Figure 

6.5. Thus, MS-AC samples activated until 900 °C show visibly reduced peak intensity 

but with peak broadening. Overall, when the activated temperature is increased from 

Sample BET surface 

area (m2 g-1) 

BJH Adsorption 

average pore 

diameter (nm) 

BJH Adsorption 

cumulative pore 

volume (cm3 g-1) 

Commercial AC 879.84  3.7048 0.0556 

MS-AC 800 899.31  7.5227 0.0341 

MS-AC 900 1256.29  5.2089 0.0429 

MS-AC 1000 1190.17  4.6473 0.1135 

MS-AC 1100 1943.75  3.1553 0.3970 
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800 to 1000 °C, broad peaks become less visible. This could be due to the fact that the 

splitting effect of KOH on partially crystalline cellulose converted the carbon into 

activated carbon with no pronounced order [45]. The broadened peak labeled in the 

regions 25° (002) and at around 43° (100) could attribute to the amorphous carbon 

[40,46], which is quite comparable to that of peaks seen for commercially available 

AC. 

FTIR was used to analyze the transformation of the functional groups during the 

conversion from the raw MS husk to biochar and then to the activated carbon. The 

collected FTIR spectra is shown in Figure 6.5B. Any biomass can have a typical and 

complex lignocellulosic structure. In this case, untreated MS husk exhibits several 

functional groups such as alkene, aromatic, ketone, hydroxyl, and carboxyl functional 

groups common for lignocellulosic raw materials. The peaks in the region between 

1000 and 1400 cm−1 (with vertical bars) show the presence of functional groups such 

as C-O and C-H, characteristic of the cellulose constituent. The peaks in the 1210 - 

1230 cm−1 region are attributed to the aromatic phenyl group C-O. The carbon-carbon 

double bond C=C in the alkene functional group was evident from the absorption band 

at the 1654 cm−1 region [18], which indicates the aromatic nature of lignin in the 

precursor. Moreover, the IR peak at 2915 cm−1 (2800 - 3000 cm−1) is ascribed to the 

C-H stretching vibration of aliphatic carbon in the lignocellulosic component. The 

hydrogen-bonded O-H stretching vibration in methyl groups of lignin/water in the 

biomass precursor is correlated to the band at 3318 cm−1, as shown in Figure 6.5B 

[47,48]. During the carbonization, intensities of the C-O-C absorption bands 

corresponding to the cellulose and hemicelluloses components have been decreased 

and almost less defined. Most of the elements (O, H) have been removed from the raw 

biomass structure as volatile substances during the thermal treatment. Further, upon 

alkali (KOH) treatment, the volatile components of MS husk are mostly removed, as 

evidenced by the disappearance of corresponding bands [18,48]. The remaining carbon 

atoms create cross-links and form graphitic and turbostratic carbon [49]. 

Unlike FTIR, the Raman analysis provides vibrational information and information on 

the electronic features through the electron-phonon coupling that gives insights into 

defects and doping through the intensities and widths of the Raman peaks. The Raman 

spectra of the MS husk-derived carbon activated at different temperatures are 
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compared with commercially available activated carbon are shown in Figure 6.5C. The 

characteristic peaks of commercially available AC corresponding to the D-band and 

G-band can be seen at 1337 cm−1 and 1582 cm−1. In the case of the MS-AC at different 

temperatures, corresponding peaks are seen at 1338 cm−1 and 1577 cm−1, implying the 

nature of AC is similar. The presence of the D band in the material infers the structural 

defect while the G band corresponds to the degenerate in-plane high-frequency 

excitation (E2g) phonon at the Brillouin zone center. An ideal defect-free carbon will 

not show the D peak [50]. The lower relative intensity of the G peak compared to the 

D peak indicates a highly defective nature in the carbon lattice [51–53]. The intensity 

of the D band relative to that of the G band increases with the amount of disorder. Its 

intensity ratio (ID/IG) has often been used to characterize the defective nature of the 

material. The calculated intensity ratios of D and G peaks are 1.02 for commercial AC, 

while 0.98, 0.95, 0.67, and 0.97 for MS-AC 800, 900, 1000, and 1100, respectively. 

Additionally, the 2D band is also seen for the samples synthesized at higher 

temperatures, indicating a second order of the D band, commonly reported for the 

graphene stacked layer. The results suggest that all the samples combine turbostratic 

and graphitic carbon. The highest degree of graphitization is shown for the MS-AC 

activated at 1000 and 1100 °C. The material's inherent structure may have contributed 

to suppressing the deformation of the carbon lattice, and the increased inter-planar 

distance due to distinct process conditions could also lower the defect density than the 

commercial AC. 
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Figure 6.5 (A) X-ray diffraction patterns, (B) Mid and near infra-red (IR) spectra, and 

(C) Raman spectra of MS husk derived materials. Samples are labeled in the individual 

plots. Sample activated at a higher temperature (MS-AC 1100) shows an amorphous 

carbon in Figure 6.5 A-B and with the evolution of the 2D band in Figure 6.5C.  

Elemental analysis. The raw precursor comprises various elements, mainly C, H, O, 

N, and S. Additionally, heteroatoms can exist in organic biomass materials. The O, H 

and C, N, S analysis was carried out to find the inbuilt percentage of elements in the 

MS raw precursor and MS-AC materials. The results are tabulated in Table 6.2. The 

thermochemical treatment has significantly increased the carbon content in the 

materials. It is ~1.9 times higher in the MS-AC 1100 compared to the initial amount 

in the raw MS husk. In contrast, the oxygen percentage has drastically decreased 

during the process, which is ~20 times less than before the treatment. This is due to 
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the removal of oxygen functional groups, which is consistent with the FTIR results. 

Content of 0.2 % S has been identified for the raw precursor. However, after heating 

the precursor at a high temperature (MS-AC 1100), the corresponding EDS analysis 

(Table 6.2) did not show any presence of ‘S’ in the material. This could be due to the 

volatile content that presents on the shell, which was transformed into a vapor at the 

given temperature [54]. Moreover, the EDS results in Figure 6.6 confirm the presence 

of C and O as major elements in MS-AC 1100, illustrating that this profoundly 

enhances the electrochemical performance in supercapacitors. 

Table 6.2 Elemental analysis of the raw precursor and samples activated at different 

temperatures. 

Elements (%) C H N S O 

MS- Raw biomass 49.8 7.4 - 0.2 42.6 

MS-AC 800 92.7 1.0 - - 6.3 

MS-AC 900 93.5 0.9 - - 5.6 

MS-AC 1000 96.0 - - - 4.0 

MS-AC 1100 98.0 - - - 2.0 

 

 

 

 

 

Figure 6.6 EDS mapping and the respective spectra of the MS-AC 1100 sample. 
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6.6. Electrochemical characterization of the MS-derived biomass (three-

electrode configuration) 

As explained in the previous sections, the physical parameters of the biomass 

converted to activated carbon play a key role in increasing the electrochemically 

accessible area of the carbon electrode for charge storage [55]. To verify this, the 

electrochemical studies of MS-derived AC were carried out through CV and GCD 

experiments in an aqueous electrolyte 2 M NaOH at a potential window of 1 V in the 

negative region. Most of the work reported in the literature [13,56] on producing AC 

is electrochemically tested using either an acidic electrolyte (1 M H2SO4) or highly 

basic electrolyte (6 M KOH) solutions. Generally, the concentration of the electrolyte 

also affects the capacitance performance. It has been widely accepted that better ionic 

diffusion has been observed when the H+ is present in the acidic electrolytes, which 

improves the EDLC behavior. In contrast, the extreme conditions of a strong pH 

acid/base cause disadvantages such as increased corrosion rate of the current collectors 

and metals in the system [57]. Compared with the alkaline cations such as Na+ and K+, 

the factors such as low ion diffusivity and large ionic radius will limit the energy/power 

densities obtained by the K+ ion capacitors. Though Li and Na have similar chemical 

properties, the resources and abundance of Na are unmatched by Li, which should be 

considered for future developments. Therefore, our goal is to examine the biomass 

material using 2 M NaOH as an emerging electrolyte for capacitors to overcome these 

issues reported [58]. 

The CV and GCD profiles of MS-AC at different temperatures are compared with 

commercially available AC. The corresponding plots at different scan rates and current 

densities are shown in Figure 6.7. Regardless of the physicochemical nature of the 

samples derived from the biomass, all the CV curves (Figure 6.7 A-I to E-I) show a 

quasi-rectangular shape without any redox peaks indicating that the material is in the 

proximity of the typical rectangular shape, characteristic of the EDLC behavior 

[59,60]. However, based on the nature of the sample, the area under the curve varies; 

in other words, the current response differs significantly. The performance 

characteristics of the MS-derived AC samples are superior to that of the commercially 

available AC sample. The samples are further verified by the GCD technique, which 
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shows a perfect symmetry while displaying a triangular shape of typical capacitive 

material (Figure 6.7 A-II to E-II) involving reversible adsorption and desorption of 

ions during the discharge and charge processes, respectively. With increasing scan rate 

(to 40 mV s−1) and current density (to 6 mA), CV curves still exhibit a quasi-

rectangular shape, and GCD curves also show nearly linear slopes indicating an 

excellent rate-independency on energy storage. It can be further supported by very low 

resistive voltage losses (no apparent Ohmic losses seen at GCD profiles) stem from 

the resistance between the active material and the current collector and the electrolyte 

resistance across the electrode surface. The specific capacitance values calculated at 5 

mA cm−2 for all the samples are presented in Table 6.3. The specific capacitance values 

of MS-AC activated at 800, 900, 1000, and 1100 °C correspond to 86, 98, 118, and 

135 F g−1 at 5 mA cm−2. Under identical conditions, the obtained specific capacitance 

for the commercially available activated carbon measured at the laboratory is found to 

be 78 F g−1. These results suggest that the MS-derived biomass converted to AC 

exceeds the storage capacity, and the value is much higher for MS-AC 1100. The effect 

of elemental composition and defects observed for MS-AC 1100 through 

physicochemical studies appears to be suitable for facilitating OH− ion transportation 

and interfacial chemical reactions that result in higher specific capacitance. For MS-

AC1100 having a range of pore distribution was found more efficient for 

storing/releasing ions during the electrochemical process. It helps mitigate the high 

viscous force issue with the NaOH electrolyte, resulting in a good rate capability. The 

hierarchical porous network displayed in Figure 6.2 I-J inherited from the Mango seed 

with husk after thermal treatment served as a channel for ion percolation in bulk to 

enhance the available specific capacitances. 

 

 

 

 

 

 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

246 

 

 

 

 

 

 

 

 

 

Figure 6.7 (A-I, B-I, C-I, D-I, E-I) Cyclic Voltammograms (CV), and (A-II, B-II, C-

II, D-II, E-II) galvanostatic charge-discharge (GCD) curves in a three-electrode 

configuration of MS husk derived AC at different sweep rates and applied currents 

tested in 2 M NaOH electrolyte. Samples are labeled in the individual plots. 
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Table 6.3 The storage properties of MS-derived AC compared with commercial AC 

(tested at a current density of 5 mA cm-2 in 2 M NaOH aqueous electrolyte). 

Active material F g-1 

Commercial AC 78 

MS-AC 800 86 

MS-AC 900 98 

MS-AC 1000 118 

MS-AC 1100 135 

 

To compare the electrochemical performance characteristics of the MS-AC samples 

activated at different temperatures, CV and GCD profiles are superimposed in Figure 

6.8 A-B. Among the samples studied at different temperatures of 800 - 1100 °C, MS-

AC 1100 performs superior, as expected from the previously discussed parameters 

such as surface area and pore analysis. The specific capacitances of the MS-AC 

calculated as a function of the current density (2 to 10 mA cm−2) from their GCD 

curves are displayed in Figure 6.8C. The rate performance capacitances of the samples 

were very high, except the MS-AC 800 shows an initial capacitance of 90 F g−1 with 

a small decline (10 %) with increasing current density from 2 to 10 mA cm−2. The 

fissured structure observed in Figure 6.2 C-D for MS-AC 800 limits the passage of 

ions and hence the lower capacitance. The specific capacitance as a function of 

activated temperature further confirms that the procured surface area is proportional 

to maximizing the storage capacitance. Higher surface area and pore volume in porous 

material create more active sites and transport ions to promote the electrochemical 

reaction. The cycling stability and the coulombic efficiency over 1000 cycles were 

tested for the best-performed sample MS-AC 1100 sample, and the long-term cycling 

data is shown in Figure 6.8D. The capacitance retention is almost 100 % even after 

consecutive cycles of 1000 with an excellent coulombic efficiency. MS-AC 1100 

electrode delivered an energy density of 19 Wh kg−1, with a 1077 W kg−1 power 

density. The EIS was carried out on MS-AC 1100, and the Nyquist plots for this sample 

are displayed in Figure 6.8E with curve fitting and the equivalent circuit shown in the 
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inset. The EIS analysis helps gain a fundamental understanding of the behavior of 

electrode/electrolyte interface, electrolyte bulk properties, and their impact on the 

electrochemical performance bringing a valid conclusion to MS-AC 1100 compared 

to other counterparts. The inset in Figure 6.8E shows a curve representing a semicircle 

in the high-frequency region, a Warburg line in the intermediate frequency region, and 

an almost vertical line in the low-frequency region. The plots were fitted into a model 

using Z-fit in EC Lab using the modified Randle’s equivalent circuit. The five elements 

in the circuit represent interfacial resistance (Rs), Constant Phase Element (CPE), 

charge transfer resistance (Rct), Warburg component (Zw), and capacitance (C). The 

intercept of the semicircular arc of the plot with the real axis gives the Rs. The Rs value 

for before and after cycling were found to be 2.09 and 2.05 Ω, respectively, giving an 

indication of a slight increment of ions and electron transfer rates. Rs is a combination 

of electrolyte ionic resistance, intrinsic resistance of the electrode material, and contact 

resistance at the interface of the electrode material and the current collector. Rct, the 

charge transfer resistance at the electrode surface is about 0.24 Ω (1st cycle) and 0.21 

