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Abstract 

The roles of the current collectors in electrode fabrication and designs for electrochemical energy 

storage devices have become increasingly important. Ni based current collectors have been 

deployed in aqueous-alkaline secondary industrial and consumer cells such as NiCd, NiMH, NiZn 

for several decades. Their recent deployment in the aqueous asymmetric double layer capacitors 

(DLCs) where the fast faradaic reactions are coupled with double layer capacitive material like 

activated carbons are gaining increasing attention. The requirements to deliver high power in 

such systems demand the current collector material and the fabrication technology to operate at 

optimum efficiency and with minimum internal impedance to harvest the fast electrochemical 

processes of the electrode. For this reason, the sintered, fiber and foam Ni current collectors 

were designed.  

Here we present an innovative preparation and utilization of nanostructured nickel current 

collector (NSNCC) that increases the power capability of the alkaline double layer capacitor 

technologies and batteries. In half-cell, electrochemical investigations of the bare NSNCC as a 

positive electrode in 6M KOH capacities of 0.45mAh cm-2 were recorded with minimal capacity 

fading at the high discharge current densities of up to 400mA cm-2. In addition, the developed 

NSNCC allowed the electrodeposition of both Ni(OH)2 and MnO2 as electroactive materials with 

varying equivalent layer thicknesses of 5µm, 10µm and 20µm.  

The Ni(OH)2 coated NSNCC electrodes displayed high reversible capacities in 6M KOH of 0.75mAh 

cm-2 and 1.5mAh cm-2 achievable for 5µm and 10µm equivalent Ni(OH)2 coating thickness on 

NSNCC. Even here, areal capacities stayed almost constant up to 400mA cm-2 discharge current 

densities. An ultra-high power asymmetric DLC cell assembled with the 5µm equivalent Ni(OH)2 

coating thickness on NSNCC as the positive electrode and an activated carbon as negative 

electrode demonstrated the capability of delivering 1.150 C-rate or roughly 3s discharge time 

with marginal capacity decay. Furthermore, the cell displayed very stable reversibility in the 

extended life cycle tests where symmetrical charge/discharge cycling at 100C was imposed. After 

300,000 cycles, about 75% of the initial capacity could be delivered.  

The MnO2 coated NSNCC electrode displayed reversible areal capacities in 6M KOH of 1.23mAh 

cm-2 and 1.85mAh cm-2 with 5µm and 10µm equivalent thicknesses on NSNCC respectively. 
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In a second asymmetric DLC cell, the 5µm equivalent MnO2 coating on NSNCC served as positive 

electrode while activated carbon served again as the negative electrode. The MnO2 based full cell 

is capable of being reversibly cycled, in the 6M KOH electrolyte. Capacities in the range of 

2.3mAh cm-2 could be delivered. With discharge rate of 1500mA, appreciable amount of capacity 

(0.44mAh cm-2) is maintained. The reversibility of the MnO2 was demonstrated, with extended 

life cycle test rate capability of up to 50C for over 100 cycles with minimal capacity loss and with 

10C symmetrical cycling for over 10,000 cycles with 50% available capacity remaining. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Table of Contents 

1 Introduction ............................................................................................................................... 1 

1.1 Nickel hydroxide as positive electrode material ................................................................ 6 

1.2 Manganese dioxide as positive electrode material .......................................................... 10 

1.2.1 Primary MnO2 – Leclanché and Alkaline cells ........................................................... 10 

1.2.2 Secondary MnO2 – Rechargeable Alkaline Manganese RAM Cell ............................. 11 

1.2.3 Secondary MnO2 – Rechargeable Neutral/Aqueous Manganese Cell ...................... 11 

1.2.4 Challenges of MnO2 reversibility in alkaline media ................................................... 12 

2 AIM OF THE THESIS ................................................................................................................. 15 

3 Theory Section ......................................................................................................................... 18 

4 Experimental Section ............................................................................................................... 22 

4.1 Materials .......................................................................................................................... 22 

4.1.1 Nickel hydroxide Ni(OH)2 .......................................................................................... 22 

4.1.2 Manganese dioxide MnO2 ........................................................................................ 22 

4.2 Instrumentation ............................................................................................................... 23 

4.2.1 Synthesis devices ...................................................................................................... 23 

4.2.1.1 Mixer/Stirrer ...................................................................................................... 23 

4.2.1.2 Coating set ......................................................................................................... 23 

4.2.1.3 Hydrogen Furnace ............................................................................................. 24 

4.2.2 Physical/chemical characterization instruments ...................................................... 25 

4.2.2.1 Master sizer ....................................................................................................... 25 

4.2.2.2 Peel test instrument .......................................................................................... 25 

4.2.2.3 Differential thermo-gravimetric and mass spectrometry analysis (DTG-MS) .... 25 

4.2.2.4 Optical/Digital microscopy ................................................................................ 26 



viii 
 

4.2.2.5 Scanning electron microscope (SEM), Energy Dispersive X-ray Spectroscopy 

(EDX) 26 

4.2.2.6 Inductive coupled Plasma – Optical Emission Spectroscopy (ICP-OES) ............. 27 

4.2.2.7 X-ray Diffraction Analysis ................................................................................... 28 

4.2.3 Electrochemical characterization instrument ........................................................... 29 

4.2.3.1 Biologic VPM-3 Potentiostat.............................................................................. 29 

4.3 Electrochemical techniques ............................................................................................. 30 

4.3.1 Linear Sweep Voltammetry (LSV) ............................................................................. 30 

4.3.2 Galvanostatic Technique (GS) ................................................................................... 31 

4.3.3 Potentiostatic Technique (PS) ................................................................................... 32 

4.3.4 Galvanostatic charge/discharge cycling .................................................................... 33 

4.3.5 Cyclic Voltammogram (CV) ....................................................................................... 34 

4.4 Electrode Preparation ...................................................................................................... 35 

4.4.1 Synthesis of nanostructured nickel current collector (NSNCC) ................................ 35 

4.4.2 Ni(OH)2 Electrodeposition onto NSNCC .................................................................... 38 

4.4.3 Mn(OH)2 Electrodeposition onto NSNCC .................................................................. 39 

4.4.4 MnO2 synthesis onto NSNCC .................................................................................... 41 

4.5 Cell Assembly ................................................................................................................... 42 

4.5.1 Half-cell Assembly ..................................................................................................... 42 

4.5.2 Full-cell Assembly ..................................................................................................... 43 

5 Results and Discussion Part 1: NSNCC ..................................................................................... 45 

5.1 Preparation of NSNCC ...................................................................................................... 45 

5.1.1 Ni(OH)2 Pre-treatment and Characterization ........................................................... 45 

5.1.2 Morphology and Composition .................................................................................. 48 



ix 
 

5.1.3 NSNCC surface characterization ............................................................................... 50 

5.1.3.1 Morphology and composition ........................................................................... 50 

5.1.4 Adhesion Measurements .......................................................................................... 52 

5.2 Electrochemical characterization of NSNCC .................................................................... 53 

5.2.1 Half-cell measurements ............................................................................................ 53 

5.2.1.1 Cyclic Voltammetry ........................................................................................... 53 

5.2.1.2 Galvanostatic Cycling ......................................................................................... 56 

6 Results and Discussion Part 2: Nickel hydroxide ..................................................................... 60 

6.1 Ni(OH)2  Electrodeposition ............................................................................................... 60 

6.1.1 Ni(OH)2  Electrodeposition on Ni Plates .................................................................... 60 

6.1.2 Ni(OH)2 Electrodeposition on NSNCC ....................................................................... 62 

6.1.3 Surface characterization of Ni(OH)2 on NSNCC ........................................................ 63 

6.1.3.1 Morphology and Composition ........................................................................... 63 

6.2 Electrochemical investigation of Ni(OH)2 on NSNCC ........................................................ 65 

6.2.1 Half Cell Measurements ........................................................................................... 65 

6.2.1.1 Cyclic voltammetry ............................................................................................ 65 

6.2.1.2 Capacity under electrical load ........................................................................... 67 

6.2.2 Full Cell measurements of asymmetric Ni(OH)2 // Activated carbon ....................... 71 

6.2.2.1 Capacity under electrical load ........................................................................... 71 

6.2.2.2 Extended life cycle test ...................................................................................... 74 

7 Results and Discussion Part 3: Manganese dioxide ................................................................. 77 

7.1 MnO2 deposition .............................................................................................................. 77 

7.1.1 MnO2 electrodeposition on different metallic substrates ........................................ 77 

7.1.2 Mn(OH)2 electrodeposition on Ni plate .................................................................... 80 



x 
 

7.1.2.1 Linear sweep voltammetry; deposition ............................................................. 81 

7.1.2.2 Potentiostatic Deposition .................................................................................. 81 

7.1.3 Mn(OH)2 Electrodeposition on NSNCC ..................................................................... 82 

7.1.3.1 Linear sweep voltammetry deposition .............................................................. 82 

7.1.3.2 Potentiostatic Deposition .................................................................................. 83 

7.1.4 MnO2 on NSNCC ........................................................................................................ 85 

7.2 Physical Characterization of Mn(OH)2 and MnO2 on NSNCC ........................................... 86 

7.2.1 Mn(OH)2 on NSNCC ................................................................................................... 86 

7.2.1.1 Morphology and Composition ........................................................................... 86 

7.2.1.2 Mn(OH)2 Structure ............................................................................................ 88 

7.2.2 MnO2 on NSNCC ....................................................................................................... 89 

7.2.2.1 Morphology and Composition ........................................................................... 89 

7.2.2.2 MnO2 Structure ................................................................................................. 92 

7.3 Electrochemical Investigations of MnO2 on NSNCC ......................................................... 92 

7.3.1 Half-cell measurements ............................................................................................ 92 

7.3.1.1 Stability window determination ........................................................................ 92 

7.3.1.2 Electrochemical Influence of MnO2 layer on NSNCC ......................................... 95 

7.3.1.3 Capacity under electrical load ........................................................................... 97 

7.3.1.4 Activation behavior of MnO2 on NSNCC .......................................................... 103 

7.3.2 Measurements of asymmetric MnO2 // Activated carbon Cell ............................... 104 

7.3.2.1 Capacity under electrical load ......................................................................... 104 

7.3.2.2 Extended life cycle test .................................................................................... 105 

8 Summary and outlook ........................................................................................................... 107 

 



xi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

1 Introduction 

 

The economic term ``supply and demand´´ simply translates within the energy sector as 

producing enough energy to squarely meet-up with the growing energy demand of the world. As 

much effort move in the way to bridge the ever-growing demand for electric energy, it is a 

challenge for most energy producers. In 2013, the world’s energy consumption from 

conventional fossil fuels dropped to about 78.4% while the remaining share was covered by 

nuclear 2.6% and 19% from renewable source1. Germany, a leading advocate for renewable 

energy technology for example in the year 2017 increased its electrical energy production from 

renewable energy source to 38.5% a significant achievement since their inception in early 1990s2. 

The emissions of CO2 into the earth’s atmosphere is scientifically proven as causing major 

changes in the global weather patterns and as a result, has affected the rapid rise in the earth’s 

temperature at an alarming rate. Besides the catastrophic effects of climate change, the earth’s 

fossil reserves has been identified to be dropping significantly in than 200 years future. 

Therefore, energy production from renewable energy sources poses to be the only reliable 

sources for continuous and sustainable energy production in the future. The renewable sources 

have shown the potential to effectively cut-down the use of fossils in energy production. The 

main challenge with major renewable sources like wind and sun is their stochastic fluctuations 

with respect to their availability. Thus, days where the sun does not shine or the wind does not 

blow would results in almost zero electric energy production. Major research into energy storage 

technologies such as pumped-hydro storage, flywheels, thermal storage and more, 

electrochemical devices such as electrolyzers, fuel cells, batteries, capacitors and double layer 

capacitors (DLCs) show promising results at curbing the energy storage challenges.  

Batteries are devices that consist of two or more electrochemical cells that transforms chemical 

energy into electric energy via electrochemical reactions that occur at the electrodes. Batteries 

classify into primary and secondary cells.  Primary batteries by definition consist of 

electrochemical cells that have non-reversible electrode reaction processes therefore designed 

for single use – to be discharged. Secondary batteries on the other hand, by design consist of 



2 
 

electrochemical cells with reversible electrode reaction processes therefore, can be reused by 

recharging them several hundred times. Thus, the charge storage mechanism of batteries are 

hence via redox chemical reactions. Double layer capacitors are electrochemical devices that 

stores electrical via physical charge separation that occur between two electrodes separated by a 

dielectric medium. Ragone diagram in Figure 1 shows both energy and power characteristics of 

electrochemical storage devices. Batteries and fuel cells suffer from low power density although 

they possess high-energy densities. Conventional capacitors suffer from low energy density 

although they have high power densities. DLCs can deliver both high power and high energy as 

shown in the Ragone diagram. By definition, DLCs are electrochemical devices that has the 

resemblance to capacitors in terms of their energy storage mechanism. The phenomenon of 

energy storage in DLCs are based on electrostatic charge separation that occur at the Helmholtz 

double layer region created between the electrode-electrolyte interfaces.  

 

 

DLCs although different from batteries, they have similarities with respect to cell construction, 

designs, and the cell components. A DLC cell consist of, 

Negative electrode - electrode where positively charged ions accumulates when negatively 

polarized 

 

 

Figure 1: A Ragone diagram depicting specific power vs specific energy of the current energy storages 
technologies (Adapted with kind permission of CAP-XX Ltd, lane Cove, Australia)3 
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Positive electrode–the electrode where the negatively charges ions accumulates based on the 

polarization as well as fast redox reactions in the case of pseudo capacitor electrodes 

Separator - an ion permeable membrane that is electronically isolates the negative electrode 

from the positive electrodes 

Electrolyte - provides the ion transport mechanism between the positive and the negative 

electrode and is the non-conductor of electrons  

DLCs classify in two forms based on the electrode material used as well as the charge storage 

mechanism as symmetric DLCs and asymmetrical DLCs. Symmetrical DLCs usually employ high 

surface area activated carbon materials as anode and cathode as shown in the Figure 2 [A]. 

Asymmetric DLCs unlike symmetrical capacitors uses different electrode material within a single 

cell. A typical asymmetric DLC cell comprises of transition metal oxides or conduction polymers as 

cathode material and high surface area activated carbons as the anode. With this type of cell 

configuration, there is an increase in the capacity that is harnessed from the cell because of the 

pseudo-capacitance contribution from the metal oxide cathodes.  

Pseudocapacitance is a phenomenon that describes the electrochemical storage of electrical 

energy associated with fast faradaic redox reactions on the surface of an electrode that results in 

the charge transfer between the outermost electrode surface and the bulk electrolyte. 

Additionally, the double layer capacitance, associated with the high surface area activated 

carbons at the anode is equally harnessed. Figure 2 [B] shows schematic configuration of 

asymmetric DLC.  
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Figure 2: Schematic representation of symmetrical DLC [A] and an asymmetrical DLC[B] 

 

Based on the high performance characteristic of DLCs, they found use in many different industrial 

applications such as the automotive industry, communication industry as well as consumer 

electronic industry. In the automotive industry for example, DLCs together with batteries have 

been deployed as energy source for both hybrid (HEVs) and full electric vehicles (EVs). The 

distinct advantages of asymmetric DLCs over the symmetrical DLCs, have directed research into 

developing active component of the cell, which includes electrode materials, conducting 

electrolytes, cell designs as well as electrode fabrication methods. With respect to electrode 

materials, composite electrodes based on activated carbon with incorporated metal oxides has 

been studied extensively. Electrode fabrication methods that begins from the current collector 

material, construction and design as well as the integration of active material continues to be 

explored. The attempts deployed at improving asymmetric DLCs have yielded considerable 

results in harvesting the additional pseudo-capacity as schematically shown in the current-

potential diagram illustrated in Figure 3 reprinted and adapted with kind permission of Elsevier. 

This shows the purely defined rectangular shaped cyclic voltammetry profiles of the capacitor 

and the gains made on harnessing pseudocapacitance in an asymmetric DLC cell configuration.   
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Figure 3: Current vs voltage profile showing the advantages of a asymmetric DLC over symmetrical DLCs 
(Reprinted with kind permission of Frackowiak et al 2001)4 

 

Besides the above-mentioned good qualities of asymmetric DLCs in general, their cell 

configuration that employs rechargeable battery-type electrode materials in the form of 

transition metal oxides and aqueous electrolytes presents properties that are even more 

attractive. The aqueous electrolyte such as potassium hydroxide (KOH), salts systems boast of 

advantages, which include 

� being highly conductive – faster charge/discharge rates 

� low internal resistance – high power density 

� safer – no flammability of water 

� environmentally friendly – green product  

� more cost efficient 

Ruthenium dioxide (RuO2) for example in combination with aqueous H2SO4 acid electrolyte 

provides specific capacitance of 720 Fg-1 and specific energy of 26.7 Wh kg-1 (96.12 kJ kg-1)5,6.  

Unfortunately, due to the scarcity of RuO2 coupled with it being expensive and as well not being 

stable in alkaline medium have limitedly its application. Hence, a host of other transition metal 

oxides of Mn, Ir, Fe, Ni, Co, V and more has been researched and continues to be the topic of 

many works.  
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1.1 Nickel hydroxide as positive electrode material  

The use of Ni(OH)2 in the battery industry dates back to 1899 when Waldemar Junger invented 

the nickel cadmium (Ni-Cd) battery. It was deployed in the cell as the positive electroactive 

material and many years after in other battery chemistries such as nickel-metal hydride (NiMH), 

nickel-zinc batteries (Ni-Zn), and as specialized cell systems as nickel–hydrogen batteries (Ni-H) 

and nickel-iron (Ni-Fe) batteries. NiCd and NiMH batteries, before the intrusion of the lithium-ion 

batteries revolutionized the consumer electronic industry as the main power sources for many 

equipment and implantable medical devices, with their high capacities, designs and 

configurations. Today, they still serve as the battery of choice for many applications even though 

they have relinquished their number one position to lithium-ion battery. As an example, NiMH 

batteries still enjoy tremendous successes in applications where high power is priority over high 

energy such as the power tool industry, the aerospace industry and in the automotive industry 

particularly in the Toyota Prius models.  

The NiMH battery cell assembly and chemistry is described, as an alkaline rechargeable battery 

that comprise of the nickel hydroxide at the positive electrode and metal hydrides at the negative 

electrode. The electrochemical discharge reaction of the Ni(OH)2 cathode follows the reduction 

of the oxidized nickel (III) oxyhydroxide (NiOOH) to nickel (II) hydroxide (Ni(OH)2) as a proton 

intercalation reaction as indicated in reaction 1. The Metal hydride anode on the other hand, 

oxidizes from the metal hydride to the metallic alloy following the loss of proton as in reaction 2. 

This sums up in the overall discharge reaction as indicated below in reaction 3 with an overall cell 

voltage of 1.35V. The active material development at both ends of the cell as well as the 

electrode fabrication processes for example have contributed to over 35% increase in cell 

performance since its inception into the commercial market. As the potential for improvement 

remains promising, major research work aimed at improving the technology and the chemistry 

further continues.  
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NiOOH + H� + e� → Ni
OH�� E =  0.52 V 1 
 

   

MH → M + +�� E = 0.83 V 2 

 

   

MH + NiOOH → M + Ni
OH�� E = 1.35V 3 

 

Ni(OH)2 is known to exist in two polymorphic forms, the α and β-Ni(OH)2. The α-Ni(OH)2 is well-

known as having an amorphous crystallography whereas the β has a crystalline structure. The 

redox couple of the α-Ni(OH)2 cycles between α-Ni(OH)2 / γ-NiOOH and have shown more affinity 

for energy storage7,8. They even show relatively better electrochemical performance compared 

to the more stable β-Ni(OH)2 / β-NiOOH redox couple9,10. Unfortunately, α-Ni(OH)2  transforms 

into the β-Ni(OH)2 in alkaline media. Several attempts to stabilize the α-Ni(OH)2 to harness their 

extra performance continues to be researched today. Although literature reports suggest 

successes with the use of metals like Ca, Mn, Al, Co etc. in composite synthesis path11–13, other 

conflicting information in literature suggest challenges such as high volume changes during 

cycling. As indicated on the Bode diagram in Figure 4 the β-Ni(OH)2 on overcharge produces the 

γ-Ni(OH)2 which is identified as causing structural changes leading to electrodes swelling and 

their subsequent failure. As a result, of the conflicting information, the β-Ni(OH)2 is most widely 

used. Through further development in the material synthesis, better material properties such as 

spherical particles structures that have improved the packing capability as well as effectively 

increased the gravimetric densities of the material have been realized. Other improvements such 

as the inclusion of additives like cobalt (Co) have aided the proton and electronic conductivity as 

well as a significant reduction in the extent of gassing during charging. The addition of Zinc (Zn) 

on the other hand preserves the structural changes in the overcharge conditions by limiting the 

formation of the γ-Ni(OH)2
14. This improved material has for decades, served as the material of 

choice in Ni(OH)2 based batteries systems.  
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The current collectors design and architecture that served as the active material carries as well as 

the electronic transfer junction have also observe developments through continuous research 

work. The research into the current collector designs has aimed at increasing material utilization, 

short material and metallic connection, shorten electron paths length, shorten reaction paths 

etc. In view of this, several of the current collector designs that have been used in the various cell 

setups are introduced in Figure 5. The first design, the perforated Ni plated iron plates was found 

in the Edison cells was as shown in Figure 5 [A]. The electrodes developed from this current 

collector suffered low electroactive surface area as well as high internal resistance. Further 

developments, led to the sintered plates as indicated in [B], which provided increased active 

surface area in relation to the perforated Ni plated iron plates. The sintered plates possess high 

micro porosity of about 80% – 84%1516, based on the manufacturing process. This effectively 

increased the active Ni(OH)2 material utilization at the cathode that led to overall gain in 

capacity. Several other current collector substrates technologies as illustrated in Figure 5 such as 

nickel foam [C] and the  nickel fiber [D] having about 90%  - 95%17 improved micro porosity in 

reference to the sintered plates are currently the state of the art current collector systems in 

alkaline secondary batteries. The nickel-plated punched steel strips [E] have porosities in the 

range of the sintered plate and are usually low cost.   

 

 

 

Figure 4: Bode diagram of the charge discharge behavior of the Ni(OH)2 material during cycling 
structure (Reprinted with kind permission of D. Hall et al 2014)7 
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Although Ni(OH)2 having been extensively studied as battery material for many years, its study as 

an asymmetry DLC cathode material dates not so far back. The reason for the gained interest in 

Ni(OH)2, includes their  

 high theoretical capacitance of 2082 F g-1 for 0.5V potential window19 

 high power density capability 

 their excellent reversibility with respect to the charge/discharge processes,  

 their redox reaction process that involves fast proton intercalation / de-intercalation 

mechanism as indicated in the Bode diagram with the β-Ni(OH)2/β-NiOOH redox couple  

 Their robustness to form composite electrode material with other transition metals 

coupled with their flexible electrode fabrication methods have led the scientific world to 

consider Ni(OH)2 as a viable positive electrode material for DLCs.  

   

   

  

 

Figure 5: State of the art current collector types in commercial  alkaline secondary batteries18 
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1.2 Manganese dioxide as positive electrode material  

1.2.1 Primary MnO2 – Leclanché and Alkaline cells 

The existence of the MnO2 in the battery field dates as far back to 1866 with the invention of the 

Leclanché cell. The cell, designed as a primary battery, used the manganese dioxide (MnO2) 

mixed with carbon as cathode, metallic zinc (Zn) as anode and ammonium chloride (NH4Cl) and/ 

or zinc chloride (ZnCl2) as electrolyte. The cell discharge reaction in a simplified form is as shown 

in reactions 4 where the Zn is oxidized and MnO2 is reduced. 

 

Zn + 2MnO� → ZnO + Mn�O� 4 

 

After decades of further development, the primary alkaline manganese dioxide battery was 

invented in the 1950ies. They comprised of similar electrode components with metallic Zn in 

powdered form as anode and the MnO2 as the cathode. Potassium hydroxide (9M KOH) was used 

as electrolyte (Zinc/KOH/MnO2). The powdered Zn anode provided the battery the ability to be 

used at high discharge rates – high power. In a typical light or intermediated discharge as shown 

in reaction 5, the Zn oxidizes to the zincate or zinc hydroxide whilst the MnO2 reduces by gaining 

about 1.33 electrons16. 

 

2Zn + 2MnO� + 2H�O + 2OH� → 2Zn
OH��
�� + 2MnOOH 5 

 

From the years of Leclanché batteries to the improved alkaline manganese batteries, the quest to 

find the optimum material having the physical and electrochemical properties for the various 

applications in the industry continues. Several literature reports have suggested the use of 

different MnO2 from different sources such as naturally occurring MnO2 (NMD), activated MnO2 

(AMD), chemically synthesized MnO2 (CMD) and electrolytically synthesized MnO2 (EMD) in 

electrode fabrication. With each possessing wide range of crystallographic structures, they have 

been used in producing all kinds of electrochemical storage systems depending of the cell output 

and design. EMDs exhibits the best electrochemical performance with theoretical capacity of 
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308mAh g-1. They have been identified with gamma-phase γ-MnO2 crystallography and having the 

primary structure of the Nsutites and an irregular intergrowth of more than two tunnel phases of 

pyrolusites and ramsdelite structures20 

 

1.2.2 Secondary MnO2 – Rechargeable Alkaline Manganese RAM Cell 

The high success of the primary alkaline manganese batteries prompted a lot research to the 

topic of making the cells rechargeable for decades. In the early 1970s to mid-1980s, 

commercialization of the rechargeable alkaline manganese battery (RAMTM) was introduced onto 

the market. With a cell potential of 1.5V, the battery displayed high energy density, low internal 

resistances as well low self-discharge rates over then secondary batteries - Ni-Cd cells. 

Additionally they provided relatively good tolerance at low temperatures as well as being low 

cost.  Unfortunately, the market introduction was short lived, owing to the low cycle life 

limitations that was about 20 - 50 cycles. The failure of the cell was attributed to the cells not 

being strictly zinc-limited and therefore lost their ability to be recharged due to electrode 

expansions at the cathode. In the pursuit to finding solutions to the challenge, the discharge 

reaction mechanism of the cathode in alkaline media was extensively studied21–24.  

 

1.2.3 Secondary MnO2 – Rechargeable Neutral/Aqueous Manganese Cell 

To harness the versatile electrochemical properties of the MnO2, researchers turned away from 

alkaline systems into mild or neutral electrolytes systems. The electrolytes used in most of the 

studies included KCl, Na2SO4, Li2SO4 and K2SO4. They have attracted attention in DLC applications 

based on their energy storage properties. Additionally such systems are more environmentally 

friendly as the system comprise of nontoxic materials. In the last 2 decades, MnO2 in these 

electrolytes was discovered to exhibit pseudo-capacitive properties25,26 showing almost 

rectangular CV profiles following the intercalation of the alkali-cations. With an estimated 

theoretical specific pseudocapacitance of about 1230 Fg-1 for a 0.9 V potential window27, a lot of 
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research continues to explore the material properties, electrode fabrication techniques etc. for 

the capabilities of the MnO2.  

   

1.2.4 Challenges of MnO2 reversibility in alkaline media 

According to the well-established discharge reaction mechanism of the EMDs in alkaline media, 

the discharge is in two-steps. The first, follows a homogeneous phase reaction with the 

intercalation of protons into the MnO2 lattice resulting in manganese (III) oxyhydroxide (MnOOH) 

production following the transfer of an electron as indicated in reaction 6.  

 

 

The second step, the heterogeneous phase reaction leads to the formation of the manganese (II) 

hydroxide (Mn(OH)2) as illustrated in reaction 716,23. The Mn(OH)2, is however predicted as not 

the only product forming. The suspicions of electrically irreversible manganese oxides and 

hydroxide species forms along the discharge process that leads to the limited reversibility.  

MnOOH + H�O + e� → Mn
OH�� + OH� 7 

 

Reports in literature have suggested the formation of electrochemically inactive phases like the 

Hausmannite Mn3O4  that is thought be one of several Mn products phases that forms28. The 

accumulation of Mn3O4 over repeated cycling increase the impedance of the electrode resulting 

in the electrode failure. Mn(OH)2, in another study was found to be re-oxidizeable but to Mn2O3 

and a different phases of MnOOH which upon further oxidation formed back the MnO2 but as  α-

MnO2 instead of γ-MnO2 which discharges to the electrochemically irreversible Mn3O4
29.  

Certain dissolution complexes involving the Mn3+ during cycling have also been reported as 

contributing to the failure of the MnO2 cathode24. The rechargeability of MnO2 in another study 

suggested an entirely new reaction mechanism of MnO2. The hypothesis suggests the reduction 

MnO� + H�O + e� → MnOOH + OH� 6 
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of γ-MnO2  to an α-MnOOH  in the first homogeneous discharge step which reoxidizes back to 

the gamma MnO2 on recharge23.  

Attempts to resolve the rechargeability challenge of the alkaline MnO2 cells led to modifications 

at both sides of the electrodes. In some propositions, the Zinc anode was oversized to limit the 

discharge of the MnO2 only to the homogeneous reaction.  

In another proposal, MnO2 was charged to the Mn6+oxidation state, which disproportionate to 

the Mn+4 and the Mn+2. In this process, cobalt spinel-type catalyst was added to suppress the 

manganate formation30. Besides adding the spinel catalyst, doping of MnO2 with metal oxides of 

bismuth (Bi), barium (Ba), Magnesium (Mg), Cerium (Ce) Titanium (Ti) etc. showed promising 

results. Bismuth-doped manganese dioxide (BMD)31 as an example, was used in a study and the 

reports promoted the stabilization and the reversibility of the second electron transfer reaction 

as indicated in reaction 7. Although their charge/discharge cycles were still limited to only a few 

cycles and low rates, they appeared as promising solution to the rechargeability and deep 

discharge concerns of the MnO2 electrode16.The incorporated Bismuth (Bi) was in the form of 

Bi2O3, in an amount of about 10wt% of the MnO2. This appeared to act as a redox catalyst during 

charging as shown through reactions 8 – 10. The recycling of the Mn2+ ensured the availability of 

the reactant species thus extending the heterogeneous discharge reaction to the two-electron 

capacity of the MnO2.  

 

2Bi → 2Bi�� + 6e� 8 

  

2Bi�� + 6Mn�� → 6Mn�� + 2Bi 9 

  

6Mn�� → 3Mn�� + 3Mn�� 10 

 

In spite of the many challenges and the non conclusive reports regarding their discharge 

properties in the alkaline media MnO2 in the alkaline systems are still sought after even today 

because of its promising electrochemical energy storage properties. Its high theoretical specific 

capacity, the nontoxicity of the material, their natural abundance makes them inexpensive 

compared to the other metal oxides. Additionally, the wealth of knowledge on MnO2 due to its 
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long use in the battery industry and their flexibility to form composite active materials with other 

metals make MnO2 a material of choice for asymmetric DLSs. 
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2 AIM OF THE THESIS 

 

The aim of the thesis is illustrated in the Ragone plot in Figure 6. The current, state of the art 

battery chemistries available on the market are either limited by their high power or by their 

high-energy capabilities. Thus, optimizing a cell for high power is a tradeoff of energy and vice 

versa. Lithium-ion batteries have significantly high energy but are limited in terms of their high 

power capabilities. 

 

 

DLCs having symmetrical cell configuration on the other hand have very high power capability but 

suffer greatly with their energy output. NiMH battery chemistry stands out as being the only 

battery that has the advantage of possessing the potential to deliver on both high power and 

high energy as required by many applications. This has attracted many in research to have a 

revived interest on the NiMH battery chemistry with the aim of extending it from their current 

position on the Ragone plot towards the high power region as depicted on the graph. The fast 

 

Figure 6: the Ragone plots of different battery chemistries at cell level and showing the aim of the thesis 
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redox reaction kinetics of the Ni(OH)2 to NiOOH that is based on proton intercalation and de-

intercalation mechanism is attractive with NiMH. 

To harness the fast reaction kinetics of the Ni(OH)2 electrode as well as to increase active 

material utilization during electrochemical cycling to improve the power density, several methods 

from the material synthesis and electrode fabrication techniques have been suggested. Material 

synthesis routes that yield properties such as nano-sized particles, high specific surface area, 

large pore volumes, and hierarchical porosity with both inner and outer surface morphology are 

desired. As an example, reports on electrochemically synthesizing the pure nano-sized thin 

Ni(OH)2 onto conductive substrates or modified metallic substrate as an electrode fabrication 

techniques delivers tremendous result32. Metal substrates as used in batteries such as Ni-foams, 

Ni-fiber as well as Ni plated punched stainless steel sheets have equally shown promising results. 

Additional supporting materials of 3D structures such as nano needles of Ni with high porosity 

increasing the have also been attempted. Several suggestions of forming composite material 

oxides with Ni such Ni-Co, Ni-Mn, Ni-Ce, Ni-Fe33 etc. have also been attempted. Beside the many 

achievements of the Ni(OH)2 cathode in batteries, it is recognized as having the potential for 

further improvements towards the high rate capabilities. 

In this work, the possibility to improve the Ni(OH)2 cathode is explored via a new approach to the 

electrode fabrication architecture placing particular emphasis on the current collector design. 

With the direct motivation of transforming the current collector into a full electrode, active 

materials incorporation into the current collector is performed via the electrochemical deposition 

method. The resulting electrode is investigated as a positive electrode in an aqueous asymmetric 

double layer capacitor cell. The new electrode fabrication method dwells on the basis of 

achieving a high power battery electrode capable of delivering capacities within the shortest 

possible time as indicated on the Ragone plots above. A nanostructured nickel current collector 

NSNCC is developed as the current collector system that fits as a high rate battery current 

collector. The nano-porous nature and metallic nickel particles network that are free from 

organic and or inorganic binders possess extremely high surfaces that surpasses the currently 

state of the art current collector designs shown in Figure 5 above. Due to their metallic nature, 

pure thin layers of Ni(OH)2 and MnO2 as active cathode materials with varying material mass 

loadings ranging from 5, 10 and 20µm have been electrochemically synthesized directly onto 
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them. The developed electrodes have been subjected to electrochemically investigation in half-

cell measurements setups as well in full cell systems where the developed electrode was 

combined with commercially available activated carbon material. The procedures employed and 

the results from the electrochemical investigations are evaluated and discussed in the 

subsequent chapters. 
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3 Theory Section 

 

This chapter reflects the fundamental theories and mathematical equations that have direct 

relations to this work. The basic electrochemical reactions governing electrochemical storage 

devices such as batteries (primary or secondary), capacitors, double layer capacitors, 

electrolyzers and fuel cells occurs at the electrodes. Hence, the electrode plays extremely 

important roles in the functionality of these devices. Generally, the electrode can be classified as 

anode or cathode depending on the reaction process occurring on them. By convention within an 

electrochemical cell, the anode refers to the electrode where electrons leave the cell or the 

electrode where oxidation occurs and therefore have been assigned as the negative electrode 

with  (` - ´) when discharged. On the other hand the cathode is defined as the electrode where 

electrons enter the cell or where reduction occurs therefore assigned as the positive electrode 

(`+´) when discharged. This convention works directly in the case of a primary cell but for 

secondary cells, where the electrode reactions are reversible, the electrode, has the possibility to 

become either the anode or the cathode depending on the cell polarization. Thus, charging the 

secondary cell, the anode become the positive whiles the cathode becomes the negative. On 

discharge, the process as described in the primary cell occur – the anode as the negative and the 

cathode as the positive.  

For good performance of a battery electrode either as a cathode or as an anode, their fabrication 

and formulation methods should address factors that provides the electrode with,  

 high electronic and ionic conductivity for rapid electrochemical reactions 

 high surface area conductive matrix to contact the active material 

 sufficient porosity for  better material loading and open for electrolyte penetration  

 low resistance with respect to ionic and electronic transportation 

 the current collector substrates should be electrochemically and thermally stable  

 the current collector should have the tendency to distribute the flow of current evenly 

through the active electrode material 

 versatility to withstand dimensional changes during cycling  

 tolerable to mechanical shocks and vibrations  
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The direct result of the features translates to power density, energy density and the cycle life 

of the noble electrode. As a governing principle, it is the goal of researchers and 

manufactures in the field to produce electrodes that meet such targets. 

For developing electrodes high power specifications where rapid charge and discharge 

processes are a requirement, further additional benchmarks are ensured during the electrode 

fabrication process; some of which include the following, 

� Electroactive material having nano-sized particles for increased reactivity 

� Electroactive materials having much higher surface area both outer and inner surface 

� Current collectors with higher porosity for increased material loading per unit area  

� Thin film of the active material for shorter electron and ionic transport lengths and  

increased material utilization which ultimately leads to high power density 

� Increased contact between active material and the current collector by avoiding the 

introduction of binders which usually affects the electron path length due to their 

insulation effect 

Such criterions has been the main guiding principles that governed the development of NSNCC 

that forms the basis of the solid-state electrode characterized in work. 

Fundamental electrochemical synthesis approaches for the deposition of both Ni(OH)2 and MnO2 

onto NSNCC as well as electrochemical characterization method used and presented in the work 

have strong basis from Faradays law. Its relations with the densities of the active materials 

(Ni(OH)2 and MnO2) involved, the material mass loadings in terms thicknesses on the current 

collector substrates are described in equation 1 – 4.  

 

m =
Q ∙ M
F ∙ z

 
1 

 

 

Q = i ∙ t 2 

 

m =
i ∙ t ∙ M

F ∙ z
 

3 
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h =
m

ρ ∙ l ∙ B
 4 

 

Where `m´ is the mass, `F´ is the Faradays constant (26.8 Ah mol-1), `z´ is the number of 

transferrable electrons, `i´ is the applied current `M´ is the molar mass of the material ρ is the 

density of the material, `I´ is the length of material coverage, `B´ the breadth of the material 

coverage and `h´ the height of the material coverage.   

The electrochemical charge storage capacity is evaluated by rewriting equation 1 as in equation 5 

that describes the total amount of charge passed during the discharge reaction. When the 

calculated theoretical capacity is normalized as usually the case in electrochemical storage 

devices by the active mass loading at the electrodes then capacity assumes the specific capacity 

or the theoretical gravimetric specific capacity. This is obtained by dividing equation 5 by the 

active mass to achieve equation 6 with the unit as Q)*+,�-.+/0+-1,23 [Ah g�7]. 

 

Q =
m ∙ z ∙ F

M
 

5 

  

Q)*+,�-.+/0+-1,23 =
z ∙ F
M

 
6 

 

The product of the specific capacity Q)*+,�-.+/0+-1,23 and the overall operating cell potential 

results in the specific energy E)*+, of the cell with the units of Wh g�7 as shown in equation 7. 

This describes the theoretical maximum energy value that is deliverable by a specific 

electrochemical cell. 