Ω (1000th cycle), exhibiting an efficient charge transfer through more electrolyte 

penetration into the electrode. The straight line with the 45° slope illustrates the 

resistance for electrolyte ion diffusion into the electrode, as a typical characteristic of 

porous carbon which is denoted by the Warburg parameter. The small diameter of the 

semicircular arch and a shorter Warburg portion can be occurred due to a fast charge 

transfer and ion diffusion supported by a well-arranged pore structure of the MS-AC 

1100 material [56,61,62]. In the low-frequency region, the curve has become more 

vertical, displaying a low ionic diffusion resistance that causes an enhanced capacitive 

performance through faster ionic diffusion through the electrode material, which can 

be attributed to the higher surface area and porous nature [48]. Therefore, the EIS study 

confirms that at the activated temperature of 1100 °C, the intrinsic properties of the 

material best suit the electrochemical performance. An in-depth analysis of the 

material from its chemical engineering and electrochemistry perspectives is crucial to 

elucidate the relationship between biomass and supercapacitor applications. The 

variation of obtained specific capacitances at various current densities is shown in 

Figure 6.8F and is comparable in terms of the delivered capacitance to that of the 

similar carbon materials reported in the literature. 
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Table 6.4 depicts the information on the range of biomass precursors reported on 

converting to AC, activating agents used for conversion, and electrochemical studies 

of some of the AC materials referring to the work found in the literature have been 

compared with the results obtained for MA-AC in this chapter. Figure 6.8D shows the 

capacitance performance with a range of biomass precursors reported [63–66]. To 

assess the structural integrity of the sample, FE-SEM and TEM images for the biomass 

carbon (MS-AC 1100) before and after cycling have now been performed and shown 

in Figure 6.9. The morphological features of the biomass were retained for the material 

went through several cycling. This indicates that the structure of the biomass is intact. 

 

 

 

 

 

 

 

Figure 6.8 Electrochemical profiles of MS-derived material. (A) CV plots at a sweep 

rate of 20 mV s−1, (B) GCD plots at 5 mA cm−2 current density, and (C) variation of 

specific capacitance of MS-derived materials activated at different temperatures, (D) 

Capacitance retention tested for MS-AC 1100 (GCD curves compared at 1st and 1000th 

cycles), (E) Nyquist plots and the fitted curves before and after cycling of MS-AC 

1100 (Nyquist plots and the fitted curves for narrow region shown in the inset), (F) 

comparison of specific capacitances of MS-AC 1100 with previous works reported in 

the literature  [63–66]. 
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Table 6.4 The electrochemical properties of biomass-based carbon derived from 

various precursors compared with our work. 

No. Biosource Activating 

agent 

Electrolyte Current 

density  

Specific 

capacitan

ce (F g-1) 

Ref. 

1 Banana 

fibres 

ZnCl2 

KOH 

1 M 

Na2SO4 

0.5 A g-1 74 

66 

[67] 

2 Coffee 

endocarp 

CO2 

KOH 

1 M H2SO4 10 mA  

(~ 0.2 A g-1) 

176 

69 

[68] 

3 Wheat 

straw 

KOH 6 M KOH 0.5 A g-1 226.2 [69] 

4 Macadamia 

nutshell 

KOH 1 M 

Na2SO4 

1 A g-1 231 [70] 

5 Shrimp 

shell 

KOH 6 M KOH 0.5 A g-1 239 [71] 

6 Rice straw KOH 6 M KOH 1 A g-1 337 [72] 

7 Mango 

seed husk 

 2 M NaOH 2 A g-1 135 our 

work 
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Figure 6.9 Comparison of the microstructures for MS-AC 1100 before and after 

cycling. FE-SEM and TEM micrographs (A, C) before cycling and (B, D) after 

cycling. 

6.6.1. Machine learning model for predicting specific capacitance in 

MS-derived biomass 

The experimental results (in sections 6.5.1 and 6.5.2) can provide an indication of the 

influences on the capacitance values from a range of different parameters. However, a 

clear and quantified relationship would be difficult to achieve by capturing the 

correlation between experimental inputs and outputs. Furthermore, most existing 

methods are time-consuming and tedious as they mostly incorporate a trial-and-error 

approach. Therefore, ML modeling tools were utilized to provide a fast and effective 

alternative for predicting the capacitance of activated carbon materials. The MLP 

architecture for modeling experimental data sets for MS-AC is given in Figure 6.10. 

C D 
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Figure 6.10 MLP model architecture showing input and output shapes with two hidden 

layers. 

Pearson Correlation Coefficient was calculated between the variables to provide a 

general statistical overview of the dataset. In Figure 6.11, the dark red color squares 

represent a positive correlation, dark blue represents a negative correlation, and light 

colors represent no correlation. According to Figure 6.11, it can be concluded that most 

variables do not hold any strong relationships with each other. It further implies that 

the relationship between the variables cannot be explained through a simple linear 

function. The results in Table 6.5 present the R2, MSE, and MAE values relevant for 

each model (DT, LR, SVM, and MLP as explained in the method section) simulated 

in this chapter.  
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Figure 6.11 Pearson correlation coefficient matrix for the parameters influencing the 

supercapacitive properties showing non-linear relation. 

Table 6.5 Obtained values of statistical criteria for ML models training. 

ML Model R2 MSE MAE 

DT 0.9427 18.0816 3.3248 

LR 0.9759 7.5854 2.1133 

SVR 0.9856 4.5308 1.6989 

MLP 0.9868 4.1651 1.5741 

 

Figure 6.12 (A-D) depicts the specific capacitance values predicted by each model for 

all the MA-AC samples. Among the four ML methods, the largest deviation was 

observed for the DT model with the lowest R2 and highest MSE and MAE. The reason 
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for this behavior is that the DT model classifies a dataset into branch-like segments 

and builds an inverted tree-like structure which causes the similar data items to fall 

into one branch of the DT. The other three models, LR, SVM, and MLP provided better 

fittings compared to DT. 

For the MLP model, the R2 value is 0.9868, MSE is 4.1651, and MAE is 1.5741 

indicating the highest accuracy level of model predictions. It gives the best fitting in 

Figure 6.12 (D), with only a marginal difference between the model and experimental 

results. Therefore, MLP gives superior results to other ML models considered in this 

chapter. Due to the hidden layers and their connections between each node of MLP, 

the non-linear relationship between the inputs and the output can be correctly modeled. 

This leads to precise results by MLP predictions on unseen data. Therefore, From the 

results presented in Table 6.5 and Figure 6.12, it can be concluded that the model can 

overcome the complexity of understanding the non-linear relationship between the 

various inputs (synthesis conditions, physical and electrochemical parameters) and the 

output (electrode’s energy storage performance). Overall, it suggests that ML 

modeling can be utilized for better experimental design to avoid cumbersome trial and 

error in experiments on material performance optimization tasks. Furthermore, the ML 

models can overcome the challenge of physics-based modeling that is primarily valid 

for the systems at or near equilibrium. Thus, the ML models can be utilized to build 

correlations between inputs and outputs regardless of the physical condition [36]. 
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Figure 6.12 Statistical performance of each ML model representing the correlation 

between the predicted specific capacitance (F g−1) (y-axis) and the real experimental 

specific capacitance (F g−1) (x-axis) for MS husk-derived AC samples: (A) Decision 

tree regression (DT) (B) Linear regression (LR), (C) Support vector regression (SVR), 

(D) Multilayer Perceptron (MLP), the solid line gives the perfect correlation between 

model and experiment. 
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6.6.2. Symmetric cell (MS-AC 1100 vs. MS-AC 1100) performance of 

the MS-derived AC (two-electrode configuration) 

Figure 6.13 illustrates the CV and GCD profiles of the symmetric cell conducted in a 

two-electrode configuration using MS-AC 1100 material. The tests were carried out in 

the potential range of 1 V in a 2 M NaOH aqueous electrolyte. The results of the CV 

and GCD profiles are consistent with that of the three-electrode configuration 

(discussed in section 6.5.2) attributed to ion adsorption due to the presence of 

hierarchical porous carbon electrode that resulted in EDLC behavior. CV curves at 

different scan rates from 20 to 100 mV s-1 are displayed in Figure 6.13A, and GCD 

plots are shown in Figure 6.13B at current densities from 5 to 10 mA. The specific 

capacitance measured at the lowest current density of 2 mA cm−2 (~1 A g−1) was 54 F 

g−1, which decreased to 33 F g−1 at the highest current density 10 mA cm−2 (~5 A g−1). 

The trend of the specific capacitance as a function of current density is given in Figure 

6.13C, and the symmetric cell is stable for high-rate discharge. Consequently, the 

specific energy density and power density calculated based on the specific capacitance 

values are given in the Ragone plot in Figure 6.13D. At low current loads, the energy 

density has been achieved up to 8 Wh kg−1 by the symmetric supercapacitor cell, 

demonstrating considerably higher energy storage, which was lowered to 4.7 Wh kg−1 

of 10 mA cm−2. As shown in Figure 6.13D, the calculated energy density of the cell is 

comparable to those reported in the literature [64,72–77]. 
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Figure 6.13 (A) Cyclic Voltammograms (CV) and (B) galvanostatic charge-discharge 

curves in a two-electrode configuration (symmetric cell) of MS-AC 1100 in 2 M 

NaOH electrolyte at different sweep rates and applied currents shown in the respective 

plots, (C) Variation of specific capacitance with current density, and (D) Ragone plot 

of MS-AC 1100 sample [64,72–77].  

6.7. Conclusion  

The bio-waste valorization of Mango seed (MS) husk has been conducted via 

carbonization and chemical activation. The optimized temperature is found to be 1100 

°C for the preparation of activated carbon (AC) as supercapacitor electrode material. 
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MS husk is a clean and affordable source, and repurposing the bio-waste was found to 

be promising for developing sustainable porous carbon materials to be applied in 

super-capacitors applications. 

Activation temperature of the MS husk improved the physical parameters of the 

carbon, such as surface area, pore-volume, and the graphitic orientation of the AC, 

which are determining factors for improved storage performance. N2 adsorption/ 

desorption experiments and Raman analysis show that the MS-AC 1100 exhibited the 

best physical properties. Likewise, the electrochemical performance of this material 

delivers 135 F g−1 specific capacitance at 5 mA cm−2 (2 A g−1) and ~100 % cyclability 

over 1000 cycles and is found to be superior to those of the temperatures studied and 

commercially available AC material. The electrochemical behavior revealed that the 

formation of the electric double-layer is the primary charge storage while the pseudo-

capacitance phenomenon is negligible. MS-AC 1100 was also studied using a two-

electrode symmetric configuration, and the assembled symmetric cell shows energy 

density up to 8 Wh kg−1 under the applied current loads. Four Machine Learning (ML) 

algorithms were used to establish quantitative correlations between synthesis 

parameters, and the structural and electrochemical features of MS-AC materials to 

predict specific capacitances. Among the tested ML models, MLP can well capture 

(highest R2 score ~ 0.99) the capacitance dependence on considered inputs. ML 

modeling addresses one of the biggest challenges in theoretical modeling in 

developing correlations for the systems at non-equilibrium conditions that produce 

significant gaps in theoretical and experimental investigations. Higher quality results 

are obtained through a significant acceleration of simulation time beyond the trial-and-

error research conducted through conventional experiments and models. Providing 

more experimental inputs and data sets can offer a significant advantage as every new 

data point added would improve the ML correlations statistics. The expected energy 

storage targets could be achieved by using the reverse engineering mechanism to find 

the ideal experimental parameters. 

In conclusion, the hierarchical porous carbon derived from MS husk has the potential 

to be utilized in symmetric/asymmetric capacitors as a contribution to the efforts to 

develop new carbon-based electrodes. The work presented in this chapter also 

demonstrates an approach of combining experimental data and ML algorithms to 
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provide insights into the accelerated development of designing carbon materials for 

future energy storage applications. 

6.6. References 

[1] S. Hatfield-Dodds, H. Schandl, D. Newth, M. Obersteiner, Y. Cai, T. Baynes, 

J. West, P. Havlik, Assessing global resource use and greenhouse emissions to 

2050, with ambitious resource efficiency and climate mitigation policies, J. 

Clean. Prod. 144 (2017) 403–414. 

[2] S. Chu, A. Majumdar, Opportunities and challenges for a sustainable energy 

future, Nature. 488 (2012) 294–303. 

[3] M. Salanne, B. Rotenberg, K. Naoi, K. Kaneko, P.L. Taberna, C.P. Grey, B. 

Dunn, P. Simon, Efficient storage mechanisms for building better 

supercapacitors, Nat. Energy. 1 (2016) 16070 (2016). 

[4] Z. Niu, H. Dong, B. Zhu, J. Li, H.H. Hng, W. Zhou, X. Chen, S. Xie, Highly 

stretchable, integrated supercapacitors based on single-walled carbon 

nanotube films with continuous reticulate architecture, Adv. Mater. 25 (2013) 

1058–1064. 

[5] C. Liu, Z. Yu, D. Neff, A. Zhamu, B.Z. Jang, Graphene-based supercapacitor 

with an ultrahigh energy density, Nano Lett. 10 (2010) 4863–4868. 

[6] M.P. Down, S.J. Rowley-Neale, G.C. Smith, C.E. Banks, Fabrication of 

Graphene Oxide Supercapacitor Devices, ACS Appl. Energy Mater. 1 (2018) 

707–714. 

[7] W. Du, Z. Zhang, L. Du, X. Fan, Z. Shen, X. Ren, Y. Zhao, C. Wei, S. Wei, 

Designing synthesis of porous biomass carbon from wheat straw and the 

functionalizing application in flexible, all-solid-state supercapacitors, J. Alloys 

Compd. 797 (2019) 1031–1040. 

[8] R.R. Salunkhe, J. Lin, V. Malgras, S.X. Dou, J.H. Kim, Y. Yamauchi, Large-

scale synthesis of coaxial carbon nanotube/Ni(OH)2 composites for 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

260 

asymmetric supercapacitor application, Nano Energy. 11 (2015) 211–218. 

[9] H. Wan, X. Hu, From biomass-derived wastes (bagasse, wheat straw and 

shavings) to activated carbon with three-dimensional connected architecture 

and porous structure for Li-ion batteries, Chem. Phys. 521 (2019) 108–114. 

[10] G. Wang, H. Wang, X. Lu, Y. Ling, M. Yu, T. Zhai, Y. Tong, Y. Li, Solid-

state supercapacitor based on activated carbon cloths exhibits excellent rate 

capability, Adv. Mater. 26 (2014) 2676–2682. 

[11] S. Gillet, M. Aguedo, L. Petitjean, A.R.C. Morais, A.M. Da Costa Lopes, 

R.M. Łukasik, P.T. Anastas, Lignin transformations for high value 

applications: Towards targeted modifications using green chemistry, Green 

Chem. 19 (2017) 4200–4233. 

[12] H. Yang, S. Ye, J. Zhou, T. Liang, Biomass-derived porous carbon materials 

for supercapacitor, Front. Chem. 7 (2019) 1–17. 

[13] P. Cheng, T. Li, H. Yu, L. Zhi, Z. Liu, Z. Lei, Biomass-Derived Carbon Fiber 

Aerogel as a Binder-Free Electrode for High-Rate Supercapacitors, J. Phys. 

Chem. C. 120 (2016) 2079–2086. 

[14] B. Liu, Y. Liu, H. Chen, M. Yang, H. Li, Oxygen and nitrogen co-doped 

porous carbon nanosheets derived from Perilla frutescens for high volumetric 

performance supercapacitors, J. Power Sources. 341 (2017) 309–317. 

[15] Q. Zhang, K. Han, S. Li, M. Li, J. Li, K. Ren, Synthesis of garlic skin-derived 

3D hierarchical porous carbon for high-performance supercapacitors, 

Nanoscale. 10 (2018) 2427–2437. 

[16] D. Kang, Q. Liu, J. Gu, Y. Su, W. Zhang, D. Zhang, “Egg-Box”-Assisted 

Fabrication of Porous Carbon with Small Mesopores for High-Rate Electric 

Double Layer Capacitors, ACS Nano. 9 (2015) 11225–11233. 

[17] Z. Wang, H. Guo, F. Shen, G. Yang, Y. Zhang, Y. Zeng, L. Wang, H. Xiao, S. 

Deng, Biochar produced from oak sawdust by Lanthanum (La)-involved 

pyrolysis for adsorption of ammonium (NH4
+), nitrate (NO3

-), and phosphate 

(PO4
3-), Chemosphere. 119 (2015) 646–653. 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

261 

[18] A. Dzigbor, A. Chimphango, Production and optimization of NaCl-activated 

carbon from mango seed using response surface methodology, Biomass 

Convers. Biorefinery. 9 (2019) 421–431. 

[19] K.R. Thines, E.C. Abdullah, N.M. Mubarak, M. Ruthiraan, Synthesis of 

magnetic biochar from agricultural waste biomass to enhancing route for 

waste water and polymer application: A review, Renew. Sustain. Energy Rev. 

67 (2017) 257–276. 

[20] G.C. Braga, P.S. Melo, K.B. Bergamaschi, A.P. Tiveron, A.P. Massarioli, 

S.M. de Alencar, Extraction yield, antioxidant activity andphenolics from 

grape, mango and peanut agro-industrial by-products, Ciência Rural. 46 

(2016) 1498–1504. 

[21] Seeds of success: Students use mango seed waste to create skin care products, 

(n.d.). https://news.csu.edu.au/latest-news/seeds-of-success-students-use-

mango-seed-waste-to-create-skin-care-products. 

[22] R.C. de Andrade, R.S.G. Menezes, R.A. Fiuza-Jr, H.M.C. Andrade, Activated 

carbon microspheres derived from hydrothermally treated mango seed shells 

for acetone vapor removal, Carbon Lett. 31 (2020) 779-783. 

[23] D.H. Barrett, A. Haruna, Artificial intelligence and machine learning for 

targeted energy storage solutions, Curr. Opin. Electrochem. 21 (2020) 160–

166. 

[24] K. Min, B. Choi, K. Park, E. Cho, Machine learning assisted optimization of 

electrochemical properties for Ni-rich cathode materials, Sci. Rep. 8 (2018) 1–

7. 

[25] A.D. Sendek, E.D. Cubuk, E.R. Antoniuk, G. Cheon, Y. Cui, E.J. Reed, 

Machine Learning-Assisted Discovery of Solid Li-Ion Conducting Materials, 

Chem. Mater. 31 (2019) 342–352. 

[26] H. Farsi, F. Gobal, Artificial neural network simulator for supercapacitor 

performance prediction, Comput. Mater. Sci. 39 (2007) 678–683. 

[27] J. Wang, Z. Li, S. Yan, X. Yu, Y. Ma, L. Ma, Modifying the microstructure of 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

262 

algae-based active carbon and modelling supercapacitors using artificial 

neural networks, RSC Adv. 9 (2019) 14797–14808. 

[28] T.D. Dongale, P.R. Jadhav, G.J. Navathe, J.H. Kim, M.M. Karanjkar, P.S. 

Patil, Development of nano fiber MnO2 thin film electrode and cyclic 

voltammetry behavior modeling using artificial neural network for 

supercapacitor application, Mater. Sci. Semicond. Process. 36 (2015) 43–48. 

[29] S. Rogers, M. Girolami, A First Course of Machine Learning, 2nd ed., 

Chapman and Hall/CRC, 2016. 

[30] G.U. Yule, On the Theory of Correlation, R. Stat. Soc. 60 (1897) 812–854. 

[31] H. Drucker, C.J. Burges, L. Kaufman, A. Smola, V. Vapnik, Support vector 

regression machines. Advances in neural information processing systems, in: 

Adv. Neural Inf. Process. Syst., 1996: pp. 155–161. 

[32] M. Xu, P. Watanachaturaporn, P.K. Varshney, M.K. Arora, Decision tree 

regression for soft classification of remote sensing data, 97 (2005) 322–336. 

[33] F. Rosenblatt, Principles of neurodynamics perceptions and the theory of brain 

mechanisms, Cornell Aeronautical Laboratory, INC. Buffalo 21, New York, 

1961. 

[34] D.C. Montgomery, E.A. Peck, G.G. Vining, Introduction to Linear Regression 

Analysis, 5th ed., Wiley, 2012. 

[35] L. Wan, M. Zeiler, S. Zhang, Y. LeCun, R. Fergus, Regularization of Neural 

Networks using DropConnect, in: Proc. 30th Int. Conf. Mach. Learn., 2013: 

pp. 1058–1066. 

[36] M. Zhou, A. Gallegos, K. Liu, S. Dai, J. Wu, Insights from machine learning 

of carbon electrodes for electric double layer capacitors, Carbon N. Y. 157 

(2020) 147–152. 

[37] C.M. Bishop, Neural Networks for Pattern Recognition, OXFORD University 

press, 1995. 

[38] J. Li, Y. Gao, K. Han, J. Qi, M. Li, Z. Teng, High performance hierarchical 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

263 

porous carbon derived from distinctive plant tissue for supercapacitor, Sci. 

Rep. 9 (2019) 1–11. 

[39] J. Wang, S. Kaskel, KOH activation of carbon-based materials for energy 

storage, J. Mater. Chem. 22 (2012) 23710–23725. 

[40] Q. Wang, Q. Cao, X. Wang, B. Jing, H. Kuang, L. Zhou, A high-capacity 

carbon prepared from renewable chicken feather biopolymer for 

supercapacitors, J. Power Sources. 225 (2013) 101–107. 

[41] I.A.W. Tan, A.L. Ahmad, B.H. Hameed, Adsorption isotherms, kinetics, 

thermodynamics and desorption studies of 2, 4, 6-trichlorophenol on oil palm 

empty fruit bunch-based activated carbon, J. Hazard. Mater. 164 (2009) 473–

482. 

[42] M. Thommes, K. Kaneko, A. V Neimark, J.P. Olivier, F. Rodriguez-reinoso, J. 

Rouquerol, K.S.W. Sing, Physisorption of gases, with special reference to the 

evaluation of surface area and pore size distribution ( IUPAC Technical 

Report ), Pure Appl. Chem. 87 (2015) 1051–1069. 

[43] P. Hao, Z. Zhao, J. Tian, H. Li, Y. Sang, G. Yu, H. Cai, H. Liu, C.P. Wong, A. 

Umar, Hierarchical porous carbon aerogel derived from bagasse for high 

performance supercapacitor electrode, Nanoscale. 6 (2014) 12120–12129. 

[44] J. Liu, Q. Wang, S. Wang, D. Zou, K. Sonomoto, Utilisation of microwave-

NaOH pretreatment technology to improve performance and l-lactic acid yield 

from vinasse, Biosyst. Eng. 112 (2012) 6–13. 

[45] L.W. Lai, M. Ibrahim, N.M. Rahim, E.F. Hashim, M.Z. Ya’cob, I. Ani, J. 

Akhtar, Study on Composition, Structural and Property Changes of Oil palm 

Frond Biomass under Different Pretreatments, Cellul. Chem. Technol. 50 

(2016) 951–959. 

[46] K. Subramani, N. Sudhan, M. Karnan, M. Sathish, Orange Peel Derived 

Activated Carbon for Fabrication of High-Energy and High-Rate 

Supercapacitors, ChemistrySelect. 2 (2017) 11384–11392. 

[47] Q. Liu, S. Wang, Y. Zheng, Z. Luo, K. Cen, Mechanism study of wood lignin 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

264 

pyrolysis by using TG-FTIR analysis, J. Anal. Appl. Pyrolysis. 82 (2008) 

170–177. 

[48] M. Demir, A.A. Farghaly, M.J. Decuir, M.M. Collinson, R.B. Gupta, 

Supercapacitance and oxygen reduction characteristics of sulfur self-doped 

micro/mesoporous bio-carbon derived from lignin, Mater. Chem. Phys. 216 

(2018) 508–516. 

[49] L. Wang, Y. Zheng, Q. Zhang, L. Zuo, S. Chen, S. Chen, H. Hou, Y. Song, 

Template-free synthesis of hierarchical porous carbon derived from low-cost 

biomass for high-performance supercapacitors, RSC Adv. 4 (2014) 51072–

51079. 

[50] A.C. Ferrari, D.M. Basko, Raman spectroscopy as a versatile tool for studying 

the properties of graphene, Nat. Nanotechnol. 8 (2013) 235–246. 

[51] H. Kim, J. Cho, S.Y. Jang, Y.W. Song, Deformation-immunized optical 

deposition of graphene for ultrafast pulsed lasers, Appl. Phys. Lett. 98 (2011) 

2009–2012. 

[52] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. 

Piscanec, D. Jiang, K.S. Novoselov, S. Roth, A.K. Geim, Raman spectrum of 

graphene and graphene layers, Phys. Rev. Lett. 97 (2006) 1–4. 

[53] G. Eda, G. Fanchini, M. Chhowalla, Large-area ultrathin films of reduced 

graphene oxide as a transparent and flexible electronic material, Nat. 

Nanotechnol. 3 (2008) 270–274. 

[54] W. Kiciński, M. Szala, M. Bystrzejewski, Sulfur-doped porous carbons: 

Synthesis and applications, Carbon N. Y. 68 (2014) 1–32. 

[55] J. Scheers, S. Fantini, P. Johansson, A review of electrolytes for lithium-

sulphur batteries, J. Power Sources. 255 (2014) 204–218. 

[56] L. Peng, Y. Liang, H. Dong, H. Hu, X. Zhao, Y. Cai, Y. Xiao, Y. Liu, M. 