 

Specific Energ [E)*+,] = specific capacity BQ)*+,C × potential [V]  7 

 

The specific power of a cell can as well, be estimated from the time duration within which the cell 

delivers its energy as illustrated in equation 8.  
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Specicfic Power PHIJK[W g�7] =
specific Energy [Wh g�7]

time [h]
 

8 

 

Another fundamental theory, that describes the direct relationship between the dependence of 

the applied discharge current and the time for an electrochemical storage device to discharge 

from its full capacity until its cutoff potential is the Peukert theory. As illustrated in equation 9, Qp 

is the capacity I discharge current t is time in hours and k refers to the dimensionless Peukert-

numbers, a constant known as the Peukert exponent, which is specific to the respective battery 

technology.  

 

Q* = IM ∙ t 9 
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4 Experimental Section 

 

Materials used, together with instruments deployed are briefly introduced in this chapter. 

Experimental steps and procedures are mainly described as well as the methods used in the 

entire work. Electrochemical setups regarding the electrochemical investigations are generally 

illustrated together with the electrochemical techniques used for the various voltammetry 

investigations. 

   

4.1 Materials 

4.1.1 Nickel hydroxide Ni(OH)2 

Commercially available battery grade spherical Ni(OH)2 powder containing about 2% cobalt (Co) 

and zinc (Zn) were used as main material precursors in developing NSNCC. Their characteristic 

particles size distributions plus their spongy-like surface morphology made the powder an 

attractive material for the current collector fabrication. On the other hand, thin layers of Ni(OH)2 

is electrochemically synthesized directly onto NSNCC with the aim of redeploying them as the 

active cathode material in an asymmetric double layer capacitor cell.  

4.1.2 Manganese dioxide MnO2 

Thin films of manganese dioxide have as well been deployed in this work as an alternative 

material to the Ni(OH)2. Mn(OH)2 have been electrochemically synthesized from Mn(NO3)2, 

directly onto NSNCC and is further chemically oxidized to MnO2 by an equimolar solution of 0.1M 

H2O2 and KOH. The MnO2 has been investigated as a positive electroactive material in an aqueous 

asymmetric double layer capacitor cell.  
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4.2 Instrumentation 

4.2.1 Synthesis devices 

4.2.1.1 Mixer/Stirrer 

For obtaining well dispersed Ni particles in the binder - 10% poly vinyl alcohol (PVA) solution, the 

overhead stirrer ``IKA Eurostar 20´´ from IKA laboratory technology with maximum rotation 

speed of 2000rpm was used. The IKA overhead stirrer had a multi-functional metallic holder that 

made it possible to be mounted to stable stations. Additionally with the possibility to use 

different propellers, low to medium amounts of slurry could be prepared. Varying rotation 

speeds could be applied, as the speed accuracy was ±1 rotations per minute (rpm). With this, an 

optimum rotation speed of 350 rmp was used for the slurries. As a result, well defined, uniform 

and bubble free layer coatings on to the pretreated Ni plate substrates could be achieved.  

 

4.2.1.2 Coating set 

The ductor blade and the uni-coater sets were for applying uniform coating thicknesses of wet Ni 

slurry to pretreated Ni plate substrates. Uniform coatings of varying layer thickness could be 

achieved by the adjustable film Applicator and Drying Time Recorder device ``COATMASTER 510´´ 

from Erichsen instruments. The device, was equipped with integrated a vacuum suction plate 

that is electrically heatable to temperatures of up to 140°C. The vacuum function allowed 

substrates to remain stable and compact during the film application process. The micrometer 

range height adjustable (1mm maximum height) film applicator tool enabled coatings of variable 

wet film thicknesses. Due to the integrated microprocessor-controlled motor drive engineering, 

which moves in both direction and with a range of 0.1 – 19.9 mms-1. An optimized film 

application speeds range between 2.5 – 5 mms-1 was applied which resulted in uniformly 

distributed ink layers on the Ni plate substrates. Drying of the wet coatings could as well be 

possible of the temperature regulated heating plates before the transferring to the hydrogen 

furnace. 
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4.2.1.3 Hydrogen Furnace  

To thermally reduce the battery grade Ni(OH)2 powder precursor as well as the tempering of  

dried nickel particles coated on the pretreated nickel substrates, the Nabertherm hot wall Retort 

hydrogen furnace with a maximum temperature of 950°C was used. The functionality of the 

furnace was key to the development of the nanostructured nickel current collector therefore 

illustrate below are some important primary features of the furnace. The furnace was equipped 

with various safety technologies to the standard of dealing with hydrogen gas as well as other 

reaction gases (gas/vacuum tight). With heating elements located in and around the heating 

chamber together with fans located at the back of the chamber temperature uniformity of up to 

± 5°C was assured. The location of thermocouples in and around the heating chamber monitored 

the heating rates to ensure that no overshoot of the temperature occurred. Gas circulation fans 

within the furnace ensured optimal gas circulation. Additionally the oven was equipped with an 

inert gas (N2) storages storage tanks that flushed the heating chamber before and after 

tempering process as well as on emergency conditions. The monitoring of gasses flowing in and 

out of the oven with respect to H2 and N2 gases minimized any risk of explosion. Online operation 

of the system with visualization and recorder function as well as data storage with respect to 

batch use could be accessed and evaluated. Cooling of the furnace was as well possible as the 

furnace was equipped with fans below the heating chamber that ensured that cooling rates 

operated at optimum levels.    

 

Figure 7: An image and detailed scheme of the hydrogen furnace  
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4.2.2  Physical/chemical characterization instruments  

4.2.2.1 Master sizer 

Particle size is an important property that is unique to powder materials. It gives information on 

the physical property for determining the behavior and nature of powder materials. Specific 

electrochemical properties such us reactivity or dissolution rate, packing density, texture and 

porosity have direct relationships to the size of particles of specific sample. Therefore, to 

understand the physical and chemical properties of the spherical Ni(OH)2 powder precursor the 

Mastersizer particle size analyzing instrument from Malvern instrument MAF 5000 was used. The 

device equipped with a laser light source, which operates under the phenomenon that particles 

scatter light at varying angles characteristic of their size – the Tyndall effect. Thus, small particles 

will scatter light at large angles and large particles will scatter light at small angles.  

 

4.2.2.2 Peel test instrument 

To establish the mechanical stability of the coated layers of nickel particles to the pretreated Ni 

plate substrates after the tempering procedure, the peel test measurements were performed 

with the peel test instrument form Zwick Roell. The basic operating principle, hinges on applying 

pressure onto coated layers followed by the corresponding pulse pull in the vertical direction. For 

this purpose, special double-sided adhesive tapes are applied to both of the parallel test platens 

top and bottom. The electrodes previously trimmed to the exact geometrical size of 5 cm2 as 

platens are carefully attached firmly to the bottom platen. The experimental procedure is 

performed like a common tensile strength test but is continued until the coating is pulled off the 

substrate. The measurements finally draws conclusive relationship between the materials and 

the process parameters applied.  

 

4.2.2.3 Differential thermo-gravimetric and mass spectrometry analysis (DTG-MS) 

To understand the thermal reduction behavior and the products of the spherical Ni(OH)2 powder 

precursor at various tempering temperatures stages as well as the powder/binder mixture 

thermal behavior, the differential thermo-gravimetric (or DTG-TGA)  analysis was performed. This 
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is a thermo-analytical technique in which the difference in the amount of heat required to 

increase the temperature of a sample is measured as a function of temperature or time or mass 

in reference to a sample of known temperature features. This method is a versatile technique for 

determining the physical properties such as purity, onset of thermal decomposition 

temperatures, ash content of organic material etc. The devices, the Netzsch STA 449 Jupiter and 

Netzsch Äeolos QMS 403 has been used. The components of the instruments include a DTG 

thermocouple type S, a quartz capillary, a crucible made of aluminium oxide, a temperature 

capacity up to 1000°C, a quadro-pole detector mass spectrometer between 0 and 300amu 

(atomic mass unit) and hydrogen gas in flow capacity of 5% vs 95% N2. The quantitative mass 

spectrometer attached to the device enables the simple identification of both 

elemental/molecular compounds that exits the sample under investigation in the process of the 

temperature treatment to be detected. Both polyvinyl alcohol (PVA) used in the work as a binder 

and the original Ni(OH)2 powder precursor have been analysed by the  DTG-MS device. 

 

4.2.2.4 Optical/Digital microscopy  

For obtaining topographical description of the NSNCC as well for estimating the layer thickness of 

the Ni(OH)2 deposits on plain Ni sheet, the Keyence VHX-5000 microscope from Keyence VHX 

series was used. The device, which was equipped with 3D surface and depth profiling capability, 

was useful for exterior inspection of the developed electrodes. Investigating with both the low 

(500X) and high (5000X) magnification lenses, a clear perspectives with respect to the surface 

overview as well as the exact clarity and texture of the deposited films was obtained.   

 

4.2.2.5 Scanning electron microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDX) 

The scanning electron microscope (SEM) is one of the most versatile analytical instruments used 

to investigate and analyze material surfaces with respect to microstructure and morphology. 

Equipped with the energy dispersive spectroscopy (EDX) elemental composition of the surface 

under investigation could be detected as well. As synonymous, as the name suggests SEM uses 

high-energy electron beams which illuminates a sample under investigation to produce a 
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magnified image of the sample in a way schematically described in Figure 8. The produced image 

corresponds to receive deflected signals (deflected/escaping electron) from the sample. The 

incident high-energy electron beam upon their collision with the sample interacts with the 

atomic core of the sample, which results in the reflection of either backscattered electrons or 

secondary electrons. The detection of these electrons signals are processed into images that 

reveal detailed information about the sample. The operation of the energy dispersive x-ray 

spectroscopy EDX or is such that, as electrons eject from the shell structures of the sample, 

electron vacancies are created. As a result, electrons from higher energy levels of the samples 

drop to fill the created vacancies with the release of energy in the form of x-rays. Equipped with 

the X-ray detector, the elemental composition of sample can be determined, as the x-rays are 

unique representation of specific elements.  

 
 

Figure 8: Schematic description of the phenomenon of operation of the SEM-EDX (Reprinted and adapted 
with kind permission of Zhou et al 2007)34 

 

4.2.2.6 Inductive coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

Inductively coupled plasma-optical emission spectrometry (ICP-OES), is used for the quantitative 

determination of concentration of chemical elements of a sample. Its principle of operation is 

based on the excitation of atoms and ions by means of plasma torch to produce electromagnetic 

radiations at distinct wavelengths of specific elements. This allows quantitative analysis and 

identification of a sample with respect to their elemental and ionic composition.  In this work, the 

ICP-OES analysis of the deposited films were conducted with a `Spectro Arcos High Resolution 
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ICP-OES´ spectrometer from SPECTRO Analytical Instrument GmbH to estimate the amount of 

´manganese that was deposited on NSNCC. The instrument employs a quartz plasma torch and 

an array of 32CCD (charged-couple device) detectors with a maximum wavelength detection 

range of 130 - 770 nm. As the instrument is designed to only measure samples in the liquid state, 

the electrodeposited manganese electrode sample were prepared by dissolving the film in dilute 

concentrations of Caro’s acid. Equal volume of concentrated H2SO4 acid and 35% H2O2 are mixed  

to produce H2SO5. The electrodes were initially dissolved in 2.5 ml of H2SO5 solution and further 

diluted to 25ml, which was used for the measurement.   

 

4.2.2.7 X-ray Diffraction Analysis 

In this work x-ray powder diffraction analysis have been performed using the Siemens D5000 

diffractometer instrument with x-rays source based on Cu Kα radiations (0.154nm). The 

instruments multifunctional sample holder allowed powdered Ni(OH)2, Ni/NiO samples, fresh and 

uncycled MnO2 electrodes as well as electrochemically cycled electrodes to be analyzed. With 

this technique of material characterization structural features such as crystalline atomic 

arrangements, amorphous disordered arrangement as well as different structural phases of 

material are identified. X-rays are electromagnetic radiation having wavelengths at approximately 

1Å (Angstrom), about the same size of atom. The working principle is such that when a generated 

X-ray beam hits an atom, the electrons around the atom start to oscillate with the same 

frequency as the incident beam. This results in diffracted x-ray radiations waves, which are 

classified as either destructive or constructive interference. Destructive interference occurs when 

the combining waves are out of phase usually from an amorphous material whiles constructive 

interference results from atoms in a crystalline materials.  
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Figure 9: Basic description of the XRD on the basis of a crystalline structure (Reprinted and adapted with 
kind permission of illonois.edu/X-ray crystallography 2014)35 

 

With the help of x-ray detectors, the diffracted x-ray are captured and analyzed by the Bragg's 

Law as described in equation 10. The law operates on the basis that x-rays scattered from a 

crystal lattice that describes the angle of incidence x-ray as equal to the angle of reflected beam 

as well as the distances between the atomic planes of the crystal as illustrated in the scheme 

above in Figure 9.  

 

nλ = 2d Sinθ 10 

 

 Where, n is an integer describing the order of the diffracted beam, λ is the wavelength of the 

incident X-ray, d is the distance between adjacent planes of atoms (the d spacing), and θ is the 

angle of incidence of the X-ray beam.  

   

4.2.3 Electrochemical characterization instrument 

4.2.3.1 Biologic VPM-3 Potentiostat 

All electrodepositions and electrochemical characterization measurements have been conducted 

with the VMP3 multi-channel electrochemical workstation from biologic science instruments. The 

potentiostat had a compliance voltage between ±12V, control voltage window ±10V and 

potential resolution of 1µV. This allowed experiments with varying potential ranges to be carried 

out without challenges. The current range of the potentiostat was between 10nA and 20A with 
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the external booster. With its low current resolution of 760fA, experiments that required low 

current responses as well as those with high currents to be conducted with no noise interference.  

Equipped with the EC-Lab software, the multichannel function of the potentiostat could be 

individually operated on all possible electrochemical investigations. Online access of running 

measurement was as well possible giving possibility to monitor and analyze experiments. 

Measurements based on preprogrammed cycling regimes as well as the possibility to set new 

cycling protocols, ranged from applications with half-cell investigation with respect to linear 

sweep voltammetry, cyclic voltammetry, electrodepositions/coating as well as corrosion 

experiments via potentiostatic or galvanostatic could be conducted. Similarly, experiments in full 

cell set-ups such as galvanostatic cycling of single cell as well as battery sets could be 

investigated.  

  

4.3 Electrochemical techniques 

4.3.1 Linear Sweep Voltammetry (LSV)  

The linear sweep voltammetry technique is an electrochemical method that is unidirectional. 

Unlike cyclic voltammetry, only the forward scan is possible. It can as well be considered as a 

potentiodynamic method since the potential is swept with a specified scan speed from a lower 

potential Ei to an upper potential Ef while the current response is recorded as shown in Figure 10 

[A] and [B]. With this technique, redox reactions occurring at and within specific potential ranges 

can be measured and analyzed. This technique was uniquely employed to estimate the potential 

ranges for depositing where both Ni(OH)2 and MnO2 from their respective electrolytes on NSNCC.  
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Figure 10: (a) Typical potential vs. time as the potential is swept from Ei to Ef  and (b) the resulting 
current profile as the potential moves from Ei to Ef 

   

 

4.3.2 Galvanostatic Technique (GS) 

This technique is essentially analogous to the chronopotentiometry techniques where a specified 

current is imposed to the working electrode while observing the voltage response. With this 

technique, one can monitor the voltage behavior about specific redox reaction that occurs on the 

working electrode. The possibility to control the reaction process by time [t] and the amount of 

charge passed [Q], controlled deposition of thin films could be achieved. The mass transport 

process throughout this method is governed by diffusion and as such, the voltage-time curve 

translates as the changes in concentration at the electrodes surface as shown in Figure 11 [A] and 

[B]. From this basis, as described, and supported by the faraday’s law, the galvanostatic 

deposition method was used for the deposition of Ni(OH)2 onto the NSNCC.   
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Figure 11: Applied constant current from time t=0  for a specific amount of time (a) and the 
corresponding voltage response (b) 

 

 

4.3.3 Potentiostatic Technique (PS) 

This electrochemical technique is identical to the chronoamperometry method but involves the 

single stepping of the potential applied to the working electrode while the resulting current 

responses are recorded and evaluated. Prior to the potential step, the working electrode is at the 

open circuit potential (OCV) where no faradaic reactions are expected to occur. By jumping the 

potential to a specified potential regions, the surface concentration of the electroactive species 

within the electrolyte gain enough activation energy and as result, begin to react. Hence, the 

resulting current vs time dependence profiles as depicted in Figure 12 is obtained. The mass 

transport process throughout this process is entirely governed by diffusion, and as such, the 

current-time curve reflects the change in concentration at the electrodes surface. This involves 

the continuing growth of the diffusion layer associated with the depletion of reactant, thus a 

decrease in the concentration gradient as time progresses.  
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Figure 12: Applied potential step at time t=0 for a specific amount of time (a) and the corresponding 
exponential decay of the current (b) 

 

 

4.3.4 Galvanostatic charge/discharge cycling 

Galvanostatic charge/discharge cycle is the most widely used technique to measure the specific 

capacity of an electrode or a battery as a whole. Governed almost purely by the diffusive 

method, it allows the investigation and evaluation of both faradaic and non-faradaic processes 

that occur within the electrode-electrolyte interface. Applying a constant positive current (I+) to 

the working electrode (WE) its initial potential Ei is driven towards the upper cut-off potential Ef. 

This process is termed as the charging. Reversing the constant current procedure in the opposite 

direction (I-), a reduction process initiates at the WE where, the potential at Ef returns to the 

lower cut off potential Ei. This process is termed as the discharging process. Therefore, a 

complete charge/discharge cycle occurs when the working electrode with respect to a half-cell 

setup undergoes the complete charging (oxidation) and discharging (reduction) process as shown 

in Figure 13 [A]. A plot of the voltage data as a function of time, reveals distinct voltage profile as 

illustrated below in Figure 13 [B  

 In this work, the galvanostatic charge/discharge cycling has been used to determine the specific 

capacities of the developed Ni(OH)2 and MnO2 electrodes in half measurements as well as in full 

cell assemblies.   

E/V

t=0 t
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Figure 13: (a) typical current profile describing the charging I+ and the discharging I- processes and (b) 
describes the upper cut-off voltage Ef during charging and the corresponding lower cut-off voltage Ei 

during discharge 

 

4.3.5 Cyclic Voltammogram (CV) 

Cyclic voltammetry is used for obtaining preliminary information about electrochemical reactions 

that occurs at the electrode surfaces as well as information about the electrode-electrolyte 

interface. As a type of potentiodynamic technique, the WE potential is swept linearly with 

specified scan rate in [mVs-1] from a lower potential limit E1 to an upper potential E2 as shown in 

the Figure 14 [A]. The potential is reversed upon reaching E2 back to E1. The recorded current 

responses, when plotted against the potential as shown below in Figure 14 [B] reveals 

characteristic features corresponding to distinct redox reactions at the electrode. The back and 

forth sweeping of the potential within the potential limits can be a single cycle or repeated 

several times depending on the desired information. Furthermore, the rate at which working 

electrode potential is swept leads to the deduction of additional information. Hence, cyclic 

voltammetry offers rapid identification of redox potentials distinctive to the electroactive species 

under investigation. It can as well provide considerable information about the surface redox 

process, kinetics of heterogeneous electron-transfer reactions plus analysis of an electrode as 

well as the electrolytes potential stability window.  

Employing the standard three-electrode glass cell configuration, the developed NSNCC coated 

with Ni(OH)2 or MnO2 electrodes have been investigated with CV in 6M KOH electrolyte. A large 

piece of Ni foam served as the counter electrode and Hg/HgO served as the reference electrode.  

Charging

Discharging

0 t1 tt2

0

I-

I+

I

0 t1 tt2

Ei

Ef

E

Upper Cut-off voltage

Lower cut-off voltage



35 
 

  

Figure 14: The potential sweep from initial potential E1 to upper potential E2 with respect to time [A] 
and  the current vs potential profile depicting the forward and backward directions [B]36 

 

 

4.4 Electrode Preparation 

4.4.1 Synthesis of nanostructured nickel current collector (NSNCC) 

The solid-state synthesis paths that led to the production of NSNCC followed a systematic new 

development. With the sole material precursor being the battery grade spherical Ni(OH)2 powder, 

pretreated Ni plates substrates and poly vinyl alcohol (PVA) as supporting precursors, NSNCC was 

fabricated. In the first step the spherical Ni(OH)2 powders were initially thermally reduced in a 

hydrogen furnace through a temperature regime as described in Figure 15. Before the maximum 

temperature of 320°C is reached, the different temperature stages as shown in and the different 

ramp rates Figure 15 ensured no overshoot of the temperature. This temperature process was 

performed under 30% H2 : 70% N2 atmospheric conditions. 
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Figure 15: Temperature profile for the pre-reduction of spherical Ni(OH)2 

 

This initial thermal treatment of the powder produced a mixture of Ni and NiO powder that was 

used in the slurry preparation. In the second step, 10% PVA solution was prepared in water and 

used as the dispersion solution in a 1:1 mixture with the pre-reduced powder. For good 

dispersion as well as preventing sedimentation of the Ni particles the slurry was continuously 

stirred until the beginning of the coating process. An overhead stirrer equipped with stainless 

propeller was used. Prior to coating the Ni substrates, the sheets were mechanically polished 

with sandpaper with an abrasion/grit power of 80 to a roughened finish. The already roughened 

Ni sheet surface were washed with Millipore water followed by cleaning with acetone to rid the 

surface of any organic residues. Furthermore, the sheets were washed with Millipore water to 

free the surface of any lingering acetone. As a final step, the roughened and organic residue free 

substrates were treated with wet chemical etching process procedure as surface activation step. 

The etching recipe used comprised of a volume ratio mixture containing 3 parts H3PO4 : 3 parts 

HNO3 : 1 part CH3COOH : and 1 part H2O. The Ni substrates were submerged under the etching 

recipe with air exposure every 3-5 minutes for a total time of 15 minutes before being washed 

again with Millipore water. The ready to be coated pretreated Ni sheets were stored under 

Millipore water until the coating process.  
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Coating of the dispersed Ni particles onto the pre-treated Ni sheet was conducted with the 

doctor blade instrument set from Erichsen instruments as previously introduced. The adjustable 

film applicator provided the means of achieving uniformly distributed wet slurry film layers of up 

to 400µm thicknesses. About a 100µm coated pretreated Ni surfaces were allowed to dry at 

relatively low temperatures of 40°C overnight before being transferred into the hydrogen furnace 

for the second reductive tempering process. The programmed temperature regime on the 

hydrogen furnace was ramped through series of temperature stages at different rates as shown 

in Figure 16. The profile as shown below with maximum temperature of 600°C was performed 

under controlled atmospheric conditions of 70% H2 : 30% N2 provided mechanically stable NSNCC 

layers.  

 

 

Figure 16: Temperature profile for producing NSNCC 

 

The coated samples were in batches of roughly 10 cm2. Electrode with active geometrical area 1 

X 1 cm2 is trimmed out of the batch and subjected to further investigated as developed NSNCC. 

The design of the electrode as illustrated in Figure 17 was such that a small strip of about 0.2 cm 

(width) X 0.5 cm (length) stemmed out from the 1cm2 active area for current collector 

connection. Ni wire of about 12cm with 0.5mm diameter was used as current collector. The 

connection of the Ni wire to the trimmed NSNCC electrode, electrical spot welding technique was 
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used. For efficient connection, the Ni wire was calendared at one end to about 0.5 mm before 

the spot welding procedure. The other end of the Ni wire was connected via a suitable lead-tin 

(Sn-Pb) soldering to gold connectors that enable simple and stable electrical connection to the 

potentiostat during electrochemical measurements. The uncoated backside of the NSNCC 

together with electrically spot welded part were electrically insulated from interactions with 

electrolyte during electrochemical measurement. This was done by applying epoxy resin (Uhu 

End fest 300) that completely covered both the back and the welded part. The epoxy resin was 

tested and ensured as being electrochemically stable that avoided possible interference in the 

electrochemical measurement. 

 

 

4.4.2 Ni(OH)2 Electrodeposition onto NSNCC 

For the electrodeposition of Ni(OH)2, the three-electrode cell assembly was employed. Saturated 

silver-silver chloride (Ag/AgCl) electrode served as reference electrode and a large piece of Ni 

foam served as counter electrode. The electrochemical Ni(OH)2 deposition process followed the 

well-established galvanostatic deposition technique via the nitrate reduction mechanism as 

 

 

 

Figure 17: Electrode design 
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reported in literature37,38 illustrated in reactions 11 and 12. Ni(OH)2 electrodepositions were 

performed from 0.1 M aqueous nickel nitrate Ni(NO3)2·6H2O solutions having a pH of ~ 4.5. 

Applying current densities of 2 mA cm2 for 5 - 30 minutes, film deposits of varying thickness of 

the Ni(OH)2 could be achieved. The electrodes were immediately removed from the deposition 

bath and washed with Millipore water to remove any residual nitrate/nitrite ions remaining on 

the deposited Ni(OH)2 layer. The deposited electrodes were stored at room temperature 

condition until further experiments were performed on them. As shown in the table 1 below, the 

time required for depositing specific layer thicknesses and the corresponding material mass 

loading was calculated from the faradays law taking the density of Ni(OH)2 to be 4.10g cm-3. With 

reference to equations 3 and 4 in chapter 3, m is the deposited mass of (Ni(OH)2) F is Faradays 

constant (26.8 Ah mol-1), z is the number of transferrable electrons (2) during the deposition 

reaction process, i the applied constant current of 2 mA and M is the molar mass of Ni(OH)2 

(92.71g mol-1). 

 

NO�
� + H�O + 2e� → 2OH� + NO�

� 11 

 

Ni�� + 2OH� → Ni
OH�� 12 

 

Equivalent Ni(OH)2 

film thickness [µm] 

Calculated mass [mg] Deposition time [h] 

5 2.01 0.58 

10 4.02 1.16 

20 8.04 2.3 

Table 1: Design of Ni(OH)2 deposition process 

 

 

4.4.3 Mn(OH)2 Electrodeposition onto NSNCC 

The deposition setup was analogous to that of the Ni(OH)2 deposition. Mn(OH)2 was 

electrochemically deposited on NSNCC via the potentiostatic deposition method. On the basis of 
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the well-known nitrate reduction process39–41 as described in reaction 11. Mn(OH)2 was 

electrodeposited from freshly prepared aqueous manganese nitrate solutions with a 

concentration of 1M (Mn(NO3)2·H2O) and having a pH of ~ 2.5. About 50 ml solutions were used 

for each deposition process. A reductive potential of -1.1 V versus the Ag/AgCl reference 

electrode was applied for specific amount time, depending on the film thickness of the Mn(OH)2 

to be deposited. The electrodes were immediately removed at the end of each deposition from 

the deposition bath and washed several times in Millipore water to remove the residual 

nitrate/nitrite on the deposited Mn(OH)2 electrode. In table 2, data with respect to estimated 

time required for specific mass loadings of Mn(OH)2 and film thicknesses calculated from the 

faraday law (ref. chapter 3 in equation 7 and 10) are presented. With Q as the mass of the 

deposited (Mn(OH)2) Q is the capacity (mA h) F is the Faradays constant (26.8 Ah mol-1), R is the 

number of transferrable electrons (2)  during the deposition reaction process as indicated in 

reaction 13, and M is the molar mass of the deposited material Mn(OH)2  

In the course of the experiments, the Mn(NO3)2 electrolyte was observed to optically change 

color and at the same time electrolyte turbidity increased developing a cloudy solution 

appearance. It was further noticed that after a while, precipitates sedimented at the bottom of 

the flask. This led to the suspicion of the deposition electrolyte degrading over time and 

therefore needed to be resolved. By observing series of solutions over time, a maximum of 3 

hours after the electrolyte preparation was established as the period where the Mn(NO3)2 

electrolyte remained stable for the electrochemical deposition process. Owing to this, all the 

deposition electrolytes used freshly prepared solutions. 

 

Mn�� + 2OH� → Mn
OH�� 14 

 

Equivalent Mn(OH)2 film 

thickness [µm] 

Calculated mass [mg] Deposition time [h] 

5 2.60 0.012 

10 5.08 0.021 

20 10.15 0.042 
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Table 2: Design of MnO2 deposition process 

 

 

4.4.4 MnO2 synthesis onto NSNCC 

The deposited films of Mn(OH)2 on the NSNCC were further chemically oxidized with a 1:1 

solution of 0.1M KOH and 0.1M H2O2. The chemical oxidation process transformed Mn2+ in the 

form of the deposited Mn(OH)2 to Mn4+ in the form of MnO2. This was performed by immersing 

the electrodes into the H2O2 : KOH solution such that the entire electrode surface was fully 

submerged in excess of solution. The reaction followed the continuous release of O2 gas which 

lasted for 10 to 12 hours until there was no more observed of O2 evolution. This process was 

performed at ambient temperature conditions. The electrodes, after the chemical oxidation 

treatment were removed, washed with Millipore water and dried at 40°C in the oven for 5 hours 

before using them for electrochemical measurements. Prior to the chemical oxidation process, 

the Mn(OH)2 electrodes appeared as pale brown to almost yellow. However, after the chemical 

treatment, they appeared black signifying the distinct change in oxidation state to MnO2. The 

images as shown below in Figure 18 depicts the optical transformation of the Mn(OH)2 to the 

MnO2 electrodes. 

 

  

Figure 18: pictures of the almost yellow as deposited Mn(OH)2 being chemically oxidized in the H2O2 solution to 
MnO2 
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4.5 Cell Assembly 

Electrochemical measurements were conducted in the three-electrode glass cell configuration. 

The glass cell design was such that there was separate compartments for the working electrode, 

the counter electrode and the reference electrode. With its optimum design with regards to the 

distances between the electrodes as well as the specialized capillary construction at the 

reference electrode and the glass frits at the counter electrode compartment ensured that 

information that was measured were precise. With the three-electrode glass cell design as shown 

in the Figure 19 below, electrochemical measurements are achieved via the flooded electrolyte 

system. As a result, all the electrochemical measurements reported in this work have been 

performed with flood of 6M KOH as electrolyte. 

 

 

 

Figure 19: Schematic representation of the three-electrode glass cell system (Adapted with kind 
permission Zoski G. Cynthia handbook of electrochemistry, 2007)42 

 

 

4.5.1 Half-cell Assembly  

Both the Ni(OH)2 and MnO2 electrodes reported in this work, electrochemical characterizations 

have been performed in half-cell setups using the three-electrode glass cell configuration with a 
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total volume of about 60ml. The electrochemical setup is as shown below in Figure 20 where the 

developed electrodes served as the working electrodes. A large piece of Ni foam served as the 

counter/auxiliary electrodes for the closure of the current loop and self-prepared Hg/HgO 

electrodes having 0.926 V versus reversible hydrogen electrode (RHE) in 6M KOH served as 

working electrodes to which all the potentials were normalized. 

 

 
Figure 20: Half-cell measurement setup in the 3 electrode glass cell configuration 

 

 

4.5.2 Full-cell Assembly  

The cell assembly for the full cells comprised of the developed Ni(OH)2 and MnO2 electrodes as 

the positive electrodes and commercially available activated carbon materials as the negative 

electrode. Additionally, two polytetrafluoroethylene (PTFE) grids as cell holders and a 130µm 

thickness of polyolefin fiber as separator. The 3-electrode cell design was employed and having 

about 200ml volume. Both the cathode and anode sandwiched the separator while the PTFE 

grids held the cell together with the aid of PTFE screws. The assembled cell was submerged in the 

glass cell containing about 150ml of 6M KOH solutions that served as the electrolyte. To be able 

to measure the individual electrode potentials the Hg/HgO reference electrode (0.926V vs RHE) 

was incorporated in the cell set up as shown in Figure 21.  
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Figure 21: Full-cell measurement setup in the 3 electrode glass cell configuration 
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5 Results and Discussion Part 1: NSNCC 

 

5.1 Preparation of NSNCC 

 

5.1.1 Ni(OH)2 Pre-treatment and Characterization 

Figure 22 [A] depicts the battery-grade spherical Ni(OH)2 powder employed as the main material 

precursor in this work. The spherical Ni(OH)2 powders were subjected to an oven pretreatment 

step where the powder was thermally reduced at relative moderate temperatures at a maximum 

of 320°C under 30% H2 and 70% N2 oven atmospheric conditions. Figure 22 [B] describes the 

subsequent pre-reduced Ni(OH)2 black powder that was used in the preparation of the NSNCC. 

 

Figure 22: Battery grade Spherical Ni(OH)2 powder [A] and  pre-reduced Ni(OH)2 powder [B] 

 

The applied temperature was also based on differential thermogravimetric-mass spectrometry 

(DTGA-MS) studies performed on the Ni(OH)2 powders over temperature range up to 900°C in 

5%H2 : 95%N2 atmosphere as shown below in Figure 23. The decomposition of the isopropanol 

used in the sample preparation as shown in block A was completely evaporated at about 120°C. 

The decomposition of the Ni(OH)2 followed with the initial loss of water molecule H2O with 18 

gmol-1 as shown in block B following reaction 15. The reaction process, which began around 80°C 
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proceeding along with the decomposition of isopropanol until about 325°C. Block C on Figure 23 

describes the final reduction reaction of the NiO to the metallic Ni following the removal of 

subsequent water molecules as illustrated in reaction 16 between the temperatures of 325°C to 

about 580°C. Hence, applying a temperature of 350°C in the pre-reduction step of the Ni(OH)2 

powder, ensured the complete removal of the first water molecule as shown in reaction 15. The 

green color disappearance of the Ni(OH)2 powder to black after the pretreatment step was 

consistent with NiO product formed. The physically observed texture as well as the fluidity of the 

powdery particles remained unchanged, which was a good sign of little or no agglomeration of 

the particles.  

 

NiOH� → NiO + H�O ↑ 15 

  

NiO + H� → Ni + H�O ↑ 16 

 

 

Figure 23: DTGA-MS results of Ni(OH)2 under 5%H2 atmosphere 

 

X-ray diffraction analysis performed on the black powdered NiO samples revealed the powder 

composition as mixed metallic Ni and NiO particle. This was consistent as the applied 350°C 
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temperature was already a phase into the second reaction step described by reaction 16. The 

indicated spectra in Figure 24 describes the indexed peaks for crystalline Ni and NiO.  

 

 

Figure 24: XRD spectra of pre-reduced Ni(OH)2 powder 

 

Particle size analysis performed on the spherical Ni(OH)2 and the pre-reduced powder showed 

minor differences with respect to the particle sized distribution pattern. Small fraction of the 

initial Ni(OH)2 powder showed particle size range between 0.5 - 0.6µm. This range of particle 

sizes however diminished after the pre-reduction process as illustrated in Figure 25 [A] and [B] 

with the arrow a. The majority of the particle size was in the range 10µm. The pre-reduced 

powder equally showed majority of the particles having 10µm particle size distribution. In 

contrast, relatively small fractions of the particles was detected with a size range of about 100µm 

which was an indication of the particles agglomerating as shown with arrows b on Figure 25 [A] 

and [B]. Although small quantities appeared agglomerated, the pre-reduced particles maintained 

the physical characteristic features of the initial Ni(OH)2 powder with regards to the texture and 

fluidity of the powder. 
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Figure 25: Particle size distribution of the Ni(OH)2: above and the pre-reduced Ni(OH)2: below 

 

 

5.1.2 Morphology and Composition 

On the microscopic level as shown in the Figure 26 [A] - [D], the surface morphology along with 

the geometrical size of the particles have been investigated with the secondary electron 

microscopy (SEM). The images [A] and [B] shows the spherical Ni(OH)2 powder with different 

particle size distribution. This particle size results in packing disorder that aids in electrolyte 

penetration into the material. The shapes of the particles were spherical while the morphology 

was that of a spongy-like pore structure with some amount of porosity as shown in the 10K 

magnified image in [B]. 
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Figure 26: SEM of spherical Ni(OH)2 precursor [A] - [B] and pre-reduced Ni/NiO powders [C] - [D] 

 

The microscopic observations on the pre-reduced powder are shown in Figure 26  [C] and [D]. As 

depicted, the particles maintained the spherical shape after the pre-reduction step. As revealed 

from the particle size analysis, small fraction of the particles agglomerated after the pre-

reduction but this was visible form the SEM images. On the contrary, the small fraction of the low 

sized particles, which disappeared, can be observed with a much-diminished dimension of the 

low sized particles. This gives indication of the shrinking effect that result following the loss of 

water, which is in agreement with the results obtained from the particle size analysis. The 

detailed image of the pre-reduced powder as shown in image [D] confirms the retention of the 

spherical shape of the particles whilst the initial spongy-like pore morphology appeared much-

relaxed opening up more to obtain a relatively higher porosity. With regards to the elemental 

composition of the original Ni(OH)2 powder, EDX analysis revealed an elemental composition 
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containing Ni, O, Co, Zn and C given in table 3. The relative amount of Ni in the original Ni(OH)2 

compared to the pre-reduced is increased following the removal of water during the 

pretreatment step. The removal of water translated as removal of oxygen thus the amount of 

oxygen detected was significantly reduced. The detected  amounts of Co and Zn as shown in 

table 3, are in consistent range of amounts known to improve Ni(OH)2 in terms of electronic 

conductivity and as well as structural stability. The carbon that was revealed was from the 

adhesive sample holder on which the samples were loaded. 

 

Table 3: Elemental composition of both Ni(OH)2 and pre-reduced Ni(OH)2 by EDX 

 

5.1.3 NSNCC surface characterization  

5.1.3.1 Morphology and composition 

Particle morphology of the produced NSNCC is illustrated by the SEM image in Figure 27. The 

image [A] shows uniformly coated layers of Ni particles on pretreated Ni substrates having 

porous network. Additionally, the magnified image shown in [B] demonstrates the maintenance 

of spherical shape of the Ni particles after the final elevated 600°C temperature treatment step 

while obtaining highly opened nano-porous particle structure. 

Element composition Weight % original Ni(OH)2 Weight % pre-reduced 

Ni(OH)2 

C  8.93 3.75 

O  27.49 9.08 

Co  1.55 1.97 

Ni  58.65 80.53 

Zn  3.38 4.67 

   

Totals 100.00 100.00 
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The nano-porous structures as observed Figure 27 were further investigated by X-ray diffraction.  

Two similar pretreated Ni sheet used in the NSNCC fabrication were measured as reference. By 

comparing the spectra of both Ni sheets to NSNCC, the complete reduction of the NiO particles 

to the metallic Ni state as earlier depicted by the thermogravimetric studies was confirmed. 

Table 4 presents the EDX data of NSNCC, it provides the indication that the developed NSNCC is 

almost entirely metallic Ni with 95 weight percent detected. The corresponding amount of Co 

and Zn were as well in consistent agreement with the amounts found in the original Ni(OH)2. 