Zheng, Super-hierarchical porous carbons derived from mixed biomass wastes 

by a stepwise removal strategy for high-performance supercapacitors, J. Power 

Sources. 377 (2018) 151–160. 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

265 

[57] B.K. Kim, S. Sy, A. Yu, J. Zhang, Electrochemical supercapacitors for energy 

storage and conversion, in: Handb. Clean Energy Syst., John Wiley & Sons, 

Ltd, 2015. 

[58] P. Cai, K. Zou, X. Deng, B. Wang, M. Zheng, L. Li, H. Hou, G. Zou, X. Ji, 

Comprehensive Understanding of Sodium-Ion Capacitors: Definition, 

Mechanisms, Configurations, Materials, Key Technologies, and Future 

Developments, Adv. Energy Mater. 11 (2021) 1–56. 

[59] M.A. Garakani, S. Bellani, V. Pellegrini, R. Oropesa-Nuñez, A.E.D.R. 

Castillo, S. Abouali, L. Najafi, B. Martín-García, A. Ansaldo, P. Bondavalli, 

C. Demirci, V. Romano, E. Mantero, L. Marasco, M. Prato, G. Bracciale, F. 

Bonaccorso, Scalable spray-coated graphene-based electrodes for high-power 

electrochemical double-layer capacitors operating over a wide range of 

temperature, Energy Storage Mater. 34 (2021) 1–11. 

[60] G. Wang, L. Zhang, J. Zhang, A review of electrode materials for 

electrochemical supercapacitors, Chem. Soc. Rev. 41 (2012) 797–828. 

[61] S. Lei, L. Chen, W. Zhou, P. Deng, Y. Liu, L. Fei, W. Lu, Y. Xiao, B. Cheng, 

Tetra-heteroatom self-doped carbon nanosheets derived from silkworm 

excrement for high-performance supercapacitors, J. Power Sources. 379 

(2018) 74–83. 

[62] A.A. Mohammed, C. Chen, Z. Zhu, Low-cost, high-performance 

supercapacitor based on activated carbon electrode materials derived from 

baobab fruit shells, J. Colloid Interface Sci. 538 (2019) 308–319. 

[63] H. Yin, B. Lu, Y. Xu, D. Tang, X. Mao, W. Xiao, D. Wang, A.N. 

Alshawabkeh, Harvesting capacitive carbon by carbonization of waste 

biomass in molten salts, Environ. Sci. Technol. 48 (2014) 8101–8108. 

[64] X. Li, W. Xing, S. Zhuo, J. Zhou, F. Li, S.Z. Qiao, G.Q. Lu, Preparation of 

capacitor’s electrode from sunflower seed shell, Bioresour. Technol. 102 

(2011) 1118–1123. 

[65] I.I. Misnon, N.K.M. Zain, R.A. Aziz, B. Vidyadharan, R. Jose, 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

266 

Electrochemical properties of carbon from oil palm kernel shell for high 

performance supercapacitors, Electrochim. Acta. 174 (2015) 78–86. 

[66] X. Hong, K.S. Hui, Z. Zeng, K.N. Hui, L. Zhang, M. Mo, M. Li, Hierarchical 

nitrogen-doped porous carbon with high surface area derived from 

endothelium corneum gigeriae galli for high-performance supercapacitor, 

Electrochim. Acta. 130 (2014) 464–469. 

[67] V. Subramanian, C. Luo, A.M. Stephan, K.S. Nahm, S. Thomas, B. Wei, 

Supercapacitors from activated carbon derived from banana fibers, J. Phys. 

Chem. C. 111 (2007) 7527–7531. 

[68] J.M.V. Nabais, J.G. Teixeira, I. Almeida, Development of easy made low cost 

bindless monolithic electrodes from biomass with controlled properties to be 

used as electrochemical capacitors, Bioresour. Technol. 102 (2011) 2781–

2787. 

[69] G. Gou, F. Huang, M. Jiang, J. Li, Z. Zhou, Hierarchical porous carbon 

electrode materials for supercapacitor developed from wheat straw cellulosic 

foam, Renew. Energy. 149 (2020) 208–216. 

[70] X. Yan, Y. Jia, L. Zhuang, L. Zhang, K. Wang, X. Yao, Defective Carbons 

Derived from Macadamia Nut Shell Biomass for Efficient Oxygen Reduction 

and Supercapacitors, ChemElectroChem. 5 (2018) 1874–1879. 

[71] A.K. Mondal, K. Kretschmer, Y. Zhao, H. Liu, H. Fan, G. Wang, Naturally 

nitrogen doped porous carbon derived from waste shrimp shells for high-

performance lithium ion batteries and supercapacitors, Microporous 

Mesoporous Mater. 246 (2017) 72–80. 

[72] S. Liu, Y. Zhao, B. Zhang, H. Xia, J. Zhou, W. Xie, H. Li, Nano-micro carbon 

spheres anchored on porous carbon derived from dual-biomass as high rate 

performance supercapacitor electrodes, J. Power Sources. 381 (2018) 116–

126. 

[73] D. Wang, Y. Min, Y. Yu, Facile synthesis of wheat bran-derived honeycomb-

like hierarchical carbon for advanced symmetric supercapacitor applications, 



Chapter 6. Hierarchical porous carbon from Mango seed husk for electrochemical 

energy storage  

 

267 

J. Solid State Electrochem. 19 (2014) 577–584. 

[74] A. Bello, N. Manyala, F. Barzegar, A.A. Khaleed, D.Y. Momodu, J.K. 

Dangbegnon, Renewable pine cone biomass derived carbon materials for 

supercapacitor application, RSC Adv. 6 (2016) 1800–1809. 

[75] S. Qu, J. Wan, C. Dai, T. Jin, F. Ma, Promising as high-performance 

supercapacitor electrode materials porous carbons derived from biological 

lotus leaf, J. Alloys Compd. 751 (2018) 107–116. 

[76] X. Han, H. Jiang, Y. Zhou, W. Hong, Y. Zhou, P. Gao, R. Ding, E. Liu, A 

high performance nitrogen-doped porous activated carbon for supercapacitor 

derived from pueraria, J. Alloys Compd. 744 (2018) 544–551. 

[77] W. Zhang, M. Zhao, R. Liu, X. Wang, H. Lin, Hierarchical porous carbon 

derived from lignin for high performance supercapacitor, Colloids Surfaces A 

Physicochem. Eng. Asp. 484 (2015) 518–527. 

 



Connecting link to the next chapter 

 

268 

Link to the next chapter 

Moving from one biomass precursor to another varies the intrinsic microstructural 

characteristics and chemical compositions of the biomass materials. Therefore, the 

research should be conducted to select the potential precursors from diverse biomass 

and their design to optimize the electrochemical performance for capacitor application.  

In chapter 7, we have chosen to study the AC derived from Grape marc (GM) as a 

potential precursor. Grape marc is a by-product of the renowned wine industry in 

Australia, and it has a relatively rich lignin component. The synthesis of the AC has 

been carried out using single-step carbonization and activation, also in two steps 

similar to that in chapter 6. The activating power of different activating agents and the 

effect of Nitrogen (N) dopant on developing a porous AC framework have been 

studied. The synthesized N-doped AC exhibited comparatively superior 

electrochemical performance. Theoretical density functional theory (DFT) studies 

were carried out to examine the chemistry of AC in the absence and presence of the 

dopant bonded to carbon structure. Insights into machine learning have been given to 

develop a theoretical model beneficial for predicting the capacitive properties of 

carbon materials.   
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7.1. Abstract  

Porous carbon derived from Grape marc (GM) was synthesized via carbonization and 

chemical activation processes. Extrinsic nitrogen (N)-dopant in GM, activated by 

KOH, could render its potential use in supercapacitors effective. The effects of 

chemical activators such as potassium hydroxide (KOH) and zinc chloride (ZnCl2) 

were studied to compare their activating power toward the development of pore-

forming mechanisms in a carbon electrode, making them beneficial for energy storage. 

GM carbon impregnated with KOH for activation (KAC), along with urea as the N-

dopant (KACurea), exhibited better morphology, hierarchical pore structure, and 

larger surface area (1356 m2 g−1) than the GM carbon activated by ZnCl2 (ZnAC). 

Moreover, density functional theory (DFT) investigations showed that the presence of 

N-dopant on a graphite surface enhances the chemisorption of O adsorbates due to the 

enhanced charge-transfer mechanism. KACurea was tested in three aqueous 

electrolytes with different ions (LiOH, NaOH, and NaClO4), which delivered higher 

specific capacitance, with the NaOH electrolyte exhibiting 139 F g−1 at a 2 mA current 

rate. The NaOH with the alkaline cation Na+ offered the best capacitance among the 

electrolytes studied. A multilayer perceptron (MLP) model was employed to describe 

the effects of synthesis conditions and physicochemical and electrochemical 

parameters to predict the capacitance and power outputs. The proposed MLP showed 

higher accuracy, with an R2 of 0.98 for capacitance prediction. 

 

7.2. Introduction 

Carbon-based electrode materials are suitable for energy storage applications because 

they possess attractive features such as excellent chemical and thermal stability, high 

electrical conductivity, and a large surface area [1]. Various carbonaceous materials 

such as activated carbon (AC), carbon nanotubes (CNTs), carbon aerogels, graphene, 

ordered mesoporous carbon, carbon composites, etc. [2,3] have been widely reported 

for their double-layer capacitive behavior and potential applications in supercapacitor 

devices. Among the carbonaceous materials reported in the literature for electrodes, 
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AC is the most widely used due to its high surface area and moderate production cost 

[4]. The synthesis routes of the other carbon materials, with high cost and difficulties 

of scaling up, are not readily successful for practical implementation. Even though 

graphene-related allotropes of carbon have emerged as highly conductive materials, 

challenges exist in formulating single-layer graphene and reducing graphene layer 

aggregation, limiting their use in commercial applications. The nature of the carbon 

precursor and the processing method highly influence the derived carbon properties, 

such as pore size distribution, surface functional groups, and structure. Typically, the 

surface area and pore size are the key factors contributing to electrochemical 

performance, resulting in a higher power density [5]. 

Conventionally, AC is produced from fossil resources such as coal [6], petroleum coke 

[7], and coal tar [8], which provide larger surface areas for the carbon material. Finding 

green and renewable energy sources has become essential with the rising scarcity of 

non-renewable fossil fuels, increasing environmental pollution, and climate change. In 

recent years, biomass materials have been considered an eco-friendly alternative to 

produce porous carbon, replacing conventional AC precursors [9]. In particular, using 

biomass waste to produce carbon materials for energy storage can yield value-added 

products and address challenging waste disposal problems [10]. Various studies in the 

literature have shown the exemplary designs and competitive electrochemical 

performances of biomass-based low-cost carbons compared with conventional AC 

[11–13]. Various biomass resources such as sugarcane [10], rice husk [14], fishbone 

[15], garlic skin [16], wheat straw [17], etc., have been employed to prepare AC 

electrodes. Biomass can inherit its pore structure or develop porous or layered 

structures, depending on the carbonization and physical/chemical activation 

parameters [18]. The carbonization and activation processes are the main steps 

involved in synthesizing AC. They control structural and textural factors such as 

morphology, specific surface area, pore size distribution, pore-volume, etc., which 

determine the performance of the carbon electrode in energy storage applications. 

On the other hand, environmentally friendly biomass precursors with green approaches 

to synthesizing porous carbon materials are also emerging and can provide pragmatic 

improvements in the sustainable processing of energy-storing materials. Goldfarb et 

al. authors [19] proposed an integrated process for extracting biofuel from the 
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pyrolysis of pistachio nutshells and impregnating it with KOH activation processes to 

produce activated carbon. This integrated process increased the biofuel yield by up to 

25 %, and the AC was used for electrochemical capacitor studies. McNair et al. [20] 

reported green binders (γ-valerolactone) and solvents (i.e., cellulose acetate, 

carboxymethyl cellulose) as alternatives for replacing the conventional solvents (N-

methyl-2-pyrrolidone; NMP) and binders (fluorinated, such as PVDF) for membrane 

capacitive deionization electrodes with enhanced capacitive performance. They aimed 

to reduce the environmental impacts and chemical consumption used in electrode 

processing. All of these studies concluded that sustainable biomass electrodes could 

be biodegradable. 

Australia is a very competitive wine-producing country that produces ~1.2 billion liters 

of wine per year for domestic and global sales, using ~1.73 million metric tons of wine 

grape crush, yielding ~0.5 million tons of GM, which requires safe disposal [21]. The. 

The waste disposal of winery residues (otherwise termed “Grape marc”) includes 

onsite dumping and settling in ponds while producing tartaric acid, low-quality wine 

and ethanol, and animal feed, as well as composting off-site [22]. However, proper 

approaches to recovering the GM to produce value-added products are yet to be 

developed. For instance, waste dumping provides an economical means of waste 

disposal but causes environmental impacts, including spreading pests and diseases 

[23]. After extracting tartrate or ethanol, the waste streams remain and must be treated 

to prevent groundwater pollution and foul odors. In such cases, the thermal conversion 

of the GM into valuable products such as biochar, energy, or chemical feedstock is an 

alternative in terms of both environmental and economic benefits [24]. GM consists 

largely of lignin, which possesses a 3D network structure and higher density than other 

lignocellulosic biomass [1]. Thus, it can be a promising feedstock for energy storage 

applications. With this advantage, I aimed to exploit GM, a free and sustainable 

material collected from Australian wineries to produce AC. To the best of our 

knowledge, repurposing of GM as a precursor with extrinsic nitrogen (N)-dopant has 

not been reported for the fabrication of supercapacitors. 