Figure 28, illustrates the results of the XRD spectra for the two Ni substrates and the NSNCC. As 

shown, the entire peaks of the fabricated current collector were indexed, with the peaks of the 

two reference Ni sheets. The developed NSNCC were deployed for electrochemical 

characterization in alkaline media and the results are discussed further in the next chapters.  

 

 

 

 

 

Table 4: Elemental composition of NSNCC 

Figure 27: SEM image of NSNCC 

Elemental composition Determined weight %  

Ni  95.0 

Zn  2.9 

Co  2.1 

  

Totals 100.0 
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Figure 28:XRD spectra for NSNCC and to 2 Ni sheet substrates 

 

5.1.4 Adhesion Measurements 

For the purpose of optimizing the Ni particles adhesion to the pretreated Ni plate substrates, the 

fabricated current collector was subjected to peel test experiments. Figure 29 show mechanically 

stable adhesion of the Ni particles to the metallic Ni substrate could be achieved in way that the 

current collectors could be bended without any losses from the coated Ni sheet. Optimized 

adhesion values achieved by peel test measurements recorded bonding strength that had 

improved from about 80N to 350N.  
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Figure 29: optimized adhesion between Ni particles and Ni sheet of NSNCC  
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5.2 Electrochemical characterization of NSNCC 

5.2.1 Half-cell measurements 

 The electrochemical characterization of the NSNCC have been performed in mixed alkaline 

concentrations solutions of potassium hydroxide, sodium hydroxide and lithium hydroxide (5.5M 

KOH, 2M NaOH and 0,5M LiOH) and in pure 6M KOH solutions.  

 

5.2.1.1 Cyclic Voltammetry 

Cyclic voltammetry experiments performed on the NSNCC were conducted in the mixed alkaline 

electrolytes as mentioned above. The potential window for this measurements was -1.2V as the 

lower cut-off potential and + 0.8V as the upper cut-off potential. The technique employed in this 

experiment was the quasi-static polarization method with slow scan rates of 50µVs-1 and 1mVs-1. 

As illustrated in Figure 30, the cyclic voltammetry results indicated that the developed NSNCC 

had very strong effect to both the oxygen evolution reaction (OER) and the hydrogen evolution 

reaction (HER). As illustrated in the diagram, improvements to the onset potentials -1.0V and 

+0.52V vs Hg/HgO for HER and OER reaction respectively relative to the bare Ni substrates which 

were at -1.17V and 0.55V vs Hg/HgO. A more pronounced effect is produced at the negative 

electrode. 

Figure 30: CV of NSNCC performed with the wide potential window from HER to OER at scan rates of 
50µVs-1 [A] and 1mVs-1 [B] 
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Additional CV experiments have as well been conducted in 6M KOH electrolyte. The investigation 

concentrated largely on the participation of the uncoated backside of the NSNCC together with 

the determination of the exact onset potential for oxygen evolution reactions. The studies were 

performed with two NSNCC samples, one current collector without any insulation on the 

backside as shown in Figure 31 [A]. The other current collector, was insulated on the backside 

with the two-component epoxy resin adhesive UHU-plus end fest 300 as shown Figure 31 [B]. 

The epoxy resin was both chemically and electrochemically stable against the KOH electrolyte. 

 

The cycling protocol used was such that the NSNCC was cycled from 0V up to 0.3V with 10 

repetitions at a scan rate of 20mV s-1. The upper potential boundary was increased after the 10th 

cycle by 50mV steps until 0.6V vs Hg/HgO. Figure 31 [A] and [B] presents the CV profiles 

obtained. The result points to the fact that, despite the bareness of the uncoated backside of the 

current collector it contributed in both the anodic and the cathodic reactions of the NSNCC 

samples. The sample without the epoxy insulation displayed about 6.5mAcm-2 higher current 

density than the sample with the epoxy insulation. By comparing, the overlaid profiles extracted 

from the Figure 31 [A] and [B] and with potential window between 0V and 0.6V as shown in 

Figure 32, the difference in the current density responses is displayed. The uninsulated sample, 

depicted as profile (X) showed consistently higher current density over the insulated sample.  

Figure 31: Cyclic voltammetry results of NSNCC with no backside insulation [A] and with insulation on the 
backside [B] 
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Figure 32: CV of NSNCC insulated on the backside A versus NSNCC without backside B insulation at 
20mVs-1  

 

Furthermore, the cyclic voltammetry results illustrated an almost symmetrical faradaic peak 

forms known to be associated with the oxidation of the Ni(OH)2 to NiOOH. During the forward 

scan, at a potential 0.48V vs. Hg/HgO the anodic transition of the Ni(OH)2 to NiOOH occurs. In the 

reverse scan, where the reduction of NiOOH to Ni(OH)2  occurred at 0.31V vs. Hg/HgO. The 

literature data for β-Ni(OH)2 / β-NiOOH anodic and cathodic couple in KOH  was 0.50V and 0.37V 

respectively while that of the α-Ni(OH)2 / γ -NiOOH was 0.43V and 0.34V respectively43,44. Based 

on the NSNCC fabrication history as well as the displayed reversible electrochemical properties 

exhibited and for the fact that the α- Ni(OH)2 to the β-Ni(OH)2, it can be speculated that, the 

redox transition occurring on the NSNCC during the CV experiment is that of the β/β. The 

relatively slight differences in both the anodic and cathodic peak potentials can be attributed to 

the nanostructured porosity available on the NSNCC. The well-established redox couple describes 

the measure of the capacity associated with the one-electron transfer process of the positive 

electrode reaction of Ni based alkaline batteries.  
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5.2.1.2 Galvanostatic Cycling 

The galvanostatic charge/discharge cycling techniques was deployed to measure, the capacity of 

the developed NSNCC having an average thickness of 100µm. The cycling protocol used  was such 

that a current of 0.5mA was applied for charging the NSNCC from the 0V until 0.6V vs. Hg/HgO 

reference electrode and discharged with the a current density of 0.2mA cm2 until the potential 

was 0V. An observed potential plateau at 0.57V vs. Hg/HgO occurred while small amount of 

suspected O2 evolution occurred on the surface that signified the complete charging of the 

NSNCC. The suspected O2 evolution was consistent with Ni(OH)2 electrodes in the overcharge 

mode. The charge/discharge cycle is shown in Figure 33 was repeated 10 times as the initial 

capacity determination step. The evaluation however revealed continuous increased of the 

capacity, which was a hint of activation process occurring on the NSNCC. Therefore, the NSNCC 

was continuously cycled until the capacity stabilized. The activation process was suspected to be 

a formation of thin films of Ni(OH)2 that is known to develop on Ni surfaces in alkaline media45. 

Owing to the highly porous nature and the inherent inner surface available on the developed 

NSNCC, the activation process that leads to the buildup this films of Ni(OH)2 was speculatively 

suspected as happening.  

 

Figure 33: Galvanostatic charge/discharge cycles of the NSNCC in 6M KOH 
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In a separate but similar experiment, the NSNCC was cycled within the same potential window as 

just mentioned above with a constant charge current of 0.5 mA but discharged at different 

current densities up to 400mA cm2 as indicated on Figure 35. The charging process in this 

experiment was however limited by time to avoid the case of overcharging as previously 

observed. The NSNCC appears to show an activation behavior that evolves from the first cycle 

and continues until about 30th cycles. Figure 34 below shows the 10th, 20th and the 50th charge 

in profile of the NSNCC.  The charging of the NSNCC start at about 0.37V vs Hg/HgO with a brief 

shoulder which continues until a second shoulder at about 0.4V. After this shoulder, is the 

relatively longer plateau until about 0.48 where another shoulder build before reaching the full 

charge plateau at 0.55V. These different charging stages were observed to be repeating at the 

20th charge profile. At the 50th charge cycle however, the first two charge shoulders observe on 

the 10th and the 20th profiles disappeared as profile moved directly to the relative long charging 

plateau. At this point the full charge plateau previously observed at 0.55V slightly dropped down 

to 0.53V. This can be attributed to the completion of the activation process. 

 

 

Figure 34: Charge profiles of NSNCC 
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As observed in Figure 35 before the maximum capacity of 0.45mAh was reached, the capacity 

increases continuously over the cycles. At this capacity of 0.45mAh, the capacity remained 

constant through the high discharge current with marginal capacity decrease. At the discharge, 

current density of 200mA cm2 the capacity recorded was 0.41mAh and at the highest discharge 

current density of 400mA cm2, the capacity was 0.31mAh signifying a drop of about 24%. Two 

assumptions are postulated to be the contributing factors of the activation/formation behavior, 

which in turns provides the capacity of the bare NSNCC. 

 

 

Figure 35: Current density dependency of NSNCC  

 

The first postulation which is supported by literature45, assumes that, metallic Ni electrodes upon 

their immersion into alkaline electrolytes in our case KOH almost instantaneously oxidize in the 

presence of oxygen to form nickel oxide (NiO) layers which tends to developed into a thin Ni(OH)2 

layers. Therefore, assuming the same phenomenon occurs with the developed NSNCC, which are 

essentially high surface area metallic Ni particles as well. Hence partial surface oxidation of the 

metallic current collector begins directly from the open circuit potential (OCV) and continues 

until about the 30th charge-discharge cycles to completely develop the thin film of Ni(OH)2 which 

in effect contributes to the observed capacity.  
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The second postulation rely strongly on the newly developed fabrication method that has led to 

the creation of nano porous particle structures of the NSNCC. The high porosity allow easy 

electrolyte accessibility to the inner surfaces available for electrochemical reactions. This has 

been the supporting hypothesis with regards to the electrochemical characteristic exhibited by 

the NSNCC. 
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6 Results and Discussion Part 2: Nickel hydroxide 

 

6.1 Ni(OH)2  Electrodeposition 

6.1.1 Ni(OH)2  Electrodeposition on Ni Plates 

The Ni(OH)2 have been deposited based on the experimental steps previously described in 

section 4.4.2. Illustrated in Figure 36 are the galvanostatic electrodeposition profiles of the thin 

film deposits of Ni(OH)2 material on the pretreated Ni sheets as well on NSNCC. The depositions 

were conducted from 0.1M Ni(NO3)2 electrolyte solution. The pH of the solution at 3.5 was 

adjusted more towards neutral pH with the addition of few drops of ammonia water (NH4OH). 

This was to ensure the formation of the disordered α-Ni(OH)2 with an applied cathodic current of 

2mA. The results demonstrated that the process was pH sensitive, as increasing electrolyte pH 

resulted in an increase in the WE potential for both substrates. Therefore all the Ni(OH)2 

subsequently deposited in this work has been performed with an electrolyte solution pH of 6. A 

phenomenon which was found to be in conformity with reports in literature37. The deposition 

profiles as illustrated in Figure 36 follows a stable process with an initial surge of the potential 

signifying the initiation of the surface transformations at the electrode and within the metal 

electrolyte interface region. After the initial surges followed the steady approach to equilibrium 

with the continuous decrease in the potential. This was equally in agreement with known 

suggestions in literature for other metal substrates like platinum (Pt) and stainless steel (SS)3346. 

In addition, the depositions progressed with the typical electrochromic characteristic behavior 

accompanying the Ni(OH)2 precipitation on Ni surface. The silver color appearance of the 

pretreated Ni sheet upon the onset of deposition turns grey and over continuous deposition 

darkens before the appearance of the green color47,48. Attempts made to increase the Ni(OH)2 

film deposits on the plain Ni plate beyond 5µm resulted in mechanically instable behavior that 

resulted with the deposits slipping of the Ni sheet.  
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Figure 36: Ni(OH)2 deposition profile for both pretreated Ni plates and NSNCC 

 

The Ni(OH)2 deposits gave a pale green color appearance with some level of transparency. 

Further investigations on the deposited films with the optical microscope (Keyence Microscope) 

determined the Ni(OH)2 film thickness. This was performed using the depth profiling analysis tool 

of the microscope as shown in Figure 37. The obtained result indicated a consistent outcome 

between the theoretically expected layer thicknesses of 5µm from the faradays equation and 

that experimentally obtained after the deposition.  
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Figure 37: Optical microscopic image showing the thickness of deposited Ni(OH)2 
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6.1.2 Ni(OH)2 Electrodeposition on NSNCC 

On the basis of the result achieved on the Ni plates, the deposition parameters were transferred 

to the NSNCC. Comparable experimental parameters described were used. The only varying 

parameter was time, which ultimately, depended on the desired deposition thickness. The 

developed NSNCC served as the working electrodes for the deposition. Hence, the depositions 

profiles as shown in Figure 36 above demonstrates the effect of the high surface property of the 

NSNCC with relatively lower potential responses. It was evidently visible with relatively higher 

initial upsurge of the potential responses compared to that of the pretreated Ni sheet in both 

solution pHs. The observed phenomenon was explained by the many available nucleation sites on 

NSNCC. Nucleation describes a heterogeneous process that occurs as a result of the initial 

interaction of the precipitate material in this case Ni(OH)2 and the surface of the substrate before 

the subsequent layers builds up. Owing to the nano porous structural nature of the developed 

NSNCC a schematic illustration of the expected Ni(OH)2 deposition process is shown in Figure 38 

below. As the deposition electrolyte was able to penetrate into the inner-pores of the Ni particles 

because of their highly porous nature, the Ni(OH)2 precipitation was expected to occur in the 

inner pore of the current collector. The transferred parameters from the plain Ni sheet led us to 

designate the deposited Ni(OH)2 electrode as an electrode with an ``equivalent layer thickness´´ 

description. Thus a 5µm equivalent layer Ni(OH)2 deposit that corresponded to a material mass 

loading of 2mg would mean in principle a NSNCC with Ni(OH)2 layer thickness of 5µm as it would 

have been on plain Ni sheet. 
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Figure 38: Schematic representation of the Ni(OH)2 deposition on nanostructured Ni current collector  

 

 

6.1.3 Surface characterization of Ni(OH)2 on NSNCC 

6.1.3.1 Morphology and Composition  

The physical appearance after deposition for the 5µm equivalent layer electrodes showed almost 

no observable change in the appearance of the NSNCC surface. The electrodes were found to be 

mechanically stable as drying and handling posed no harm to the electrode. On the microscopic 

level, they also appeared to have uniformly distributed film deposits as shown below in Figure 39 

[A] and [B]. Image [A] which had a lower magnification describes the overview appearance on the 

5µm Ni(OH)2 deposited NSNCC electrode. The topographical view on the electrode surface 

indicates that Ni(OH)2 deposition occurred through an inside out approach within the pores of Ni 

spheres. The morphological structures of the electrode reveals the preservation of the micro 

porosity of the NSNCC electrode. With the introduction of the 5µm Ni(OH)2 equivalent layer 

deposits on NSNCC, the nano porous features of the Ni(OH)2 is visibly displayed coving the Ni 

spheres of the NSNCC. This is in accordance to the previous statements made that draws the 

relation between electrolytes accessibility to the many available sites on the NSNCC. On the 

other hand, the image [B] in Figure 39 with higher magnification revealed that Ni(OH)2 did not 

only filled the pores of the spherical Ni particles but the flowerily needle-like structure grew thin 

film covering on the outer surface of the Ni particles as well.  
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10µm Ni(OH)2 equivalent layer deposits on the NSNCC which corresponds to 4mg cm-2 material 

mass loading presented a relatively different outlook. Figure 39 [C] shows moderate 

magnification image showing an overview perspective on the electrode. Although, the film 

growth in this instance was relatively higher the micro porous core structure of the NSNCC is still 

observed. The deposited film of Ni(OH)2 appear to form connecting network of material on top of 

the Ni spheres which almost covers the NSNCC. The magnified image as shown in [D], depicts 

that the Ni(OH)2 deposits show similar flowerily-needle like structures that preferred to form 

small nuclides / islands of themselves. 

Further attempts to increase the deposition thickness to 20µm Ni(OH)2 equivalent layers on the 

NSNCC on the other hand proved to be challenging. The layers were mechanically unstable upon 

drying such that they rolled off from the current collector. As a result, no microscopic images 

 

Figure 39: 5µm equivalent layer deposits of Ni(OH)2 on NSNCC [A] & [B]] and 
10µm equivalent layer deposits of Ni(OH)2 on NSNCC [C] & [D] 



65 
 

could be taken, however electrochemical investigations was possible and would be discussed 

below.  

EDX data shown in table 5 shows a consistent deposition process with regards to the elemental 

compositions detected. Elemental carbon, which is suspected to be from the adhesive tape used 

as the sample holder. The detection of Co was consistent from the NSNCC. Adding the 5µm 

equivalent layer Ni(OH)2 on NSNCC the relative amount of O2 to that of Ni detected was an 

indication of a consistent deposition process. On adding 10µm, equivalent layer the relative 

amount of O2 to Ni also showed equally consistent behavior owing to the depth of exposure of 

the electron radiation into the sample. 

 

 

 

 

 

 

 

Table 5: Elemental composition of Ni(OH)2 on NSNCC 

 

6.2 Electrochemical investigation of Ni(OH)2 on NSNCC  

6.2.1 Half Cell Measurements 

6.2.1.1 Cyclic voltammetry  

Cyclic voltammetry experiments have been performed on Ni(OH)2 electrodes having equivalent 

layer of 5µm and 10µm on NSNCC in 6M KOH electrolytes as illustrated in Figure 40 [A] and [B]. 

The potential window used in the investigation was between 0V and + 0.7V and was normalized 

with the Hg/HgO reference electrode. The scan speed was varied to investigate the reversibility 

Composition Determined weight % 

of adding 5µm 

Ni(OH)2 on NSNCC 

Determined weight % 

of adding 10µm 

Ni(OH)2 on NSNCC 

C 4.53 3.36 

Co  1.75 0.74 

O 14.56 34.36 

Ni  77.57 61.54 

Totals 100.00 100.00 
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of the Ni(OH)2/NiOOH redox couple as well to investigate the evolution of the capacitive 

properties as the equivalent layer of Ni(OH)2 on NSNCC is increased. The distinct feature 

observed on both CVs was the high current densities measured for the redox transition between 

Ni(OH)2 and NiOOH. 169mAcm-2 and 290mAcm-2 were recorded for the 5µm and 10µm 

equivalent layer thicknesses respectively. This gave an indication of the addition of high redox 

capacities on NSNCC as the current densities recorded for the NSNCC alone was about 40mAcm-2. 

 

Furthermore, table 6 below gives an over view of peak anodic and cathodic peak potentials 

associated with the addition of Ni(OH)2. An anodic potential measured for the 5µm equivalent 

layer of Ni(OH)2 on NSNCC was 0.5V. This represents an anodic peak shift of 20mV relative to that 

bare NSNCC. Similar but higher shift of 60mV relative to the bare NSNCC at 0.54V was measured 

for the 10µm equivalent layer thickness of Ni(OH)2 on NSNCC. On the reverse, a similar cathodic 

potential peek shifts were observed at 0.22V and 0.19V for the 5µm and the 10µm equivalent 

Ni(OH)2 layer respectively. The recorded potentials both anodically and cathodically were in 

acceptable ranges with the literature values of the β/β redox couple. The slight deviations 

observed on the cathodic potentials however can be speculatively attributed to incomplete 

reduction of the oxidized NiOOH species as well as the be poorly electric conducting of the 

Ni(OH)2 which is known to be a challenge with most Ni(OH)2 electrodes. 