Considering the wide range of biomass precursors available and the number of 

synthesis conditions, it is much more beneficial to develop a proper design protocol to 

choose the appropriate precursors and the experimental conditions to obtain optimized 
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electrode performance. This drives the demand to focus on state-of-the-art 

technologies that could assist in the design, development, and discovery of novel 

materials. Compared to the traditional models and algorithms, machine learning (ML) 

technologies have great potential to address the challenges in optimizing energy 

storage materials [25]. The synthesis conditions such as carbonizing temperature, hold 

time duration, activation temperature, and doping amounts strongly influence the 

decomposition kinetics, determining the pore-formation mechanisms of the produced 

carbon. The physicochemical parameters, such as the morphology and structure of a 

porous material, differ with the type of raw precursor and the synthesis conditions. In 

addition, the electrolyte type and testing conditions also affect the electrochemical 

performance. Therefore, it is customary to note that many parameters are involved in 

tailoring the energy and power densities of the energy storage materials, and it is 

difficult to rationalize these parameters through experimental work [26–28]. From one 

of our works stated in chapter 6, it was found that the multilayer perceptron (MLP) 

model can deliver highly accurate predictions of capacitance [29]. Hence, the MLP 

model was employed in this chapter, and the model predictions were compared by 

varying the inputs to predict the specific capacitance and power. In summary, in this 

chapter, we investigated the production of AC from Australian GM with N-dopant for 

capacitor applications, using parameter-extensive experimental work and a DFT 

model to elaborate on the effects of the N-dopant. As a time- and cost-effective 

method, the ML technique was applied to predict capacitance and power delivered by 

the AC materials. 

7.3. Materials and methods 

7.3.1. Materials 

GM collected from a local winery consisting of Grape marc and stalks. The as-received 

GM was washed with deionized water, dried at 60 °C in an oven for ~24 h, ground and 

sieved to a size fraction of < 350 µm, and then used as the precursor for AC. Urea and 

dried GM were mixed before carbonization and activation to synthesize the N-doped 
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carbon. ACS-grade potassium hydroxide (KOH) and zinc chloride (ZnCl2) supplied 

by Sigma-Aldrich were used as activating agents in the chemical activation process. 

7.3.2. Synthesis of GM-derived N-doped AC 

The diagram in Figure 7.1 gives a complete view of GM-derived AC using varying 

synthesis conditions, showing that the synthesis routes are slightly different for KOH 

and ZnCl2 activation. Powdered GM was placed in a tubular furnace and then heat-

treated at 600 °C for 3 h in an N2 atmosphere for carbonization. Carbonized GM was 

mixed with the activating agent (KOH or ZnCl2) in a solution with a mass ratio of 1:3. 

The mixture was kept in the oven at 80 °C overnight for dehydration. Then, the dried 

mixture was transferred into a crucible and activated at 800 °C for 1 h in an N2 

atmosphere. The carbon activated by KOH was termed KAC, while that activated by 

ZnCl2 was called ZnAC1. This process went through two steps: carbonization followed 

by activation processes. The above conditions were identical to synthesizing the 

nitrogen-doped carbon, except that fertilizer urea was repurposed as a nitrogen 

additive. Urea and dried GM were mixed at a 1:1 ratio before carbonization. The AC 

product was termed N-doped activated carbon (KACurea). The AC was synthesized 

using the one-step activation method at 450 °C, with ZnCl2 activation termed ZnAC2. 

After the activation process of each sample, it was allowed to cool down naturally to 

ambient temperature. Then, the samples were washed with HCl and DI water until the 

pH of the filtrate became neutral. Thoroughly washed AC was dried in the oven at 105 

°C for 12 h and used for further analysis. 
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Figure 7.1 Flow diagram of the synthesis conditions followed in producing activated 

carbon (AC). 

7.3.3. Characterization of materials 

The surface morphology of the GM and its derived AC materials was investigated via 

field-emission scanning electron microscopy - energy-dispersive spectroscopy 

(FESEM–EDS, TESCAN CLARA). X-ray diffraction (XRD) analysis was conducted 

(X-ray powder diffractometer, GBC Emma Theta) using Cu Kα radiation (λ = 1.5418 

Å) operated at 28 kV and 10 mA. The surface functional groups of the prepared ACs 

were detected by Fourier-transform infrared (FTIR) spectroscopy. The spectra were 

recorded from 4000 to 400 cm-1. The Raman spectra of the AC materials were recorded 

via a high-resolution Raman spectrometer (WITec Alpha 300RA+), and microscopy 

was carried out using a high-resolution system with a 532 nm Nd:YAG laser. The 

surface area and pore structure were characterized by nitrogen (N2) adsorption-

desorption isotherms at 77 K, using the surface area and pore analysis (SAPA) 

instrument (micromeritics, TriStar II Plus).  
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Synthesized AC materials, acetylene black, and PVDF binder were mixed at a mass 

ratio of 75: 15: 10 in a slurry using N-methyl-2-pyrrolidone (NMP) solvent for 

electrode coating. The graphite current collector (1 cm2 area) was coated with ~3 mg 

mass loading using the slurry coating method and then dried at 80 °C for 12 h. The 

active mass coated on the graphite was determined by the mass weighing before and 

after coating. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) tests were carried out in a three-

electrode system (half-cell measurements) with Hg/HgO as one reference (for the 

alkaline electrolytes), Ag/AgCl as another reference (for the salt electrolytes), and a Pt 

wire counter electrode using a Bio-logic SP-150 potentiostat. CV measurements were 

carried out at different scan rates of 5 - 60 mV s-1, GCD tests were conducted at 

different current densities of 2 - 6 mA cm−2, and EIS was performed at a frequency 

range of 10 mHz to 100 kHz, with 10 mV amplitude. The equations used to calculate 

the specific capacitance (Csp, F g−1), energy density (E, Wh kg−1), and power density 

(P, W kg−1) using GCD data are given in chapter 3 in equation (3.5)-(3.7). 

7.3.4. Density functional theory (DFT) calculations 

DFT simulations were performed using the Vienna Ab initio Simulation Package 

(VASP) [30]. A graphite bilayer was simulated using the supercell approach. A kinetic 

energy cutoff of 450 eV was used to explain the plane waves included in the basis set. 

The exchange and correlation interactions were expanded using the projector-

augmented wave (PAW) [31] within the Perdew-Burke-Ernzerhof functional (PBE). 

To describe the semi-empirical corrections, DFT-D3 formalism was used [32] within 

the general gradient approximation (GGA). A 3 × 3 × 1 bilayer graphite was simulated, 

and a vacuum region of 15 Å was employed along the Z direction to avoid interaction 

between the repeating images. A Monkhorst Pack k-grid of 9 × 9 × 1 was used for the 

Brillouin zone integration [33]. The energy and force convergence criteria were set to 

10−6 eV and 10−3 eV/Å, respectively. 
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7.3.5. Multilayer perceptron (MLP) model 

The MLP model better extracts the correlations between inputs and outputs to predict 

the electrochemical performance of the energy storage carbon [29,34]. Therefore, an 

MLP model with three hidden layers was employed to predict the specific capacitance 

and power density from the collected data. Figure 7.2 presents the ML model 

architecture, consisting of three hidden layers with 40, 60, and 15 nodes. The majority 

of the datasets were created from this chapter, with the remainder sourced from 

experiments conducted for chapter 6. Thus in this chapter, 100 datasets were used 

based on in-house experiments conducted to synthesize waste-derived AC biomass. 

The electrochemical data were collected from the three-electrode experiments to better 

understand each electrode’s performance with changing current rates. The model 

effectively distinguishes between the different samples when many sample features 

are included as inputs. Firstly, to quantitatively determine the effects of the inputs, the 

MLP model employed used 6 input parameters, as in chapter 6. Then, the number of 

input parameters was expanded to 21 to increase the parameter contribution for 

capacitance prediction, and the accuracy of the models was compared. To characterize 

the porous carbon from different biomass precursors, we postulate it is important to 

consider surface area, micropore volume, average pore diameter, and surface 

morphology properties. The more inputs to identify and differentiate the properties of 

the materials make the predictions more robust [35]. The effect of the changed current 

rate has also been considered in this chapter as an electrochemical feature. The current 

rate directly affects the integral capacitance measured from the GCD curves, which 

generally decreases with an increasing rate. As another determining factor of the 

capacitance, the electrolyte properties, the hydrated radius of the ions, ion 

conductivity, and mobility have also been included as inputs. Thus 21 input parameters 

were considered as inputs for the MLP model. MLP model was built using the Scikit-

learn package in Python. The relu’ and ‘linear’ activation functions are used for the 

model, and the optimizer used is ‘adam’. The MLP was trained for a maximum 

iteration of 2500 for this model. Out of the experimental data, 80 % was used for 

training, and 20 % was used to test the MLP model. The 5 - fold cross-validation splits 

the data into 5 equal-sized blocks and one block for testing and the other blocks for 
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training for the model [36]. The results presented in this section consider the average 

of those 5 - fold cross-validation. The coefficient of determination (R2 in equation (6.1) 

in chapter 6), mean squared error (MSE in equation (6.2) in chapter 6), and mean 

absolute error (MAE in equation (6.3) in chapter 6) were used as the evaluation metrics 

to determine the model’s accuracy [34]. In general, the R2 value should be close to 1 

for a perfect fit for the regression models, while the MSE and MAE values should be 

close to 0 to indicate fewer errors in fitting the data. The smaller the MSE and the 

MAE, the closer the predicted and the actual experimental data. The key inputs 

employed in the MLP model are given in Table 7.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 MLP model architecture correlating the inputs with specific capacitance 

and the power density. 
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Table 7.1  Summary of inputs and outputs used for MLP model. 

 

Inputs Outputs 

Activating agent type 

Dopant % in the precursor 

Carbonization temperature 

Carbonization time 

Activation temperature 

Activation time 

Porosity fraction 

Surface average pore size 

BET surface area 

Micropore area 

External surface area 

Micropore volume 

BJH average pore diameter 

Electrolyte type 

Cation hydrated ionic radius 

Anion hydrated ionic radius 

Cation ionic conductivity 

Anion ionic conductivity 

Cation ionic mobility 

Anion ionic mobility 

Current rate 

 

 

 

 

 

 

 

Specific capacitance 

 

Power density 

 

7.4. Results and discussion 

7.4.1. Physicochemical characterization of the GM-derived N-doped AC 

materials 

Morphology analyses. Figure 7.3 shows the surface morphologies of the GM and its 

derived AC materials. Globular particles with a fibrous structure were observed on the 

surface of the dried GM (Figure 7.3 A-C). No visible pores were observed on the 
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surface. After carbonization and subsequent activation with KOH, the KAC 

demonstrated a porous structure due to the removal of hemicellulose and cellulose. 

Twisted-shaped particles with irregular sizes varying from the sub-micrometer scale 

to tens of micrometers were also observed (Figure 7.3 D-F). Interestingly, for KACurea, 

Figure 7.3 G-I shows a flattened-shaped morphology with well-distributed porosity 

and an interpore connection. The decomposition of N-functionalities from the urea-

mixed GM evolved into gaseous species around 520 °C [37], increasing the defect sites 

and mesopores of KACurea compared to KAC, as visible in Figure 7.3 D-F. In the case 

of the ZnCl2 activating agent, ZnAC1 (Figure 7.3 J-L) showed a stacked granular 

morphology with a very low number of pores on the surface. In comparison, ZnAC2 

(Figure 7.3 M-O) shows large cavities on the surface with some small pores embedded. 
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Figure 7.3 FESEM images of (A-C) GM precursor before any heat treatment, (D-F) 

KAC, (G-H) KACurea, (J-L) ZnAC1 (M-O) ZnAC2. 
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The SEM image (Figure 7.4A) and EDS elemental mapping (Figure 7.4 B-D) for 

KACurea illustrate the element distribution on the AC surface. Figure 7.4B illustrates a 

substantial amount of carbon present in the sample. The urea in the GM precursor 

embedded the nitrogen within the carbon structure, as seen in Figure 7.4D. The 

microstructure of KACurea was examined using TEM, as shown in Figure 7.5 A and B. 

The HRTEM image (Figure 7.5B) reveals the amorphous structure of KACurea, which 

is consistent with reported work on hard carbon synthesized via pyrolysis of 

carbonaceous precursors such as pomelo peels, banana stems, and corn cobs [38,39]. 

This further demonstrates that the elements present in the materials are similar to the 

previously observed SEM and EDS images in Figure 7.4. 

 

 

 

 

 

 

 

Figure 7.4 SEM coupled with EDS of KACurea (A) electron image, (B, C, D) elemental 

mapping of ‘C’, ‘O’ and ‘N’ respectively. 
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Figure 7.5 (A) Low-resolution TEM, (B) High-resolution TEM images, (C) High-

angle annular dark-field (HAADF)-scanning transmission electron microscopy 

(STEM) image, and (D-G) Energy-dispersive X-ray spectroscopy (EDS) elemental 

mapping of KACurea. 

 

Structural and spectral analyses. The XRD patterns of the GM-derived AC materials 

using different activating agents are given in Figure 7.6A. All of the samples exhibited 

two characteristic broad diffraction peaks of turbostratic carbon (t-carbon) positioned 

around 25° and 44°. The diffraction peak at around 25° was attributed to the disordered 

(amorphous) carbon corresponding to the 002 crystal plane. The peak at 44° was 

indexed to the 100 plane of graphitized carbon [40]. In contrast to ZnAC1 and ZnAC2, 

the KAC and KACurea samples showed a slight shift in the 002 peak to a lower angle, 

positioned around 22° in the XRD pattern. This implies that the ‘K’ penetration in 

carbon occurs during the KOH activation and induces higher interlayer spacing of 

(002) d002. The higher d-spacing increases the number of active sites for the electrolyte 

ion (adsorption-desorption) interaction during charging/discharging. The broader peak 

seen in the KACurea indicates that the highly amorphous nature of the sample comes 

from the N-functionalities on its surface. For ZnAC1, the 002 peak was well defined 
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and intense, implying a crystalline material supported by the morphology seen in the 

FESEM images discussed earlier. By contrast, the ZnAC2 sample, which was 

carbonized and activated at a lower temperature of 450 °C, showed less crystallinity. 

These observations suggest that the KOH activation gives a more disordered crystal 

structure and is relatively suitable for energy storage performance. 

A qualitative analysis of functional groups in the GM-derived AC materials was 

carried out via FTIR spectroscopy in the mid-and near-IR regions (Figure 7.6B). The 

FTIR curves of all AC spectra were similar. A broader band observed around 3400 

cm−1 could be attributed to the O-H stretching vibration of hydroxyl functional groups 

[41]. This was very likely caused by the dehydration of GM during the carbonization 

process. The position of the bands shifted to a lower wavenumber as the carbonization 

temperature increased for ZnAC1 compared to ZnAC2. This could be due to the 

disruption of H-bonds established by OH groups. The peak at 1600 cm−1 was related 

to the C=C stretching of aromatic rings and C=O conjugated with the aromatic rings 

[42]. The peak around 960 cm−1 could be associated with stretching vibration of C-C 

or C-H groups [43]. Overall, the oxygen-containing moieties, including C=O 

functionalities on the surface of GM-derived AC materials, may significantly 

contribute to capacitive performance [44]. 

The structure, defects, and disordered nature of the carbon materials could be 

determined by Raman spectroscopy. The Raman spectra for GM-derived AC materials 

using different activating agents and N-dopants are shown in Figure 7.6C. The D-band 

around 1345 cm−1 was related to the sp3 carbon sites, indicating that the defect peak 

arises due to the A1g mode of vibration. The nearby peak around 1580 cm−1 represents 

the G-band related to the sp2 carbon sites and indicates the graphitic peak [45]. The 

graphitic peak was observed because of the E2g mode of vibration and relevant 

stretching of the C-C carbon bond. The D and G band intensity (ID/IG) ratio was 

inversely proportional to the in-plane crystallite sizes of the AC [45]. The ID/IG values 

of 0.99, 0.99, and 1.01 for KACurea, KAC, and ZnAC1, respectively but not the 0.97 

for ZnAC2, indicated good graphitic crystallinity. For a non-defective carbon material, 

ID/IG should be equal to zero. The calculated ID/IG values for the AC samples imply 

that all four samples had defects in the graphitic carbon, with an amorphous character. 

Validations such as the shift in 2θ of XRD towards the lower angle and higher ID/IG 
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ratio suggest increased interplanar spacing and a high disorder level due to KOH 

activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 (A) XRD pattern, (B) FTIR spectra, and (C) Raman spectra of GM-derived 

AC, i.e., KACurea, KAC, ZnAC1, ZnAC2. 

 

Surface area and pore structure. The specific surface area and pore volume of the 

GM-derived AC, as obtained from N2 adsorption-desorption measurements, are given 

in Table 7.2. With the activation of KOH, the KAC sample exhibited a specific area 

value of 1128 m2 g−1. For N-doped carbon, the quantity of N2 adsorption by KACurea 

demonstrated a maximum surface area of 1356 m2 g−1. The key role of the activation 

process using the KOH activator is to generate pores to increase the surface area 

available for adsorption/desorption processes at the electrode-electrolyte interface. 

This is evidenced by the isotherms of KAC and KACurea shown in Figure 7.7, which 

do not manifest well-positioned hysteresis loops. KAC recorded a sharp increase in 
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volume at low relative pressures, followed by reaching a plateau at high relative 

pressures, giving the behavior of typical type I isotherms of microporous materials 

according to the IUPAC classification [46]. A slight difference is seen in the KACurea 

isotherm; this could be due to an increased mesopore proportion under the influence 

of urea as a dopant. It could also be related to a combination of type I and IV isotherms, 

as reported in the literature [37]. Furthermore, from KAC to KACurea, the pore structure 

changes from micropores to hierarchical pores, which are more favorable for better 

electrochemical performance. 

The surface area values obtained for the ZnAC samples were lower than those of the 

KAC and KACurea samples. ZnAC1, activated at 800 °C using a pre-carbonized sample, 

gave the lowest surface area of 29.14 m2 g−1. There was no hysteresis loop between 

the adsorption-desorption isotherms of ZnAC1 (Figure 7.7), possibly due to the large 

micropore fraction [47]. This was further verified by the micropore area percentage, 

which was > 89 %, as calculated from the data in Table 7.2. A larger proportion of 

micropore-specific surface area lowers the mesopore and macropore surface areas. 

Due to this outcome, the GM was directly activated at a lower temperature of 450 °C 

[48]. Although this increased the surface area compared to that of ZnAC1, the 

micropore area and volume remained noticeably lower, making ZnAC2 less suitable 

for capacitor fabrication. ZnAC2 showed an obvious hysteresis loop characteristic of a 

type IV isotherm for mesoporous materials [46]. It can be concluded that choosing an 

effective synthesis route and a suitable activating agent determines the effective pore 

structure through the chemical activation process. 
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Figure 7.7 Comparison of N2 adsorption-desorption isotherms of KACurea, KAC, 

ZnAC1, ZnAC2. The inset shows the hysteresis loop for ZnAC1. 

 

Table 7.2 Surface area and pore analysis parameters for the GM-derived AC materials. 

Sample BET 

Surface area 

(m2 g-1) 

t-plot 

Micropor

e area 

(m2 g-1) 

Micropore 

area (%) 

Total 

pore 

volume 

(cm3 g-1) 

t-plot 

Micropor

e volume 

(cm3 g-1) 

Micropore 

volume 

(%) 

KACurea 1356 1126 83.0 0.79 0.60 75.9 

KAC 1128 998 88.5 0.58 0.53 91.4 

ZnAC1 29 26 89.7 0.02 0.01 50.0 

ZnAC2 711 275 38.7 0.46 0.15 32.6 

 

In summary, as derived from the physical characterization data, the KAC, KACurea, 

and ZnAC1 synthesized under similar thermal conditions had distinct characteristics 

due to different activation mechanisms. KOH reacts with the GM-derived carbon via 

KOH etching, metallic K penetration, and CO/CO2 release to create a porous structure 

during heat treatment. Reaction, R(6.1 - 6.4) explains the reaction mechanisms in the 

presence of the KOH activating agent.  
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The synthesis conditions used here with the KOH activating agent are favorable for 

high-performance supercapacitor applications. The ZnCl2 evaporates above its boiling 

point of 732 °C, thereby causing imperfection of the structural and textural properties 

at the activation temperature of 800 °C [49]. Considering the ZnAC1 and ZnAC2, the 

ZnCl2 might conduce better activation of GM between 450 °C and 800 °C. Therefore, 

a suitable activating agent and synthesis route are essential for pore evolution by 

micropore formation and pore-widening mechanisms [50]. The FESEM images also 

confirm that the ZnAC1 is highly dense, with no visible open pores on the surface, 

which would impede the electrolyte ion movements into the electrode structure, 

plausibly decreasing the electrochemical performance. Additionally, the N-dopant 

present in GM could enhance the surface chemistry of the KACurea. The KOH 

activation is usually accompanied by nitrogen release, leading to a reduced amount of 

nitrogen. Therefore, it is difficult to obtain higher porosity along with a considerable 

amount of nitrogen functional groups in KAC [51]. After the carbonization step, the 

nitrogen functional groups could predominantly present as pyridine-N, pyrrolic N, 

imine, amine, amide, quaternary-N, and pyridine-N-oxide groups on the surface of the 

carbon [52]. During activation, the reactions expand the carbon network, forming 

many more micropores and mesopores in the carbon material while reducing carbon 

and most nitrogen. In addition, compared to KAC, KACurea favors the metallic ‘K’ for 

easy access to the bulk of GM-derived carbon through newly formed channels that 

enhance the porous nature of carbon [52]. The role of N-functionality on the carbon 

surface is postulated to be pyridinic-N, and pyrrolic-N can contribute to the 

pseudocapacitance in alkaline electrolytes. At the same time, quaternary-N and 

pyridine-N-oxide can improve the charge transfer across the electrode-electrolyte 

interface and enhance the capacitance. In Section 7.4.3, in the DFT modeling results, 

R(6.1) 6𝐾𝑂𝐻 + 2𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3 

R(6.2) 𝐾2𝐶𝑂3 + 𝐶 → 𝐾2𝑂 + 2𝐶𝑂 

𝐾2𝐶𝑂3 → 𝐾2𝑂 + 𝐶𝑂2 R(6.3) 

2𝐾 + 𝐶𝑂2 → 𝐾2𝑂 + 𝐶𝑂 R(6.4) 
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we discuss the N-dopant effect in its most stable form of the pyridine-N-oxide present 

in the carbon structure. 

7.4.2. Supercapacitor applications of GM-derived N-doped AC: 

electrochemical performance (CV, GCD) of the single electrode and 

symmetric capacitor device 

The CV curves of the KAC and KACurea samples (Figure 7.8 A and B) encircle much 

larger areas and give higher current responses. The curves are nearly rectangular due 

to predominant EDLC charge storage, while the deviations are caused by 

pseudocapacitance from N-functionalities. Using the GCD measurements (Figure 7.8 

C and D) at a 2 mA current rate, the calculated specific capacitances of KAC and 

KACurea are 117 F g−1 and 139 F g−1, respectively, which are comparable with the 

reports in the literature [53–55]. The approximately symmetrical triangular shape of 

the GCD curves can be observed due to EDLC and pseudocapacitor charge-storage 

mechanisms, which are consistent with the CV measurements. 

The shape of the CV curves is retained with an increase in the scan rate from 5 to 50 

mV s−1, showing the stability of KACurea. From the calculated capacitances, KACurea 

performs best, ascribed to both the KOH activator along with the N-dopant and the 

development of a hierarchical pore structure during thermal treatment. With an 

increase in the current rate from 2 to 10 mA, the specific capacitance of KACurea 

decreased gradually from 139 F g−1 to 125 F g−1 due to limited access available for the 

electrolyte to flow into the electrode, along with the conductance resistance [56]. The 

CV and GCD profiles of ZnAC are illustrated in Figure 7.9. The CV curves displayed 

by the ZnAC1 sample (Figure 7.9A) possess a narrow area under the curve, in elliptical 

shapes, and give lower current responses. The calculated specific capacitance of 

ZnAC1 was 29 F g−1 at a 2 mA current rate. On the other hand, ZnAC2 exhibited 

pseudocapacitance characteristics, displaying two redox pairs A/A’ and B/B’, as 

shown in Figure 7.9B. The functionalization of the carbon surface, heat-treated at an 

elevated temperature, could enhance the faradaic contributions to the observed 

capacitance. However, the lower pore volume with no improvement in pore size 

distribution reduced the interconnection between carbon particles, resulting in a lower 



Chapter 7. Repurposing the Grape marc for the fabrication of supercapacitors with 

theoretical and machine learning models 

 

292 

specific capacitance of 41 F g−1 at 2 mA. The GCD curves of ZnAC1 and ZnAC2 are 

given in Figure 7.9 C and D. Similar to the observed CV behavior, the curves are not 

triangular and do not show many reversible characteristics. A comparison of CV, 

GCD, and rate performance is given in Figure 7.10 A and B. The CV is measured at a 

20 mV s−1 scan rate, while GCD is measured at a 3 mA current rate. The elliptical-

shaped CV of the ZnAC1 sample gives the lowest charge storage, whereas KACurea 

shows the optimal charge storage, which matches well with the GCD measurements 

in Figure 7.10B. Finally, I compared the energy storage capability of all of the samples 

based on their specific capacitances at different current rates. The retained percentages 

of the SCs for ZnAC1, ZnAC2, KAC, and KACurea were 30 %, 66 %, 80 %, and 90 %, 

respectively, as with the rate performances plotted in Figure 7.10C. The capacitance 

retention was also increased for the KOH-activated carbon sample. This corresponds 

to the hierarchical pore formation accompanied by the defects and porous surface 

morphology induced by doping, along with increased electrode/electrolyte wettability 

of KACurea. The specific capacitance of the best-performing KACurea is compared with 

the reported values for the biomass-derived carbon in the literature in Figure 7.10D. 