 

 

Figure 40: CV for 5µm Ni(OH)2 equivalent thickness [A] and 10µm equivalent thickness [B] 
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samples Oxidation peak 

potentials / [V] 

Reduction peak 

potentials / [V] 

NSNCC without epoxy  0.48 0,31 

NSNCC with epoxy 0.49 0.31 

5µm Ni(OH)2 0.50 0.22 

10µm Ni(OH)2 0.56 0.19 

Table 6: Oxidation and reduction peak potentials 

 

6.2.1.2 Capacity under electrical load  

Galvanostatic charge/discharge technique have been used to perform investigations on the 

developed Ni(OH)2 electrodes in 6M KOH electrolyte. The determined capacity for the NSNCC 

alone without the addition of Ni(OH)2 was found to be 0.45mAh. Therefore, the addition of 

different Ni(OH)2 equivalent layer thicknesses of 5µm, 10µm and 20µm on nanostructured Ni 

current collector was investigated. Figure 41 shows the results of half-cell measurements 

performed on the NSNCC together with the 5µm, 10µm and 20µm Ni(OH)2 equivalent layer 

electrodes. The determined capacity of 0.45mAh for the NSNCC served as basis. The respective 

Ni(OH)2 electrodes having 5µm, 10µm and 20 µm equivalent layer thicknesses as shown in the 

table 7 below were charged with their 1C currents which were calculated from the theoretical 

capacity of  β-Ni(OH)2 taken to be 289mAh g-1. The measured capacities for the 5µm, 10µm and 

20µm Ni(OH)2 equivalent layer electrodes is as listed as well in table 7 
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Ni(OH)2 

deposited 

thickness [µm] 

Ni(OH)2 

deposited mass 

[mg] 

Calculated 

capacity from 

289 [mAh g-1] 

Measured 

Capacities  

[mAh g-1] 

5 2 0.58 0.75 

10 4 2.31 1.5 

20 8 4.62 2.5 

Table 7: Charge protocol for Ni(OH)2 electrodes cycling in 6M KOH 

 

Following an asymmetric cycling regime, the electrodes were cycled in 6M KOH with their 

respective 1C currents and discharged with different currents that ranged from 0.2mA cm-2 up to 

400mA cm-2 as illustrated in Figure 41. Each cycle was repeated 10 times before stepping to the 

next discharge current density. An activation effect, as previously observed on NSNCC was also 

visible with the Ni(OH)2 electrodes particularly the electrodes with equivalent layers thicknesses 

of 5 and 10 µm. The 5µm equivalent Ni(OH)2 electrode as shown in Figure 42 displays the charge 

profile from the 10th ,20th and the 50th cycles. The 10th and the 20th profiles both show similar 

profile behavior with the charge shoulder at about 0.37V vs Hg/HgO. This is followed with 

 

Figure 41 Discharge capacities of the developed Ni(OH)2  electrode at different current 
densities □: NSNCC, ∆: 5µm Ni(OH)2 on NSNCC, ○: 10µm Ni(OH)2  on NSNCC and ◊: 20µm 

Ni(OH)2  on NSNCC 
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relatively longer charging plateau 0.4V until about 0.48V where another brief shoulder develops 

before the full charge plateau at about 0.55V. The 50th charge profile on the other hand shows no 

charging shoulders. The profile directly charges through the long charge plateau until the full 

charge potential of about 0.53V. As previously seen with NSNCC the slight drop in the full charge 

potential can be speculated, as signifying the completion of the activation process. As shown in 

Figure 42, the 5µm equivalent layer electrodes appears to finish the activation behavior at the 

about the 20th cycle.  

 

 

Figure 42: The 10th, 20th and the 50th charging profile of the 5µm equivalent Ni(OH)2 on NSNCC 

 

The attained steady capacity of 0.75mAh cm-2 for 5µm equivalent layer electrode remained 

constant and showed minor decay throughout the entire experiments. Figure 43 [A] and [B] 

presents the first and second charge-discharge profiles of bare NSNCC and that of the 5µm 

equivalent Ni(OH)2 electrode. Although the bare NSNCC possess capacity by itself the profiles 

presented in Figure 43 shows a significant improvement relative to the original capacity observed 

on the NSNCC. The curves additionally, confirms the suspected building up of thin Ni(OH)2 layers 

on NSNCC during cycling. The potential where charge shoulders were previously seen on NSNCC 

are about the same even with the 5µm Ni(OH)2 electrode. This is clearly revealed with the profile 

[B] where shoulder signifying the beginning of charging is almost superimposing on each other. 
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An outcome that is accredited to the synergistic combination of the deposited layers of Ni(OH)2 

and the NSNCC as previously perceived from the microscopic images in section 5.1.2 Figure 39 

[A] and [B]. It is worth to mention that, in terms of active material utilization, electron 

conductivity as well as the proton intercalation-de-intercalation associated with the charging – 

discharge processes were as well improved having achieved 533C discharge rate on the 

electrode. 

 

Figure 43: Charge/discharge cycle of NSNCC and 5µm equivalent layer Ni(OH)2 on NSNCC 

 

Likewise, an increase in the equivalent layer of Ni(OH)2 to 10µm resulted in a slightly different 

activation behavior. This lasted until about 20th cycle before a steady capacity of 1.5mAh cm-2 

was achieved. The capacity remained almost constant through the entire duration of the 

experiment with slight decay in the capacity. Another interesting phenomenon that can be linked 

to the microscopic image previously observed in section 5.1.2 [C] and [D]. The electrode 

capacities were quite constant up to 400 mA cm-2, already indicating a superior high power 

capability of 266C. The reason for the high electrochemical performance could be attributed to 

the fast electrolyte accessibility not just on the electrode-electrolyte interface but also the inner 

surface of the electrode could be utilized. In addition, electron conductivity and proton transfers 

process as previously mention were equally improved in the electrode. 

 The 20µm equivalent layer of Ni(OH)2 deposits on NSNCC showed a rather known behavior 
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densities resulted in the continuous drop in capacity. No evidence of the activation behavior was 

seen with the electrodes. The initial observed capacity was consistently higher with respect to 

the Ni(OH)2 material mass loading which was about 2.5mAhcm-2. The fast decay of the capacity 

with the increasing discharge current densities could be speculated attributed based on the 

observation from the 5 and 10µm electrodes that the deposited Ni(OH)2 film had a threshold 

point. Thus beyond this point, the deposited films filled all available sites on the NSNCC which 

hinders electrolyte penetration. This assumption gets support from the phenomenon that was 

observed during drying of electrode. The Ni(OH)2 layers became mechanically unstable to the 

extent that they peeled off from the current collector. A behavior which was not observed with 

the 5µm and 10 µm equivalent layers of Ni(OH)2  coatings.  

 

 

6.2.2 Measurements of asymmetric Ni(OH)2 // Activated carbon cell 

6.2.2.1 Capacity under electrical load 

Based on the results obtained in section 6.2.1, the galvanostatic charge-discharge cycles on the 

half-cell experiments, an ultra-high power aqueous asymmetric double layer capacitor cell was 

assembled. The 5µm equivalent layer thickness of Ni(OH)2 coated on NSNCC and having capacity 

of 0.75mA cm-2 is used as the cathode. Commercial activated carbon served as the anode while a 

poly olefin fiber served as the separator. The cell design was that similar to a flooded cell that 

used 6M KOH as the conducting electrolyte. Additionally the cell was limited by design on the 

cathode as the anode was over dimensioned by 30% in terms of capacity. The cell assembly as 

previously introduced in section 4.5.2 as both electrodes sandwiched the separator and packed 

in the PTFE grid. The larger glass cell employed in the measurement allowed for the insertion of a 

reference electrode (Hg/HgO) that monitored the individual electrode potentials within the cell 
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Figure 44: Full cell galvanostatic discharge curves of the ultra-high power Ni(OH)2  capacitor at different 
current densities 

 

As illustrated above in Figure 44 the galvanostatic charge-discharge measurement of the 

assembled full cell was cycled at different specific currents densities that ranged from low to high 

currents (0.1 Ag-1, 10 Ag-1,100 Ag-1 and 1000 Ag-1) while attempting to probe the cells’ high 

power capability. The results indicate a very stable battery-like discharge behavior at the positive 

Ni(OH)2 electrode while the negative commercial activated carbon showed the distinctive linear 

behavior of a typical double layer capacitor. Another feature that was observed in the discharge 

curves below in Figure 45 was the different discharge rate capabilities of up to 2305C. The cell 

capacity which was 0.83mAh, was in range of the 0.75mAh cm-2 capacity of the 5µm Ni(OH)2 

equivalent layer on NSNCC electrode.  
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The NSNCC has by itself a capacity of 0.45mAh g-1, which contributed to the total capacity. The 

cell, achieved capacity is well above the known theoretical capacity as previously mentioned 

above and as illustrated in Figure 46. The reason that is attributed to the significant increase in 

specific capacity is the added capacity from the NSNCC. Another strong literature claim suggest 

that, beside the traditional proton transport mechanism associated with the Ni(OH)2 as shown in 

reaction 17, they also appear to have the tendency to react with the Potassium cations when 

fully oxidized to form hydrated complex compounds of potassium nickel oxide (K(NiO2)3 - xH20) as 

shown in reaction 18. This postulated that, fully oxidized hydrated phase when fully utilized has 

the tendency to increase the theoretical capacity be about 67%49. 

 

Ni
OH�� + OH� → NiOOH + 2H�O + 1e� 17 

  

Ni
OH�� + 0,33K� + 2OH� → 0.33K
NiO��� + 2H�O + 1.67e� 18 

 

Theoretical specific capacity calculated based on one electron exchange for the β-Ni(OH)2/β-

NiOOH redox couple reaction is 289mAhg-1. However, the specific capacity of the developed 

Ni(OH)2 electrode based of the NSNCC fabrication method reaches up to 420mAh g-1. 

 

Figure 45: Discharge rate capabilities of the ultra-high power capacitor cell 
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Figure 46: The discharge curves in the ranges from 2.3C to 2,305C. b: the nominal specific capacity 
Ni(OH)2 

 

6.2.2.2 Extended life cycle test 

Extended lifetime measurements performed on the assembled ultra-high power cell is as shown 

in the Figure 47. The cycling protocol was such that the cell was charged and discharged at fast 

rates with 100C charge and 100C discharge for 10,000 cycles. With a 100% depth of discharge 

(DOD) between an upper cell voltage of (Umax) 1.5 V and a lower cut off voltage (Umin) 0.1 V. 

Owing to their huge number, the 100C cycles are not shown in the diagram in Figure 47. What is 

rather presented are profiles that immediately followed the 10,000th discharge step, which is 

four, slow rate 1C symmetrical charge-discharge cycles for capacity determination. The 

measurements as illustrated in the graph Figure 47 (a), shows a gradual increase in the capacity 

through the four cycles. An indication of the known charge limitation challenges that is 

associated with high C-rate cycling for most battery electrode. Proton diffusion limitations, 

kinetics and mass transport limitations are known factors contributing to this limitation. 

Therefore, cycling at such slow C-rates as illustrated with the four cycles allows the electrode to 

recover while improving utilization thus the observed capacity increases. A behavior that is seen 

consistently through the entire 300,000 cycles with only slow decay in capacity. As estimated, 

about 73% of the initial capacity remained after 300,000 cycles at 100C charge-discharge rate. 
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measured similarly as the first cell. The first cell represented as generation 1 had an anode 

capacity of 50mAh g-1 and the second cell as generation 2 anode capacity of 150mAh g-1. The 

generation 2 cell delivered cell performance comparable to the generation 1 with similar 

capacities as depicted in the plots below but with 50% higher energy density of about 75Whkg-1. 

The result describes the significant increase in the cycling capabilities of the positive Ni(OH)2 

electrode and their ability to withstand the harsh condition of high rate charging-discharging 

cycling. In addition, the results seems to be lean contrary to some literature information that 

seeks to draw analogy between the effects of charging Ni(OH)2 electrodes with low, moderate 

and high discharge rates of the Ni(OH)2 electrode material47,50. Some literature reports suggests 

that at high rates cycling, only one electron transfer is possible with the Ni(OH)2 electrodes which 

leads to limited utilization of the available capacity as a result of the proton transfer 

limitation51,52. The results presented in Figure 45 shows that with moderate and low discharge 

rates, active material utilization is maximized and as a result leads to higher capacities.  

 

 

Following the significant results achieved a comparison of the achieved results to the current 

commercially available NiMH batteries types both for high energy and for high power 

applications were analyzed using the Peukert law. This expression relates the capacity of a 

 

Figure 47: The cycling stability of the ultra-high power capacitor at 300,000 charge discharge cycles. 
Capacity determination with 1C charge/discharge after 10,000 charge/discharge cycles with 100C 
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battery in terms of the rate at which it is discharged. The obtained results as demonstrated in 

Figure 48  show a significant improvement in the NiMH battery technology in linear Peukert 

range with discharge capability 1,150C before showing sign of decay. An outstanding result for 

NiMH battery technology in general and specifically for the high power application based on the 

newly developed current collector/electrode fabrication method.  

 

 

Figure 48:The discharge capability as described by the Peukert diagram shows the possibilities of the 
ultra-high power cell in comparison to commercially available NiMH energy and power cells 

 

On the basis of the results achieved from the positive Ni(OH)2 electrode, the NiMH battery can 

stage claim of a higher rate performance electrode capable of competing with other available 

known high power batteries technologies. As indicated by linear Peukert behavior of up to 

1,150C and equivalent discharge capability of roughly 3s without any significant capacity loss has 

been demonstrated. 
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7 Results and Discussion Part 3: Manganese dioxide 

 

7.1 MnO2 deposition  

The approach to produce manganese dioxide followed the electrochemical deposition from 

manganese salts MnSO4 and Mn(NO3)2. The goal to electrochemically deposit MnO2 onto the 

developed NSNCC was attempted using  

• sulphuric acid (H2SO4) acidified MnSO4,  

• acetic acid (CH3COOH) acidified MnSO4,  

• neutral MnSO4 solutions  

• neutral Mn(NO3)2 solutions.  

The sulphuric acid (H2SO4) acidified MnSO4 was initially chosen based on literature that suggested 

it as the MnO2 source having theoretical capacities up to 2000 Fg-1 and being the preferred 

gamma phase crystallography for DLC applications53–57.  

 

7.1.1 MnO2 electrodeposition on different metallic substrates 

Preliminary investigations with linear sweep voltammetry were conducted on different metallic 

substrates that included pretreated plain Ni plates, stainless steel plates (1.4301) and platinum 

plates to determine deposition conditions. 

 

Mn�� + 2H�O → MnO� + 4H� + 2e� 19 
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Figure 49 shows the potential versus current curves obtained from the linear sweep voltammetry 

experiments performed in 2M MnSO4 and 0.15M H2SO4 solution. The result provided information 

about the potential range for MnO2 deposition on the different substrates. The electrolyte-

surface interaction as well as the involvement of possible side reactions during the deposition 

process were also investigated. With a scan speed of 5mV s-1, the potential was swept from the 

OCV to the end potential of 1.6V. The potential of the Ag/AgCl reference electrode within the 

electrolyte used with respect to the reversible hydrogen electrode (RHE) was 0.197V. This 

provided the needed stability as the deposition potential for MnO2 was expected to be relatively 

close to the dissociation potential of water (1.23V vs SHE). 

The current peaking at potentials between 1.10 and 1.20V vs. Ag/AgCl regardless of the substrate 

used, indicated the potential range for the MnO2 deposition as indicated by reaction 19. The 

appearance of the brownish black deposits on the substrates surface at the observed potential 

range were in consistent agreement with the data found in literature55,56,58,59. The suspected 

influence of the oxidation of water (OER) as competing reaction was observed with gas bubbles 

that continuously left the surface during the deposition process. As indicated on the graph in 

Figure 49, side reactions were observed on the plain Ni plate between the potentials of -0.2V and 

+0.5V. However, the influence of this side reaction was ignored, as it occurred at potentials that 

 

Figure 49: Linear sweep voltammetry profile on Ni, Pt and Stainless steel 1.4301 substrates in 2M 
MnSO4 + 0.15M H2SO4 
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were far from the observed MnO2 deposition range. Additional side reaction was observed on the 

stainless steel plate, at potentials between 0.85V and 1.1V vs Ag/AgCl. The reaction, which was 

suspected to be oxidation of chromium oxide that usually buildup on most stainless steels was 

found to be too close to the observed potential range for MnO2 deposition. Platinum plates, as to 

be expected because of its noble nature, showed no evidence of side reactions. Nevertheless, Ni 

plate was chosen for further investigations over Pt based on the target substrate being NSNCC. 

The investigations on the different metal substrate, besides proving the potential range for MnO2 

deposition, also demonstrated that the deposition of MnO2 is a very surface sensitive process. 

 

The attempts to transfer the acquired knowledge from the LSV deposition on the different 

metallic substrates to the NSNCC could however not be achieved. The challenge of an almost 

spontaneous gassing on the surface of the NSNCC was suspected to be H2SO4 reacting with 

NSNCC to give H2. Several efforts to either lower the concentration of H2SO4, to eliminate the 

H2SO4 or replace with a weak acid like acetic acid (CH3COOH) resulted in non-reproducible 

deposition process. Figure 50 describes the current versus potential curves from LSV conducted 

on NSNCC in the neutral MnSO4 and under similar condition as previously. The side reaction 

observed on Ni plates in Figure 49 was seen at about same potentials. The potential range for the 

 

Figure 50: Linear sweep voltammetry profiles on NSNCC from 2M MnSO4 
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MnO2 deposition shifted to lower potentials between 0.5V and 0.8V vs Ag/AgCl while at about 

1.0V OER followed with significantly high current responses. Although the LSV result was 

promising, the exact depositions on NSNCC from the neutral MnSO4 solution were as well non-

reproducible. Other methods like electrochemical surface cleaning steps with evolving either H2 

or O2 on NSNCC were equally attempted but yielded again non-reproducible MnO2 depositions 

with respect to the capacity of the formed MnO2/NSNCC electrodes. Based on the challenge of 

irreproducibility of the deposition on NSNCC, the electrolytic MnO2 deposition via the acidified or 

neutral MnSO4 solution path was abandoned and MnO2 deposition from Mn(NO3)2 was 

investigated as an alternative. 

 

7.1.2 Mn(OH)2 electrodeposition on Ni plate  

The deposition from the Mn(NO3)2 solution was based on the acquired knowledge from the 

Ni(OH)2 deposition as well as the irreproducibility challenges faced in depositing from the MnSO4 

solutions. From literature36, electrochemical deposition via the nitrate (NO3
ˉ) path34 leads to 

MnO2 and Mn(OH)2 simultaneous deposition on the positive and negative electrodes 

respectively. The deposition from the nitrate salts as previously introduced in section 6.1.1 

follows a two-step process. First, an electrochemical reaction process where the nitrate (NO3
ˉ) 

ions are reduced to the nitrites (NO2
-) and hydroxyl anions (OH-) as illustrated in reaction 11. The 

pH of the electrolyte in the immediate surroundings of the working electrode turns to be alkaline 

due to the increasing OH- concentration. The second step follows a chemical reaction process 

where the Mn2+ combines with the OH- via a precipitation reaction to produce Mn(OH)2 that 

deposits on the positive electrode as described in reaction 13.  

  

NO�
� + H�O + 2e� → 2OH� + NO�

� 11 

 

Mn�� + 2OH� → Mn
OH�� 13 
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7.1.2.1 Linear sweep voltammetry deposition 

Prior to the deposition on the NSNCC, LSV experiments were conducted on pretreated Ni plates 

for positive and negative electrodes. This enabled the determination of the potential range for 

Mn(OH)2 deposition. The investigation presented no side reactions during the deposition. Since 

the deposition was a cathodic process, applying a 5mV s-1 scan rate on the working electrode 

from -1.2V to 1.2V vs. the Ag/AgCl, current versus potential curves as shown in Figure 51 were 

obtained. From the potential of -1.2V, there was direct surge in current as well as rigorous 

gassing which was an indication of HER process. As the potential sweep approached about -0.5V, 

the current response was about 0mA, which remained constant at 0mA until about 0.25V. The 

gradual increase in the current response from 0.25V signified the beginning of surface oxidation 

processes. Within the potential range of 0.55V to about 1.0V, the current peaked, gradually 

decreased, and slowly began to surge upward again. The profiles in Figure 51 display the 

Mn(OH)2 deposition behavior on the Ni plates at potential range between -0.5V and -1.1V.  

 

 

Figure 51 Current versus potential profiles form linear sweep voltammetry in 1M Mn(NO3)2 of 5mVs-1 

     

7.1.2.2 Potentiostatic deposition  

The potentiostatic deposition method was chosen as the deposition technique for the Mn(OH)2. 
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deposited on both the positive and the negative electrodes respectively. The deposition on the 

negative electrode followed reaction 13 whereas the deposition on the positive electrode 

followed reaction 18. Figure 52 [A] describes the Mn(OH)2 deposition curves on the negative 

electrode. Additionally, Figure 52 [B] shows the two resulting deposited negative electrodes with 

Mn(OH)2 having a pale yellow appearance and the MnO2 deposits with the brownish-black 

appearance at the positive electrode.  

 

 
 

Figure 52: [A] Current profiles from potentiostatic deposition of Mn(OH)2 from 1M Mn(NO3)2 on Ni 
plate at -1.1V [B] picture of both pale yellow Mn(OH)2 deposit on negative and black MnO2 deposit on 

positive electrode 

 

 

7.1.3 Mn(OH)2 Electrodeposition on NSNCC  

7.1.3.1 Linear sweep voltammetry deposition 

The results of analogous LSV experiments performed on NSNCC are illustrated in Figure 53. The 

curve behavior as well as potential range for the Mn(OH)2 deposition are comparable to that 

observed on Ni plates in Figure 51, specifically on the reductive parts. The onset potential for 

MnO2 and for OER process shifted to lower potentials between 0.45V and 0.6V vs. Ag/AgCl. At 

the same time, a much higher current responses reaching about 180mA cm-2 can be observed. 

Both of these effects can be attributed to the high porosity of the NSNCC.  
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Figure 53: Current versus potential profiles of linear sweep voltammetry in 1M Mn(NO3)2 on NSNCC 
5mV-1 

 

7.1.3.2 Potentiostatic deposition  
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structure appears to be deposited to be shown in section 7.2.1 in figure 55 [C] & [D].  
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Figure 54: Mn(OH)2 Deposition profiles on NSNCC with 5µm [A], 10µm [B] and 20µm [C] 
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7.1.4 MnO2 on NSNCC 

The Mn(OH)2 deposits on NSNCC were further subjected to a chemical oxidation process that 

oxidized the Mn2+ to the Mn4+ in the form of MnO2as described in reaction 19. By immersing the 

deposited Mn(OH)2 electrodes into a solution containing a 1:1 mixture of 0.1M KOH and 0.1M 

H2O2
60 an almost spontaneous conversion of the Mn(OH)2 into MnO2 was observed. The 

produced MnO2 is suspected to catalyze the disproportionation reaction of excess peroxide, to 

release O2 as indicated in reaction 21, causing spontaneous O2 gas evolution61. The reactions 20 

and 21 were continued until no evidence of O2 evolution was observed.  

 

Mn
OH��
s� + H�O�
aq� → MnO�
s� + 2H�O
l� 20 

  

2H�O�
YZ[\ 
]̂ ^̂ _  2H�O + O� ↑  21 

 

After oxidizing Mn(OH)2 to MnO2, the electrodes were analyzed by ICP-OES. Table 6 presents the 

acquired results from ICP-OES for the equivalent layer MnO2 layer of 5µm, 10µm and 20µm for 

two NSNCC samples. The results show slight scattering for similar samples. This behavior 

confirmed our earlier suspicion (section 7.1.3.2) regarding the slight variation in the deposition 

process of the highly porous NSNCC. Nevertheless, the MnO2 deposition error is below 10%. 

 

Table 8: Determined amounts of Mn in MnO2 deposit on NSNCC from ICP-OES 

 

Calculated layer 

thickness [µm] 

Determined mass of 

Mn in MnO2 from 

ICP-OES  sample 1 

[mg] 

Determined mass  

Mn in MnO2 from 

ICP-OES  sample 2 

[mg] 

Average mass of  

Mn in MnO2 

sample 1 & 2   [mg] 

5 1.64 1.45 1.55 

10 3.17 3.09 3.13 

20 5.69 6.46 6.08 
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Applying equation 11 below, the amount of MnO2 on each equivalent layer of MnO2 was 

calculated as indicated in table 9. The attained results were in acceptable agreement with the 

theoretically calculated masses from the faradays law.  

 

m
MnO�� =
m
Mn�`ab�[cd [g]
M
Mn� [g mol�7]

 � M
MnO�� [g mol�7] 
11 
 

Table 9: Mass variation in the MnO2 deposits on NSNCC 

 

 

7.2 Physical Characterization of Mn(OH)2 and MnO2 on NSNCC 

7.2.1 Mn(OH)2 on NSNCC 

7.2.1.1 Morphology and Composition  

The surface morphology and composition of Mn(OH)2 deposits on NSNCC have been investigated 

via SEM and EDX. Figure 55 [A] and [B] illustrates the surface morphologies of a 5µm equivalent 

layer deposit of Mn(OH)2 on NSNCC. The deposited film is uniformly distributed covering 

completely the NSNCC and showing some open channels on the surface. The morphology 

appears with a nanoporous network that seems to possess mixed structural features. Particularly 

visible on image [B], the film appears to be building mold-like layers that show a hairy-like 

morphology on the top surface. In additional, vertical wall-like structures are observed below the 

mold-like films layers.  

Calculated layer 

thickness [µm] 

Calculated  MnO2 

capacity [mAh cm-1] 

Calculated MnO2 

masses [mg] 

Average MnO2 masses 

by ICP-OES [mg] 

5 1.57 2.60 2.30 

10 3.13 5.08 5.01 

20 6.26 10.15 9.60 
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Figure 55 [C] and [D] represents equivalent layer deposits of 20µm Mn(OH)2 on NSNCC. The 

morphology of the deposits appears more dense than that of the 5µm layer with more visible 

vertical wall-like surfaces. It appears to have multi-channels of both inner and outer surface. The 

image depicts mixed structural features as pockets of the deposits show a flowery-like 

morphology. As expected from the different deposition behavior (Figure 54), the structure 

changes are visible between the 5µm and 20µm Mn(OH)2 equivalent layers on NSNCC. 

Surface composition analysis performed on the sample by EDX gives clear confirmation to the 

relative amounts of Mn detected on both samples. Though there was no evidence of the 

underlying Ni particle from the SEM images on the 5µm equivalent layer, 2.3wt.% Ni was 

detected by EDX measurements. The 20µm equivalent layers electrodes with the relatively 

thicker layer showed no evidence of the NSNCC particle underneath.  

  

  

Figure 55: 5µm equivalent Mn(OH)2 layer on NSNCC [A] & [B] and 20µm equivalent Mn(OH)2 layer on 
NSNCC [C] & [D]  
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Table 10: EDX data for 5µm and 20µm equivalent Mn(OH)2 deposits on NSNCC 

 

7.2.1.2 Mn(OH)2 Structure  

XRD experiments were conducted on 5µm and 20µm equivalent Mn(OH)2 deposit on NSNCC. 

Following the results from SEM, it was suspected that the Mn(OH)2 deposit displays mixed 

structural phases. The XRD spectra illustrated in Figure 56 display the spectra of deposited 5µm 

and 20µm equivalent layer thickness on NSNCC. The Mn(OH)2 Pyrochroite based structure is 

revealed together with overlap peaks of Mn3O4 Hausmannite structure. The high peak intensities 

of the underlying Ni from the NSNCC observed with the 5µm Mn(OH)2 layers is significantly 

reduced in the case of the 20µm Mn(OH)2 as a result of the film thickness. The slight shift in some 

peak positions as well as the broadening of the peaks can as well be attributed to the film 

thickness. 

Element Weight % in 5µm Mn(OH)2 

deposit on NSNCC 

Weight % in 20µm Mn(OH)2 

deposit on NSNCC 

C  5.75 2.50 

O  37.56 24.01 

Mn 54.30 73.49 

Ni 2.39 0 

Totals 100.00 100.00 
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Figure 56: XRD spectra of deposited Mn(OH)2 on NSNCC  

 

 

7.2.2 MnO2 on NSNCC 

7.2.2.1 Morphology and Composition  

 

The surface morphology of the chemically oxidized 5µm equivalent MnO2 deposit on NSNCC 

before electrochemical cycling is shown in Figure 57 [A] and [B]. In reference to Figure 55 [A] and 

[B], which represents the 5µm equivalent Mn(OH)2 layer, the hairy-like morphology that was 

observed disappears after the chemical oxidation process. The nanoporous, flowery-like vertically 

walled arrays appear to be the dominant feature of the surface although evidence of the mixed 

structural features persisted. They also appear to have very high internal surface and multiple 

channels making the inner surface accessible for electrolyte penetration. The film deposits 

remain uniform on the NSNCC.  
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Figure 57: 5µm equivalent MnO2 layer on NSNCC 

 

Figure 58 [A] and [B] describe the 10µm equivalent MnO2 deposits on the NSNCC before 

electrochemical cycling. Similar features described on the 5µm equivalent layer were observed. 

An additional observation comparing the images of the 5µm and 10µm equivalent layer, is the 

obvious increase in material mass loading on the 10µm layer since all images were captured with 

same magnification. Due to the dense nature of the film, the 10µm equivalent layer appear to 

develop a more structured, well-connected nano-wall network that entirely covers the NSNCC.  

  

Figure 58: 10µm equivalent MnO2 layer on NSNCC 

 

Similar features are seen on the 20µm equivalent MnO2 layer on NSNCC as depicted in Figure 59  

[A] and [B]. The obvious feature of this layer is the apparent higher density of the surface layer 

which is consistent with the material mass loading of the equivalent thicknesses presented in 

table 9. The mixed structural features, the nano wall morphology, the flowery-like structures and 
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the multi-channel network system described above are more pronounced since the film growth is 

much thicker.     

  

Figure 59: 20µm equivalent layer MnO2 deposit on NSNCC 

 

In table 11, the EDX data obtained for the 5µm, 10µm and 20µm equivalent MnO2 deposit on 

NSNCC before electrochemical cycling are presented. The elemental composition of the layers 

displayed all the incorporated possible elements in the electrode fabrication process. The 

Potassium (K) was present due to the chemical oxidation process where KOH has been used. The 

relative amount of Mn is found to be almost constant, revealing a good reproducibility of the 

final MnO2 film composition. 

Table 11: EDX data from the 5µm, 10µm and 20µm equivalent MnO2 deposit on NSNCC before cycling 

Element composition Weight % 5µm MnO2 

deposit on NSNCC 

Weight % 10µm 

MnO2 deposit on 

NSNCC 

Weight % 20µm 

MnO2 deposit on 

NSNCC 

C  4.56 3.97 3.49 

O  32.70 32.80 32.53 

K 9.08 6.86 3.35 

Mn 52.88 55.95 60.26 

Ni 0.77 0.42 0.37 

Totals 100.00 100.00 100.00 
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7.2.2.2 MnO2 Structure 

Figure 60 shows the spectra of chemically transformed MnO2 from the deposited Mn(OH)2. 

Compared to the spectra of Mn(OH)2 shown in Figure 56, chemically oxidized Mn(OH)2 to MnO2 

on NSNCC structure display an amorphous structure. Thus, the chemical oxidation process 

converts the pyrochroite base structure with the semi-crystalline phase of Mn(OH)2 to a more 

disordered phase. However, due to the many overlapping peaks of MnO2 structures from the 

Nsutites and Birnesite phases, it can be concluded that, the MnO2 has an intermediate structure 

possessing mixed MnO2 phases. 

 

Figure 60: XRD spectra for deposited chemically oxidized MnO2 on NSNCC 

 

 

7.3 Electrochemical Investigation of MnO2 on NSNCC 

7.3.1 Half-cell measurements  

7.3.1.1 Stability window determination  

The electrochemical influence of MnO2 deposits on the capacity of the developed NSNCC was 

studied by CV measurements in 6M KOH. Additionally, the stability window of the MnO2 

electrodes in the KOH electrolyte was investigated. Electrodes with MnO2 deposition thicknesses 
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of 5µm, 10µm and 20µm equivalent layers have been investigated. The potential versus current 

profiles obtained for the 5µm, 10µm and the 20µm equivalent MnO2 layers on NSNCC before 

galvanostatic cycling are illustrated in Figure 61 [A], [B] and [C] respectively. The profiles display 

selected cycles with potentials from 0V and upper potential limits of 0.35V, 0.45V, 0.55V, 0.65V 

and 0.75V vs Hg/HgO for simplicity. The 5µm MnO2 equivalent layer electrode in Figure 61 [A], 

show a dominating OER onset potential at about 0.7V with a corresponding current density of 

about 47mA cm-2. The 10µm MnO2 equivalent layer on NSNCC also shows a dominating onset 

potential for OER at about 0.73V with a current density of about 94mAcm-2. On the 20µm layer 

electrode however, an opposite phenomenon occurred with the onset potential of 0.73V being 

again close to that of the 5µm layer. Furthermore, the current densities of the 20µm layer were 

also in the range of 5µm layer signifying an optimum point of both capacity and OER onset 

potential for the 10µm layer. Thus increasing the layer thickness of MnO2 on NSNCC from 5µm to 

10µm resulted in about a 30mV positive shift of OER onset. The recorded high current densities 

on the 10µm sample gave an indication of the added capacity on the electrode relative to the 

5µm electrode. In addition, short periods of the potential sweep into OER region resulted in a 

green color appearance in the electrolyte, which intensified with the number of repetitions as 

well with the further increasing of the potential window. The green color appearance in the 

electrolyte is suspected to be Mn+6 species which is known to be unstable in alkaline media and 

leaches out to giving the green color. To avoid any undesired overcharge gassing conditions that 

were observed mostly beyond the potential 0.65V, all other electrodes characterizations were 

subsequently performed between 0V and 0.6V vs Hg/HgO.  
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Figure 61: Cyclic voltammograms of 5µm, 10µm and 20µm deposit of  MnO2 on NSNCC in 6M KOH at a 
scan speed of 20mVs-1 
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7.3.1.2 Electrochemical influence of MnO2 layer on NSNCC 

The electrochemical influence of the MnO2 layers on NSNCC is displayed by the CV profiles shown 

in Figure 62 [A]. The profiles compare the CV results of the bare NSNCC, the 5µm, 10µm, and 

20µm equivalent layer MnO2 on NSNCC between the potential window of 0V and 0.6V vs Hg/HgO 

and at 20mVs-1.  

 

 Figure 62 [A] shows that the Ni(OH)2/NiOOH transition that occur on NSNCC shifts both 

anodically and catholically from 0.49V to 0.52V and from 0.32V to 0.23V respectively with the 

addition of 5µm equivalent layer MnO2, which is a result of the poorly conducting MnO2 layer. A 

pronounced enhancement of the capacitance was observed, with current densities in the range 

of 119 mA cm-2 for 5µm MnO2 on NSNCC compared to 50mA cm-2 for pure NSNCC. The slope of 

the curve showed almost no variation in the repeated cycles thus indicating highly reversible 

redox reaction processes.  

Similarly, the 10µm equivalent MnO2 layer addition on NSNCC showed even higher insulation 

effect shifting both the anodic and cathodic peaks of the Ni(OH)2/NiOOH transitions potentials to 

0.57V and 0.17V vs Hg/HgO respectively. Additionally, a significant enhancement of 

Ni(OH)2/NiOOH capacity was recorded with higher current densities of 191mA cm-2. 

The 20µm equivalent MnO2 layer sample demonstrated similar curve forms comparable to the 

5µm and the 10µm layers. The anodic peak potential of the Ni(OH)2/NiOOH transitions was about 

0.59V while the corresponding current density was 124mA cm-2. This was comparable to the 

 

Figure 62: Influence of MnO2 layers on NSNCC [A] and comparable CV profiles from 
literature[B]*(Reprinted and adapted with kind permission of Wang et al)62 
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observations on 5µm MnO2 but lower than values recorded on the 10µm layers. The observation, 

again indicates that, the synergistic enhancement of the Ni(OH)2/NiOOH capacity on NSNCC by 

MnO2 addition had an optimum layer thickness of about 10µm. This is shown in the extracted 

data of anodic and cathodic peak potentials of the bare NSNCC, the 5µm, 10µm and 20µm MnO2 

equivalent layers on NSNCC presented in table 12.  

 

Sample electrodes  Oxidation peak 

potentials [V] vs Hg/HgO 

Reduction peak 

potentials [V] vs Hg/HgO 

Current densities 

[mA cm-2] 

NSNCC 0.49 0.32 50 

5µm MnO2 0.52 0.23 119 

10µm MnO2 0.57 0.17 191 

20µm MnO2 0.50 0.20 124 

Table 12: Peak potentials of NSNCC and the influenced of MnO2 equivalent layer on NSNCC 

 

Figure 62 [B] presents CV profiles obtained from literature62 relating closely to the Ni(OH)2 and 

MnO2 material on NSNCC investigated in this work. In the study, composite materials of Ni(OH)2 

and Mn3O4 with different ratios were investigated in 1M KOH within a potential window between 

0V and 0.5V vs SCE at 5mVs-1. Table 13, compares oxidation peak potentials determined 

experimentally in this work with the data extracted from the CV profiles in Figure 62 [B]  

For simplicity, the potentials from our experiments together with those extracted from literature 

have been normalized to the reversible hydrogen electrode (RHE). Taking into consideration the 

pH values of the 6M KOH from our experiments as 14.78 and the 1M KOH from literature as 14, 

and on that basis, the two reference potentials Hg/HgO and the SCE were converted to the RHE. 