Further comparison between different parameters was conducted for the carbon 

obtained from various precursors, as tabulated in Table 7.3. 
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Figure 7.8 (A, B) Cyclic Voltammetry (CV) and (C, D) Galvanostatic Charge-

Discharge (GCD) profiles of KAC and KACurea. 
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Figure 7.9 (A, B) Cyclic Voltammetry (CV), and (C, D) Galvanostatic charge-

discharge curves of Grape marc (GM)-derived AC: ZnAC1 and ZnAC2. 
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Figure 7.10 (A) CV at 20 mV s-1, (B) GCD at 3 mA of GM-derived N-doped AC, 

tested in 2M NaOH electrolyte, (C) Specific capacitances at varying applied currents 

of all the materials: ZnAC1, ZnAC2, KAC, and KACurea and, (D) Capacitance 

comparison of the best performed KACurea with reported values in the literature [1,57–

60].
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Table 7.3  Comparison of biomass-based carbon derived from various precursors with their reported specific capacitances and other relevant 

parameters. 

Ref. Biomass precursor Activatin

g agent 

Surface area 

(m2 g-1) 

Electrolyte Current density  Specific capacitance 

(F g-1) 

Wang et al.[1] Apricot shell lignin H3PO4 1474.82 6M KOH 0.5 A g-1 169.05 

Subramanian et 

al.[60] 

Banana fibres ZnCl2 

KOH 

1097 

686 

1M Na2SO4 0.5 A g-1 74 

66 

Nabais et al.[61] Coffee endocarp CO2 

KOH 

709 

361 

1M H2SO4 10 mA  

(~ 0.2 A g-1) 

176 

69 

Gou et al.[62] Wheat straw KOH 772 6M KOH 0.5 A g-1 226.2 

Yan et al.[63] Macadamia nutshell KOH 2202 1M Na2SO4 1 A g-1 155 

Mondal et al.[54] Shrimp shell KOH 1271 6M KOH 0.5 A g-1 239 

Liu et al.[64] Rice straw KOH 1127 6M KOH 1 A g-1 337 

Huang et al.[58] Wood sawdust KOH 2294 6M KOH 0.5 A g-1 225 

Ramirez et al.[65] Coffee husk Steam 

K2CO3 

KOH 

1447 

1156 

2275 

6M KOH 0.5 A g-1 138 

129 

106 

Xu et al.[66] Rice straw KHCO3 2786.5 6M KOH 1 A g-1 317 

Dubey et al.[67] Human hair KOH 1992.4 1M H2SO4 1 A g-1 274.5 

our work GM KOH 1356 2M NaOH 2 A g-1 139 
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KACurea, which possesses the largest SC, was studied in different aqueous electrolytes: 

two alkaline electrolytes with different cations, i.e., NaOH and LiOH, and a salt 

electrolyte with a different anion, NaClO4, all with a 2 M concentration (Figure 7.11). 

CV measurements were taken at 20 mV s−1 (Figure 7.11A), and the GCD was 

determined at a 3 mA current rate (Figure 7.11B) in a 0 V to -1 V potential window. 

The current response observed in the three electrolytes followed the order of NaOH > 

NaClO4 > LiOH. When the electrolyte (cation/anion) is varied, the differences in the 

capacitances are observed due to ion mobility, hydrated ion radius, conductivity, and 

their effect on charge/ion exchange and diffusion [68]. The highest current response is 

seen in the NaOH compared to the LiOH electrolyte. The Li+ ions have a larger 

hydration sphere radius as it strongly interacts with H2O
δ-. Considering the effect of 

the anions, the presence of OH- seems comparatively better than ClO4
- on the 

electrochemical performance of KACurea. The higher ionic conductivity, ionic 

mobility, and the smaller hydration sphere of OH- ion led to the efficient charge 

propagation, as evidenced by CV and GCD measurements. Figure 7.11C shows the 

highest capacitance retention given by NaOH over increasing current rates. The 

Nyquist plots for the three-electrode system are studied to analyze the ionic diffusion 

and transport kinetics further. It can be seen in Figure 7.11D that all the plots 

demonstrate the contributions to the ideal capacitance observed for the three 

electrolytes with a -90° slope at the low-frequency region. In the middle frequency 

region, the Warburg impedance with a ~45° gradient inclined line is more 

understandable for LiOH, implying its slow ion transport kinetics. In summary, both 

the CV and GCD measurements concluded that the electrochemical performance of 

GM-derived activated carbon was significantly enhanced by adding N-dopant tested 

in Na-ion electrolyte as a promising and low-cost alternative to existing electrolytes. 
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Figure 7.11 (A) Cyclic Voltammetry (CV) and (B) Galvanostatic charge-discharge 

curves of commercial AC to benchmark the values obtained for GM-derived AC. 

 

The symmetric capacitor device was tested by coupling two electrodes of the best-

performing KACurea material. The CV and GCD profiles of the symmetric capacitor 

recorded at a 1 V potential window are given in Figure 7.12 A and B, respectively. 

The shapes of the curves are nearly symmetrical, and the reversible behavior of the 

cell can be observed in all tested conditions of varied scan rates and current rates. The 

discharge cell capacitances calculated at current rates of 2, 3, 4, 5, and 6 mA were 47, 

44, 41, 38, and 37 F g−1. Furthermore, the capacitance retention of ~84 % and the cell 

efficiency of ~96 % for 10,000 cycles at 5 mA are displayed in Figure 7.12C. 
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Figure 7.12 (A) CV at varying scan rates (5, 10, 20, 40, and 60 mV s-1) and (B) GCD 

profiles at varying current rates (2, 3, 4, 5, 6 mA) of symmetric capacitor device 

(KACurea vs. KACurea) in an aqueous 2 M NaOH electrolyte at 1 V window, (C) 

capacitance retention and coulombic efficiency over 10000 cycles. 
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7.4.3. Theoretical insights: Density Functional Theory (DFT) study 

To validate and bring further insights into the experimental findings, first-principles 

density functional theory (DFT) simulations were performed. Nitrogen-doping in GM 

can effectively tune the electrical properties of carbon. The optimized lattice 

parameters of the graphite bilayer supercell were a = b = 2.464 Å, and c = 21.711 Å. 

Furthermore, the following geometries were simulated: an N atom was substituted for 

the C atom on the surface, O adsorbate on the pristine graphite, and O adsorbed on the 

N-atom-substituted graphite. The optimized geometries are shown in Figure 7.13. 

 

Figure 7.13 The optimized structures of graphite bilayers: (A) pristine graphite, (B) 

graphite substituted with an N atom on the surface, (C) pristine graphite with O 

adsorbate, and (D) graphite substituted with an N atom and O adsorbate. The figures 

were plotted using the VESTA software. The color code of the atoms is as follows- 

purple: C, white: N, red: O. 
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The bond distance between the O atom and graphite surfaces was calculated and is 

presented in Table 7.4. It can be noted that the bond distance for pristine graphite and 

the O atom is 2.27 Å, and this bond length decreases to 1.40 Å for N-doped graphite. 

This reduced bond distance indicates that the chemisorption of the O atom onto the 

graphite surface is enhanced by the presence of the N-functionality on the atomic 

surface. The C-N bond length also elongates in the presence of O adsorption. Bader 

charge analysis was carried out to understand the charge-transfer properties on the 

surfaces, and the results are presented in Table 7.4. On the graphite surface, the O 

adsorption occurs as a result of charge gain by the O atom and is enhanced by the 

presence of the N atom (−0.35 to −0.49), indicating stronger chemisorption. The N 

atom gains electrons from surrounding C atoms, and the charge gain decreases when 

the O atom is adsorbed on the surface. On the other hand, the C atoms directly bonded 

or in the nearest-neighbor position of the N atom lose charge to compensate for charge 

redistribution. Electronic structure analysis was carried out to understand the 

hybridization of orbitals at the surface. The density of states (DOS) of the pristine and 

the N-doped graphite surfaces is presented in Figure 7.14. 

Table 7.4  Bond distances and Bader charges calculated for the pristine and N-doped 

graphite surfaces. Bader charges calculated for the atoms nearest to the adsorbed O 

atom. 

Configuration Bond length (Å) Bader charges 

C–O C–N N–O O N C 

Pristine graphite + O 2.27   -0.35   

 

N doped graphite   

1.41 

   

-

2.66 

0.98 

0.84 

0.84 

N doped graphite + O   

1.49 

 

1.40 

 

-0.49 

 

-

1.21 

0.69 

0.39 

0.39 
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Figure 7.14 The total density of states of the pristine and N-doped graphite surfaces. 

 

In the presence of the N atom, the total DOS at the Fermi level increased, indicating 

that chances of hybridization with an adsorbate increased. The projected density of 

states (PDOS) calculated for O adsorbed on pristine and N-doped graphite surfaces is 

shown in Figure 7.15 A and B, respectively. The PDOS shows metallic behavior and 

is dominated by the p states of C and O. The presence of the N-dopant introduces 

additional states near the Fermi level, and the probability of hybridization of O p states 

and the graphite surface evidently increases.  

 

 

 

 

 

 

 

 

 

Figure 7.15 The PDOS calculated for (A) O adsorbed on pristine and (B) N-doped 

graphite surfaces. 
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The difference in charge density caused by the adsorption of O at the N-doped 

graphitic surface was calculated. Figure 7.16 shows the charge density difference plot. 

The yellow and blue isosurfaces indicate charge gain and depletion, respectively. It 

can be seen that charge gain at the site of N-doping was larger, while the doped O atom 

also gained charge partially. The C atoms on the surface, which are directly bonded 

with the N atom, lose charge, and a charge reconstruction occurs at the surface, which 

helps with the enhanced adsorption of the O atom. The charge density difference 

analysis and calculated Bader charges are consistent with the shortened bond distances 

in the presence of N-doping, as presented in Table 7.4. The DFT investigations thus 

support the concept of N-doping, which very likely occurred during the heat treatment 

of the GM precursors for carbon. 

 

 

 

 

 

 

 

 

Figure 7.16 The charge density difference calculated for the N-doped graphitic surface 

with O adsorption. The pristine and N-doped graphite surfaces are also shown. The 

yellow and blue isosurfaces indicate charge gain and charge depletion, respectively. 

The isosurface level is 0.062368 e/Å3”. The color code of the atoms is as follows - 

purple: C, red: O, white: N. 
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7.4.4. Machine Learning insights: MLP Model 

Machine learning can dramatically accelerate calculations, improve energy storage 

prediction accuracy, and make optimized decisions based on comprehensive status 

information to develop novel materials. Machine learning prediction has also been 

widely adopted in the field of materials science [69,70]. Depending on its end 

applications, ML has been classified into material property prediction, the discovery 

of novel materials, and various other purposes, such as battery management, etc. When 

constructing the ML models for material property predictions, researchers have 

extended their insights on various aspects, such as predicting the electronic properties 

of inorganic crystals [71], geometric features of gas storage and separation using 

metal-organic frameworks [72], transport properties in granular materials [73], and the 

effect of the pore size on capacitance [25]. Moreover, ML models are also used for 

efficient optimization by designing their parameters [74], applying them to DFT 

problems [75], monitoring the state of the battery during operation [76], etc. However, 

surface morphology has not been considered in previous ML studies. The particle 

morphologies can be quite diverse, based on biomass precursor or synthesis conditions 

affecting energy storage performance [35,77,78]. As a step towards extracting useful 

information from electrode material texture, two input features, porosity and surface 

pore size, were extracted from microscope images using MATLAB [79,80]. A 

statistical overview was obtained through Pearson correlation, as presented in Figure 

7.17. The positive and negative correlations are represented by dark blue and red 

colors, and the colors in the middle region show no or weak correlations.  
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Figure 7.17 Pearson Correlation Coefficient. 

 

A comparison of the MLP model using similar inputs to chapter 6 and the improved 

number of inputs in this chapter is given in Figure 7.18 A and B. It is shown that the 

correlation between the actual and predicted capacitances was largely improved from 

0.78 (Figure 7.18A) to 0.98 (Figure 7.18B) for R2 when including more parameters to 

represent the different samples. In addition, the RMSE value decreased from 14.45 to 

4.29, indicating the importance of the additional parameters included in modeling the 

system. The improved model was used to predict the power density, as shown in Figure 

7.18C, which gives 0.97 for R2 and a value of 0.28 for RMSE. The diagonal line in the 

figures represents the perfect correlation between experimental values and the 

predictions. The results indicate that having more material informatics in the model is 

essential to exploring and designing high-performing materials. This model could 

accurately retrieve the nonlinear patterns to correlate the inputs and outputs compared 
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to the traditional theoretical models and speed up these processes in the materials 

science field. 

Figure 7.18 Comparison of correlation for the predicted specific capacitance (F g-1) 

and the actual experimental specific capacitance (F g-1) between (A) MLP model with 

‘6’ inputs and (B) MLP model with more inputs, (C) correlated power (kW kg-1), and 

the actual power density (kW kg-1) of the samples. 