The oxidation peak potential determined from our experimental data for the Ni(OH)2/NiOOH 

transitions at 1.46V vs RHE is in agreement with that obtained from the literature at 1.46V vs 

RHE. In the same way, the oxidation peak potential corresponding to the pure Mn3O4 at 1.42V vs 

RHE closely correlates to that determined for the equivalent 5µm MnO2 on NSNCC at 1.49V vs 

RHE. That of the composite MnNi-5 and MnNi-12, which is distinguished, based on the synthesis 
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times of 5 and 12 hours respectively was at 1.47V vs RHE. This closely correlated with the 

potential determined on the equivalent 10µm MnO2 on NSNCC at 1.54V vs RHE. The current 

densities recorded for the pure MnO2 and that of the Ni(OH)2 electrodes at about 2.5A g-1 and 

7.1 Ag-1 were relatively small compared to that recorded on the MnNi-5 and MnNi-12 composite 

material at 14.0 A g-1 and 10A g-1. The authors attributes the doubling of the current density of 

the Mn-Ni-5 composite to the a synergistic high capacitive property provided by both Ni(OH)2 

and Mn3O4. The same reason ca be suspected for the enhancement of the capacities by the 

addition of MnO2 on NSNCC  for the current results in this work  

 

Samples Oxidation peak potentials [V] vs RHE 

 Experimental  Literature62 

NSNCC 1.46 - 

Ni(OH)2 1.46 1.4662,63 

5µm Ni(OH)2 on NSNCC 1.46 - 

5µm MnO2 on NSNCC 1.49 - 

10µm MnO2 on NSNCC 1.54 - 

Mn3O4 - 1.42 

MnNi-5 - 1.47 

MnNi-24 - 1.47 

Table 13: Oxidation peak potential determined experimentally and from literature 

 

7.3.1.3 Capacity under electrical load  

Galvanostatic charge-discharge cycles have been performed in half-cell measurement setups for 

5µm, 10µm and 20µm equivalents MnO2 deposits on the NSNCC in 6M KOH within the potential 

window of 0V and 0.6V vs Hg/HgO. The section highlights the resulting specific capacity of the 

MnO2 on NSNCC electrodes, their characteristic formation behavior and their capacity behavior 

under electrical load. Figure 63 shows the galvanostatic cycling results of the bare NSNCC, and 

the added MnO2 layers with 5µm, 10µm and 20µm equivalent deposited thicknesses on NSNCC.  
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The 5µm equivalent MnO2 on NSNCC electrode showed evidence of a formation behavior that 

evolved until about the 30th cycle before a stable capacity of 1.20mAh cm-2 was attained. This 

achieved capacity was relatively higher than that achieved with the 5µm Ni(OH)2 on NSNCC. The 

formation of the thin electrochemically active Ni(OH)2 layer on NSNCC during cycling is suspected 

to contribute to the exhibited formation behavior. Additionally, it could be speculated, based on 

the microscopic results from SEM that the KOH electrolyte penetration to the underlying Ni 

particles was limited and required more cycles to fully activate the surface. The achieved capacity 

of 1.20mAh cm-2 remained almost constant over 30 cycles and with discharge current densities 

up to 200mA cm-2. At current densities of 400mA cm-2, a discharge rate of about 333C, the 

capacity dropped from about 1.0mAh cm-2 to 0.8mAh cm-2, indicating a high power capability of 

the electrode. The capacity drop at the high discharge currents can be attributed to kinetic 

limitations. When the discharge current density was reversed to the slow discharge current 

density of 0.2mA cm-2, the lost capacity was regained with slight improvement at 1.23mAh cm-2, 

which was a positive indication that no material degradation occurred.  

The 10µm equivalent MnO2 electrodes also displayed similar formation behavior that lasted again 

for about 30 cycles. The stabilized capacity of the 10µm equivalent MnO2 electrode was 

determined to be about 1.85mAh cm-2, which is higher than the capacity achieved for the 10µm 

 
Figure 63: specific capacities of ✯NSNCC, ∆ 5µm, O 10µm and ▷ 20µm equivalent MnO2 on NSCCC and 

their behavior under load 
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Ni(OH)2 on NSNCC. The capacity decay of the 10µm equivalent MnO2 electrode at increasing 

current was higher than observed with the 5µm equivalent layer: with discharge current densities 

of 50mA cm-2 about 27C, the capacity dropped to about 1.3mAh cm-2. At discharge current 

densities beyond 100mA cm-2 or 54C, the capacity decayed to about half the initial capacity 

0.92mAh cm-2. The 10µm equivalent MnO2 electrodes also regained an improved capacity of 

2.2mAh cm-2 at the return to 0.2mA cm-2 discharge currents, this behavior being similar to the 

5µm layer. 

The 20µm equivalent MnO2 layer on NSNCC however showed performance that is comparable to 

the 5µm MnO2. As suspected from the results of the CV of the 20µm MnO2 on NSNCC electrode, 

the capacity was 1.25mAh cm-2, which was low with respect to MnO2 mass loading on the 

electrode. The capacity under electrical load was comparable to the equivalent 5µm MnO2 on 

NSNCC electrode. The reason for the observed performance can be attributed to the dense 

nature of the MnO2 layer on the NSNCC. As the MnO2 is also known to be less conductive, the 

growing thickness of the layer reduces the activity of the NSNCC. With the return to slow 

discharge currents of 0.2mAcm-2, the 20µm equivalent electrode displayed similar behavior as 

exhibited by both the 5µm and 10µm equivalent MnO2 electrodes by regaining slightly higher 

capacities from 1.25mAh cm-2 to 1.47mAh cm-2.  

To further, understand the influence of the MnO2 on NSNCC with regards to the achieved high 

capacities, additional galvanostatic charge–discharge cycling experiments were performed with 

H2O2 treated NSNCC electrodes. Based on the suspicion that the H2O2 treatment of the MnO2 

electrode might activate the underlying NSNCC. Both the bare NSNCC and H2O2 treated NSNCC 

electrodes were charged with their calculated 1C current (0.5mA) and discharged at 0.2mA cm-2. 

Figure 64 [A] and [B] shows results of the first and second galvanostatic charge-discharge profiles 

of the H2O2 treated NSNCC electrode, the bare NSNCC, the 5µm and the 10µm equivalent layer 

MnO2 on NSNCC electrodes. A potential bump at about 0.26V and 0.18V vs the Hg/HgO was 

observed on the equivalent 5µm and 10µm MnO2 electrodes respectively in the very first 

charging step presented in Figure 64 [A]. By further increasing the charging voltage above 0.4V, 

the voltage profile of the MnO2 coated NSNCC samples appears to be very similar to the Ni(OH)2 

charging profile. The equal charge voltage plateau of 0.54V is reached for the bare and the H2O2 

treated NSNCC as well as the MnO2 and the Ni(OH)2 of the NSNCC samples. Therefore it could be 
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concluded that, in the MnO2 coated NSNCC, the Ni(OH)2 of the NSNCC is electrochemically active 

and thus supports the overall capacity of the samples. Furthermore, there might be an 

interaction between the coated MnO2 and the underlying Ni(OH)2 of the NSNCC which supports 

the cyclability of the MnO2 in addition to the initial formation behavior. 

The results further demonstrate that with the H2O2 treatment of the NSNCC the discharge 

capacity of the NSNCC is only slightly extended. The observed capacities, of about 0.45-0.5mAh 

cm-2 were about the same as previously observed with untreated NSNCC. Therefore, it is 

concluded that, the capacity enhancement is based on the addition of 5µm and 10µm MnO2 

layers on NSNCC and not on the H2O2 treatment.  

 

Figure 64: The 1st [A] and 2nd [B] charge-discharge potential curves of H2O2 treated NSNCC, the equivalent 
5µm and 10µm MnO2 on NSNCC and the bare NSNCC 

 

The potential bump observed above in Figure 64 [A] compares to the CV profile shown in Figure 

65. Obtained from literature64, the profile confirms the peak bump to be MnO2. The CV profile in 

Figure 65 was based on an investigation performed on a bismuth (Bi) modified MnO2 in a 

composition ratio of Mn:Ni 20:1 and cycled in 30% KOH between the potential window of -1.0V 

and +0.4V vs Hg/HgO at a scan rate of 0.5mV s-1. 

The indexed MnO2 anodic peak at 0.25V vs Hg/HgO was attributed to the re-oxidation of the 

MnOOH back to the MnO2 by the authors. This aligns with our observation and as well supports 

the explanation of the bump at 0.26V on the equivalent 5µm MnO2 on NSNCC and at 0.18V on 

the 10µm MnO2 on NSNCC to be originating from the MnO2 
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It is also well known that MnO2 by itself cannot be cycled thousands of cycles in concentrated 

KOH solutions. This is however not the case for the MnO2 coated on NSNCC sample (see fig 

70).Furthermore the charged voltage plateaus at 0.55V is about the Ni(OH)2 charging plateau in 

the galvanostatic measurements, the capacities observed also compares to the CV investigations 

where the voltage restriction was at 0.6V. This also prevented the possible formation of a green 

electrolyte solution by higher valence states of manganese mainly Mn6+ in these galvanostatic 

investigations. The electrolyte remains colorless throughout the experiments.   

Furthermore, the onset potential for charging of the bare NSNCC and the H2O2 treated NSNCC 

shows almost no difference. The shoulder at about 0.37V vs Hg/HgO that signifies the beginning 

of the first charging plateau and that of the full charge plateau at about 0.53V is indicated 

especially in Figure 64 [B]. The discharge curve of the bare NSNCC and the H2O2 treated NSNCC as 

shown in Figure 64 [A] and [B], show similar slope behavior, though the H2O2 treated NSNCC 

show some extra discharge capacity towards the end of discharge potential at about 0.29V vs 

Hg/HgO is about the same. The equivalent 5µm and 10µm MnO2 layer on NSNCC electrode on 

the other hand, showed an entirely different charging behavior. The onset of the charging began 

almost instantaneously but more significantly after the potential bumps at 0.26V and 0.18V on 

the 5µm and the 10µm MnO2 layers on NSNCC which is about 10mv lower than that of the 

 

 

Figure 65: CV profiles for Bi doped MnO2 in Mn:Ni ratio of 20:1 (Adapted with kind permission of Qu, D. 
Journal of Applied Electrochemistry (1999)64  
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Ni(OH)2. Comparing the discharge curve forms along the dashed lines shown in both Figure 64 [A] 

and [B] which has been indexed as `A´ and `B´, the H2O2 treated NSNCC as well as the NSNCC 

electrode approach the end of discharge potential 0.3V. However, the discharge capacities of the 

MnO2 on NSNCC electrodes are only at half of their discharge capacities at 0.3V. As shown with 

the inserted graph in Figure 64 [B] with the first derivate plots of the discharge curves, the 

discharge potential of the bare and H2O2 treated NSNCC electrodes shifts from 0.32V to lower 

potentials of about 0.28V with the MnO2 coated NSNCC samples. This gives clear confirmation 

that the MnO2 enhances the capacity of the NSNCC. The indexed point `C´ on Figure 64 [A] and 

[B], display the potential of the MnO2 coated NSNCC samples to discharge further below the 0V 

vs Hg/HgO cut-off point, hinting that additional capacity could be harnessed from the MnO2 

containing electrodes.  

In addition, Figure 66 [A] and [B] shows extracted CV profiles with scan rates of 20mV s-1 and 

demonstrates the effect of adding Ni(OH)2 and or MnO2 on bare NSNCC. Higher current densities 

are consistently observed for the addition of the 5µm and 10µm equivalent layers of Ni(OH)2 

compared to that of the MnO2 layers on NSNCC. This is indicative of the increased power 

capabilities of Ni(OH)2 compared to MnO2 that shows higher energy density. 

 

Figure 66: Effect of MnO2 and Ni(OH)2 addition on NSNCC  
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7.3.1.4 Activation behavior of MnO2 on NSNCC 

To investigate the formation behavior of the MnO2 on NSNCC electrodes, cyclic voltammetry 

experiments were conducted on freshly prepared 5µm equivalent layer MnO2 electrodes. The CV 

investigations were performed between 0V and 0.6V vs Hg/HgO and with a scan rate of 10mV s-1. 

Figure 67 presents selected profiles of the 5th, 50th, 100th, 150th and the 200th cycle. The profiles 

indicate that, from the 5th cycle until about the 50th cycle, the curve displays anodic and cathodic 

peaks at potential of 0.5V and 0.21V vs Hg/HgO respectively. This closely correlates with the 

Ni(OH)2 and NiOOH transition on NSNCC (reaction 17) and therefore can be attributed to the 

Ni(OH)2 film growth. Beyond the 100th up to the 200th cycle, the anodic peak disappears thus 

suggesting the completion of the film growth. A current density of 124 and 152 mA cm-2 was 

recorded in the 50th and the 100th cycle respectively. From the 150th cycle, the shape of the CV 

resembles the shape of the Ni(OH)2 coated on NSNCC (figure 67). This adds to the earlier 

suggestion of a stronger interaction between MnO2 and Ni(OH)2 during cycling (section7.3.1.3). 

The activation behavior observed in Figure 67 and Figure 63 aligns with the given explanation 

above however, the non-activation response observed in Figure 61 [A], could be attributed to the 

applied experimental conditions which was based on the 50mV stepwise increase of the upper 

voltage limits from 0.3V vs Hg/HgO  

 

Figure 67: CV profiles of 5µm MnO2 on NSNCC at different cycles 
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7.3.2 Measurements of asymmetric MnO2 // Activated carbon Cell 

7.3.2.1 Capacity under electrical load 

With the 5µm MnO2 on NSNCC electrode displaying higher power characteristics than 10µm and 

the 20µm equivalent MnO2 on NSNCC electrodes, a full cell based on a 5µm MnO2 electrode as 

the cathode and commercial activated carbon material as the anode was assembled. The cell was 

by design limited at the cathode. The cathode capacity of 2.3mAh cm-2 was used on basis of a 

fully activated electrode. An excess of 30% capacity at the anode ensured the cathode limitation. 

The cell construction was analogous to that previously used for asymmetric DLC cells built with 

the equivalent 5µm Ni(OH)2 on NSNCC and activated carbons (section 6.2.2). The cell was initially 

charged and discharged for 5 cycles with 0.75mA charging current until a cell voltage of 1.45V 

and with 0.2mA discharge current until a cell voltage of 0.1V as capacity determination step. 

Figure 68 shows the potential versus time profiles of the 5th cycle used for capacity 

determination. The dashed line represents the overall cell voltage. The potential of the 

equivalent 5µm MnO2 on NSNCC cathode and the activated carbon anode are displayed with the 

red and blue curves, respectively. As indicated, the positive electrode shows the characteristic 

battery-type voltage profile with respect to both charging and discharging processes, whereas 

the activated carbon anode shows the linear voltage profiles typical for DLCs.  

 

Figure 68: Voltage dependence curves for individual electrodes of the cell 
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Figure 69 [A] shows the capacity of the cell under electrical load whereas Figure 69 [B] shows the 

capacity behavior under electrical load in terms of the C-rates. The initial capacity of 2.3mAh cm-2 

at the discharge current density of 0.2mA cm-2 was as seen previously observed in the half cell 

experiments. As the discharge current densities increase to 50mA cm-2 or 21C the capacity 

decreases to 2.0mAh cm-2 which is a drop about 13% with regards to the initial capacity. At 

100mA cm-2, which corresponds to a C-rate of about 44C, the capacity was 1.82mAh cm-2. At the 

discharge current density of 600mA cm-2 or 260C the capacity was 1.2mAh cm-2 which was about 

the half of the initial capacity. At 1500mA cm-2, a C-rate of 655C, the capacity dropped was at 

0.44mAh cm-2 about 80% of the initial capacity. As previously observed, when the discharge 

current was reversed to the slow rates at 0.2mA cm-2, the initial capacity of 2.3mAh cm-2 was 

regained indicating the reversibility and stability of the 5µm MnO2 on NSNCC electrode. This 

shows that the MnO2 electrode produced in this work has the capability to withstand very high 

discharge currents which makes it a promising candidate for high power application. 

Figure 69: Capacity behavior of the MnO2 cathode under load   
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horizontal curve shows an achievement of over 3000 cycles with a stable and reversible redox 

process of MnO2 on the NSNCC electrode.  

 

 

Figure 70: Extended life cycle measurements of the 5µm equivalent MnO2 electrode in a full cell setup 
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8 Summary and outlook 

 

In this work, high power electrodes for energy storage in aqueous electrolytes have been 

developed. The electrode architecture plays a significant role in electrochemical storage systems. 

The current collector and the electroactive material components determine the electrodes’ 

properties. The role and functionality of the current collector is especially important in the design 

of high power cells. An electrode with fast electroactive material but a sluggish current collector 

material may not deliver maximum performance and vice versa. 

In the first part of this work, a reliable and reproducible fabrication procedure for nanostructured 

nickel current collector NSNCC has been developed from Ni particles and Ni plates. The current 

collector is highly conductive, electrochemically stable in alkaline media and within the operating 

potential window. Additionally, it is highly porous enabling maximum material loading and an 

intense contact between the active material and the current collector. Adhesion strength of 

350N between Ni particles and Ni sheet was achieved after thermal reduction. The spherical 

structure of the nickel particles were remarkably maintained during the opening up of porous 

networks that provided access for inner surface providing electroactive behavior. The 

electrochemical characterization of the NSNCC show activities for both oxygen evolution 

reactions (OER) and hydrogen evolution reaction (HER). Additionally, NSNCC by itself showed 

intrinsic capacity of around 0.45mAh cm-2 as positive electrode in 6MKOH.  

In the second part of the work, thin films of Ni(OH)2 were electrochemically deposited onto the 

NSNCC. Different equivalent thicknesses of 5µm, 10µm, and 20µm of Ni(OH)2 were incorporated. 

The layers showed nano-structural and flowery-like morphology. The Ni(OH)2 coated NSNCC 

electrodes were stable in 6M KOH within potential windows of 0V and 1.5V versus RHE. The 

equivalent 5µm Ni(OH)2 on NSNCC electrodes displays capacities of 0.75mAh cm-2 and minimal 

capacity fading behavior at discharge current densities of up to 400mA cm-2. The equivalent 

10µm Ni(OH)2 on NSNCC exhibited double specific capacity of 1.5mAh cm-2, and excellent 

capacities at the high current density up to 400mA cm-2. This electrochemical behavior of the 

5µm and the 10µm Ni(OH)2 on NSNCC electrodes shows the result of a synergistic capacity effect 

between Ni(OH)2 and NSNCC. The equivalent 20µm Ni(OH)2 on NSNCC exhibited initial capacity of 
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2.5mAh cm-2, which was in agreement with the relation corresponding to the material mass 

loading of Ni(OH)2. However, the electrode’s capacity continuously decreased as the current 

densities increased, due to the diffusion limitations of the relatively thicker Ni(OH)2 layer. Based 

on the strong high power characteristics exhibited by both the 5µm and the 10µm equivalent 

Ni(OH)2 layers electrodes, an asymmetric DLC cell was assembled with the 5µm equivalent layer 

Ni(OH)2 electrode as the positive electrode and commercial activated carbon as the negative 

electrode. This ultra-high power cell demonstrated discharge rates up to 2305C with minimal 

reversible capacity decrease (27%). The cell demonstrated superior performance with linear 

discharge capability up to 1150C. This corresponds to a discharge time of 3 seconds. 

Furthermore, the ultra-high power cell shows outstanding reversibility at 100C charge-discharge 

cycling and stability with over 300,000 cycles and  a capacity retention of 73%.  

In the third part of the work, MnO2 was electrochemically deposited onto NSNCC. The 

incorporation of the MnO2 onto the NSNCC was achieved in a two-step process including 

electrodeposition of Mn(OH)2 and chemical oxidation to MnO2. The fabricated electrodes had 

equivalent layer thicknesses of 5µm, 10µm, and 20µm MnO2 on NSNCC. The MnO2 films on 

NSNCC displayed uniformly distributed nano-wall structural morphologies with hairy like molds.  

The electrodes show electrochemical stability in 6M KOH between the potential window of 0V 

and 1.45V versus RHE. The capacities of the by 5µm, 10µm and 20µm equivalent layer of MnO2 

on NSNCC were 1.23mAh cm-2, 2.2mAh cm-2 and 1.25mAh cm-2 respectively. From the high 

power performance of the equivalent 5µm MnO2 on NSNCC electrode, an asymmetric DLC was 

built with the electrode as the positive and activated carbon as the negative electrode. The full 

cell delivered high power with discharge capability of up to 655C possible. Furthermore, it is 

demonstrated that an interaction between MnO2 and Ni(OH)2 occurs in the MnO2 coated NSNCC 

electrode. This is established with the life cycle measurements at 10C symmetrical charge-

discharge where we show for the first time almost 4000 reversible cycles recorded by a MnO2 

electrode in 6MKOH. 
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