 

 

 

 

A 

0 

20 

40 

60 

80 

100 

120 

140 

0 20 40 60 80 100 120 140 

C
o

rr
el

at
ed

 c
ap

ac
it

an
ce

 (
F

 g
-1

) 

Experimental capacitance (F g-1) 

R2 = 0.78 

MSE = 209.01 

MAE = 11.21 

B 

0 

20 

40 

60 

80 

100 

120 

140 

0 20 40 60 80 100 120 140 

R2 = 0.98 

MSE = 18.43 

MAE = 3.46 

C
o

rr
el

at
ed

 c
ap

ac
it

an
ce

 (
F

 g
-1

) 

Experimental capacitance (F g-1) 

0.5 

1.0 

1.5 

2.0 

2.5 

C 

0.5 1.0 1.5 2.0 2.5 

C
o
rr

el
at

ed
 p

o
w

er
 (

k
W

  
k
g

-1
) 

Experimental power (kW kg-1) 

R2 = 0.97 

MSE = 0.08 

MAE = 0.01 



Chapter 7. Repurposing the Grape marc for the fabrication of supercapacitors with 

theoretical and machine learning models 

 

307 

7.5. Conclusion  

The sustainable GM was effectively tailored into AC, making it a promising material 

for supercapacitor applications. The physicochemical and electrochemical results 

showed that KOH activation is preferable to ZnCl2 activation under the tested sequence 

of the synthesis process. The GM-derived AC (KACurea) from the precursor of mixed 

GM and urea for N-doping further improved the physicochemical properties and, 

hence, the electric double-layer capacitor (EDLC) behavior. KACurea presented 

hierarchical pores and the highest specific surface area among the studied samples. 

Consequently, KACurea delivered the highest specific capacitance of 139 F g−1 at the 2 

mA current rate in the alkaline NaOH electrolyte. Therefore, the symmetric capacitor 

behavior was studied using the best-performing KACurea electrodes in 2 M NaOH 

with a 1 V potential window. DFT calculations indicated that N-doping enhanced the 

adsorption of O atoms on the graphitic surface, owing to the charge-transfer 

mechanism. The electronic structure analysis revealed increased hybridization of 

orbitals of the adsorbate and graphite surface in the presence of the N-dopant. 

Therefore, improved ion adsorption occurs during the charge-discharge process. 

Increasing the number of inputs in the MLP model delivered the best correlations 

between actual and predicted capacitances. The work in this chapter could support 

future efforts in interdisciplinary areas such as electrochemistry, materials science, and 

energy combined with ML applications for energy storage devices. 
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Chapter 8 Conclusions and future 

recommendations 

This thesis discussed the electrolytic manganese dioxide (EMD) and biomass waste-

derived activated carbon (AC); Mango seed husk (MS-AC) and Grape marc (GM-AC) 

synthesis, and their physicochemical results, electrochemical performances in 

supercapacitor (SC) applications. The modified EMD (positive electrode) and 

biomass-derived AC (negative electrode) materials were coupled to fabricate hybrid 

capacitors to obtain higher specific capacitances and energy densities. The 

performance results of the hybrid capacitors showed the potential of the synthesized 

materials to be utilized in energy storage applications. The concluding remarks of this 

thesis are further elaborated in the following section, 8.1. Important recommendations 

for future researchers are given in section 8.2.  

 

8.1. Conclusions  

 

To this end, anodic electrodeposition of manganese dioxide (MnO2) is conducted at 

optimized parameters of the electrodeposition current, deposition time period, 

electrolytic bath temperature with appropriate acid, and Mn salt concentrations. This 

method results in the bulk synthesis (shown in Figure 1.8 in chapter 1) of the 

electrochemically active gamma-manganese dioxide (γ-MnO2, otherwise termed 

‘EMD’). Lead (Pb) anode and stainless steel (SS) cathode are used as the two 

electrodes. When using the manganese sulfate (MnSO4) precursor (Mn 50 g l-1), the 

electrolyte solution was prepared in an acidic medium using sulfuric acid (H2SO4 25 

g l-1) to electrodeposit the pristine EMD material. It was demonstrated that the applied 

current density is a significant parameter, which influences the morphology, hence the 

storage performance. The optimized synthesis conditions to ensure efficient energy 

consumption during the process with improved specific capacitances of the electrodes 

are; a current density of 200 A m-2 and deposition time duration of 5 hours at 95 °C 

temperature of the electrolytic bath. Therefore, the EMD material can be synthesized 

under these conditions via the anodic electrodeposition method. Once the synthesis 
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conditions are optimized, high-quality EMD can be obtained through a careful 

selection of additives. In this thesis, we utilized a biopolymer Alginic acid (Alg) and 

various cationic surfactants as additives in the electrolytic bath, along with optimizing 

their concentrations, which improved the electrochemical performance of EMD. 

By varying the Alginic acid concentrations in the electrolytic bath, the morphology of 

the EMD deposit was strongly affected. Adding the Alg to the electrolytic bath caused 

the polymer chains to interact with the Mn2+ ions in the solution influencing the EMD 

morphology, which was examined by the molecular modeling of the specie 

interactions in the electrolyte solution. The concentration of the Alg determined the 

level of its effect on the deposit.  

On the other hand, when the surfactants were added to the electrolyte solution, their 

effect was highly correlated to the surfactant molecular structure. Three different 

molecular structures of quaternary ammonium salts were studied; single chain, double 

chain, and single-chain structure with an aryl group. When used at different 

concentrations, all the surfactants tend to show unique morphologies in the deposition. 

In this case, the Benzyldodecyldimethylammonium bromide (B-AB) surfactant was 

discovered to be the most influencing structure for uniform nucleation and growth of 

EMD on the Pb anode, as evidenced by the molecular simulation and the 

electrochemical performance results. It might have stabilized the Mn3+ ions in the 

solution until it undergoes the disproportionation reaction. Thus, it avoids the 

formation of MnOOH film across the surface, leading to a smooth, uniform MnO2 

deposit. The pristine and modified EMD-specific capacitances determined by testing 

at the same conditions are summarized in Table 8.1, and the cyclic voltammetry (CV) 

galvanostatic charge-discharge (GCD) results are summarized in Figure 8.1. The 

surfactant-modified EMD sample was the best performed in terms of the specific 

capacitance, hence most suitable for fabricating the hybrid capacitor (explained by the 

equation (1.8) in chapter 1). 
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Table 8.1  Specific capacitances of the Pristine EMD and modified EMD, tested in 

the three-electrode aqueous cell at a 1 mA cm-2 current density using a 2 M NaOH 

aqueous electrolyte. 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 (A) CV, (B) GCD results obtained for pristine EMD and modified EMD 

materials (with biopolymer 0.5 g l-1 Alg and B-AB30).  

 

The commercially available AC is widely used to fabricate the capacitors. In this 

thesis, the commercial AC was compared with biomass-derived AC synthesized with 

waste biomass materials (Mango seed husk - MS, Grape marc - GM) (Figure 1.9 in 

chapter 1) which are abundant, low-cost, and sustainable waste materials available in 

Australia and worldwide. The activation temperatures were varied for synthesizing 

MS-AC materials, and their performances were analyzed using experimental and 

machine learning (ML) modeling. Based on their synthesis conditions, activating 

agents, and dopants, GM-AC performances were analyzed via experimental and 

theoretical approaches.  
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It was observed that with increasing activation temperatures (> 800 °C), the AC tends 

to develop better hierarchical pore structures but reduces material yield. Hierarchical 

pore structures and surface area of the materials affect the creation of the uninterrupted 

pathways for electrolyte ion transportation. When the activating agent is a base (KOH), 

carbonization and activation could be carried out at higher temperatures (≥ 800 °C). 

For neutral activating agents (ZnCl2), the temperature ranges for carbonization and 

activation can be relatively lower (≤ 700 °C). For GM carbon, urea was used as a 

Nitrogen (N) dopant. The N-doped carbon increased its surface functionality, allowing 

more charge storage capability and increased specific capacitance, which was 

confirmed by the density functional theory (DFT) studies. Compared to the 

commercial AC (81 F g-1), the biomass waste-derived MS-AC (135 F g-1) and GM-AC 

(139 F g-1) showed better electrochemical performance (Table 8.2), indicating that the 

waste can be a promising alternative to producing porous carbon. Among the MS-AC 

and GM-AC, the MS-AC showed a better rate capability with increasing current rates 

in GCD measurements. Figure 8.2 summarizes the CV and GCD results of commercial 

AC, MS-AC, and GM-AC. 

By comparing the different machine learning (ML) models (Decision tree - DT, Liner 

regression - LR, SVR - Support vector regression, Multi-layer perceptron - MLP), the 

MLP model can better correlate the physicochemical and electrochemical parameters 

for specific capacitance prediction. Unlike the other models, MLP is a class of artificial 

neural network (ANN) and precisely identifies the non-linear relationships between 

the input and output parameters. Therefore, the MLP model can be improved with 

more input parameters to develop a generic ML model for predicting the synthesis 

conditions to obtain desired capacitance values from carbon electrodes. Repurposing 

the biomass waste into AC, coupled with model predictions, paves the way to produce 

higher-performing carbon electrodes.  
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Table 8.2 Specific capacitances of commercial AC and biomass waste-derived AC, 

tested in the three-electrode aqueous cell at a 2 mA cm-2 current density using a 2 M 

NaOH electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 (A) CV and (B) GCD results obtained for commercial AC and biomass 

waste-derived AC materials (MS-AC and GM-AC). (The coated active mass of the 

electrodes can be varied for each electrode tested). 

 

Finally, the modified EMD and the biomass-derived carbon electrodes were used to 

fabricate the aqueous hybrid capacitor, which exhibited excellent storage properties. 

The hybrid capacitor comprises the high-quality EMD/B-AB30, and MS-AC delivered 

91 F g-1 specific capacitance, an outstanding energy density of 32.4 Wh kg-1 for a 

corresponding power density of 971 W kg-1 in 2 M NaOH aqueous electrolyte. On the 

other hand, the hybrid capacitor comprising pristine EMD delivered a meager value of 

36 F g-1 specific capacitance, 10 Wh kg-1 specific energy, and 2352 W kg-1 specific 

power. The difference is attributed to the unique surfactant molecular structure, which 
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tailored the deposition of MnO2 particles, thus the physicochemical properties of 

EMD.  

Overall, this thesis illustrated that the high-quality EMD could be produced in bulk 

and highlights the opportunities to use biomass waste as an alternative for commercial 

AC to fabricate the hybrid capacitors for energy storage applications. In summary, 

Figure 8.3 represents the operating potential windows and the delivered current of the 

AC electrodes in the (+) and (-) regions and the modified EMD in the (+) region. 

Clearly, the EMD can be used as a positive electrode in the capacitor; hence the 

conventional positive AC electrodes from symmetric capacitors can be replaced. 

Moreover, the cell voltage can be increased from 1 V of the symmetric AC capacitor 

to 1.6 V of the hybrid capacitor while improving its energy density. Figure 8.4 A and 

B illustrate an overall comparison of the CV and GCD performances of two hybrid 

capacitors of EMD/B-AB30 vs. MS-AC and pristine EMD vs. commercial AC. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3 Working potential window of a range of single electrodes of commercial 

AC, GM-AC, MS-AC, and modified EMD (EMD/B-AB30) showing their suitability 

in the (-) potential window and in the (+) potential window, respectively. 
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Figure 8.4 (A) CV and (B) GCD results obtained for the hybrid capacitors of pristine 

EMD vs. AC and surfactant modified EMD vs. MS-AC illustrating the improvements 

in electrochemical performance. 

 

8.2. Future recommendations 

 

1.  This thesis mainly discussed the experimental aspect of conducting the 

electrodeposition experiment. However, the experiment can be guided via a 

computational model for electrochemical synthesis of the material in the future. 

It would optimize and fine-tune the electrodeposition conditions for pristine 

EMD synthesis. It can help find the optimum conditions when producing 

composites using additives in the electrolytic bath. From this thesis, it is 

evident that the variations of the electrodeposition conditions affect the 

morphology; therefore, a model can provide an understanding of how to 

manipulate the material morphology desired for a particular energy storage 

application. 

2. Potential utilization of secondary sources such as battery scrapes and other 

electronic waste material components (Mn and other metal ion elements, 

polymer materials, etc.) as additives in the electrolytic bath can be researched. 

The unknown elemental compositions of these sources can be determined via 

suitable methods to match the desired material concentrations in the 

electrolytic bath. The development of this method addresses the waste 
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problems and creates more opportunities to address the current energy storage 

demand. 

3. Varying biomass waste alternatives can be examined to produce porous carbon 

materials. Using and improving greener approaches for the synthesis can be 

followed by utilizing the by-products of bio-oil and biogas for other heat and 

energy applications to make the process more sustainable when scaling up. In 

addition, the synthesis can be made more efficient if the synthesis conditions 

are predicted prior to carrying out the experiments, where machine learning 

algorithms can be developed and employed in predicting the synthesis 

conditions of carbon.   

4. Na-ion capacitors (SIC) have been developing in recent years and showing a 

comparable performance with Li-ion and K-ion devices. SICs are composed of 

the battery type (+) electrode and capacitor type (-) electrode, therefore, it 

improves the performance and fills the gaps that exist with traditional 

supercapacitors and Na-ion batteries. Using the aqueous electrolytes in SIC is 

greener and more sustainable for the field. The narrow voltage window 

exhibited by the electrodes when using aqueous Na-ion electrolytes has 

become a significant challenge to expanding its usage in energy storage 

applications. Therefore, future research directions can be in finding the 

solutions for mapping high-voltage electrodes to increase the energy density of 

the aqueous SICs, which would be a significant breakthrough in the energy 

field. 
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