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ABSTRACT 

 

STRATEGIES TO IMPROVE THE CATHODE PERFORMANCE FOR 

MnO 2/Zn AND NiMH BATTERIES  

 

 

 

Darıcıoğlu, Necdet Özgür 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Tayfur Öztürk 

 

 

January 2024, 147 pages 

 

This thesis addresses the pivotal role of Energy Storage in our modern world, 

focusing on MnO2/Zn and NiMH alkaline batteries. Two primary objectives guide 

this research: optimizing MnO2 cathode composition for enhanced rechargeability 

and replacing cobalt with cost-effective carbon in NiMH battery cathodes for 

improved performance and affordability. 

To achieve the first objective, a combinatorial approach using magnetron sputtering 

is adopted to modify MnO2 structure with Bi, Na and Ni. Results show promising 

cathode compositions, such as Bi0.08Na0.39Ni0.09Mn0.44Ox, exhibiting reversible 

characteristics and outperforming pure MnO2 cathodes by over double in terms of 

reversible capacity. 

In the context of NiMH battery cathodes, conventional slurry methods are employed 

with various carbon additives and blending techniques. The study identifies 

challenges in achieving optimal performance, highlighting the importance of 

selecting appropriate carbon additives. The best-performing cathode combines 

carbon black with plasma black using the dispersion method. However, all carbon 

bearing cathodes fall short of cobalt bearing cathode performance. Electrochemical 
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and structural investigations provide insights into the challenges faced, revealing 

issues with poor contact, insufficient surface coverage, and the absence of cobalt. 

The study sheds light on the development of cobalt free cathodes, emphasizing the 

need for improved electrode production methods and new additives to address 

challenges such as γ-NiOOH formation and oxygen evolution reaction. 

In conclusion, the research contributes valuable findings for enhancing the 

electrochemical performance and cost-effectiveness of MnO2/Zn and NiMH alkaline 

batteries, offering potential solutions for advancing energy storage technologies. 

Keywords: Alkaline battery, MnO2 cathode, Combinatorial approach, Co-free 

cathode, NiMH battery 
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¥Z 

 

MnO 2/Zn VE NiMH BATARYALAR Ķ¢ĶN KATOT GELĶķTĶRME 

STRATEJĶLERĶ 

 

 

 

Darıcıoğlu, Necdet Özgür 

Doktora, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Prof. Dr. Tayfur Öztürk 

 

 

Ocak 2024, 147 sayfa 

 

Bu tez, enerji depolamanın modern dünyamızdaki kilit rolünü ele almakta olup, 

MnO2/Zn ve NiMH alkalin piller üzerine odaklanmaktadır. Bu araştırmayı 

yönlendiren iki temel amaç bulunmaktadır. Bu amaçlar: MnO2 katot 

kompozisyonunun iyileştirilmiş şarj edilebilirlik için optimize edilmesi ve NiMH pil 

katotlarında performansın geliştirilmesi ve pilin ucuzlatılması için kobaltın uygun 

maliyetli karbon ile değiştirilmesidir. 

İlk amaca ulaşmak için MnO2 yapısında Bi, Na ve Ni kullanılarak modifikasyonlar 

yapılmıştır. Bu modifikasyonlar kombinatoryal bir yaklaşımla sıçratmalı çöktürme 

sistemi kullanılarak yapılmıştır. Sonuçlar, Bi0.08Na0.39Ni0.09Mn0.44Ox gibi umut verici 

katot kompozisyonlarını göstermekte olup, bu kompozisyonlar geri dönüşümlü 

özellikler sergilemekte ve geri dönüşebilir kapasite açısından saf MnO2 katotlara 

göre iki katından fazla bir kapasite göstermektedir. 

NiMH pil katotları bağlamında, çeşitli karbon katkı maddeleri ve karıştırma 

teknikleri ile geleneksel çamur yöntemleri kullanılmıştır. Çalışma, optimal 

performans elde etme konusundaki zorluklara dikkat çekerek, uygun karbon katkı 
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maddeleri seçiminin önemini vurgulamaktadır. En iyi performans gösteren katot, 

dispersiyon yöntemi kullanılarak karbon siyahı ile plazma siyahını birleştirmektedir. 

Ancak, tüm karbon içeren katotlar, kobalt içeren katot performansının altında 

kalmaktadır. Elektrokimyasal ve yapısal incelemeler, karşılaşılan zorluklara dair 

içgörüler sunmakta olup, zayıf temas, yetersiz yüzey kaplaması ve kobaltın eksikliği 

gibi sorunları ortaya çıkarmaktadır. Çalışma, kobalt içermeyen katotların gelişimine 

ışık tutmakta ve γ-NiOOH oluşumu, oksijen evrim reaksiyonu gibi sorunları ele 

almak için iyileştirilmiş elektrot üretim yöntemleri ve yeni katkı maddelerine 

duyulan ihtiyacı vurgulamaktadır. 

Sonuç olarak bu araştırma, MnO2/Zn ve NiMH alkalin pillerin elektrokimyasal 

performansını ve maliyet etkinliğini artırmak için değerli bulgular sunmakta olup, 

enerji depolama teknolojilerinin ilerlemesi için potansiyel çözümler sunmaktadır. 

Anahtar Kelimeler: Alkalin piller, MnO2 katot, kombinatoryal yaklaşım, kobaltsız 

katot, NiMH piller 
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CHAPTER 1  

1 INTRODUCTION   

There is a rise in the global demand for energy which requires efficient ways to store 

the energy. There is an ever increasing shift to renewable energy such as solar and 

wind, due to the environmental concerns. However, they are intermittent in their 

nature with large fluctuation of generated power The energy transmission systems 

cannot handle such fluctuations. Consequently, there is a rising need for intermediary 

energy storage system that can mitigate the intermittent nature of the renewable 

energy. In this respect, energy storage systems are quite important. There are number 

of energy storage systems, but among these, batteries attract much attention due to 

their versatility and effective energy storage capabilities. 

The alkaline batteries offer significant potential for grid energy storage because, they 

can store energy on a large scale. Moreover, they are cost-effective, require less 

maintenance and capable of operating in a wide temperature range. Therefore, 

alkaline batteries can be regarded as a dependable option for stationary grid energy 

storage applications. 

This thesis pursued a dual objective. One is to optimize MnO2 cathode composition 

so as to develop a rechargeable MnO2/Zn battery. The other concentrates on a battery 

which is already rechargeable, i.e. NiMH batteries, and aims to develop cobalt free 

cathodes so as to make them cost-effective. 

MnO2/Zn batteries offer a significant advantage in terms of their cost which makes 

them quite attractive. Their low cost is primarily attributed to the abundance of MnO2 

in the Earth’s Crust. The main drawback of MnO2/Zn batteries is that they are 
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normally not rechargeable. There is a considerable interest on structural 

modifications that would impart rechargeability to MnO2/Zn. 

In the current study, a systematic combinatorial approach is adopted to identify 

cathode compositions to impart rechargeability to MnO2 based cathodes in alkaline 

batteries. MnO2 was, therefore, modified by incorporation of Bi, Na and Ni cations. 

These modifications were implemented using magnetron sputtering in combinatorial 

geometry yielding, in a single deposition, 36 cathodes each having a different 

composition. A total 72 cathodes were deposited which covered an extensive 

compositional range for the quaternary system. 

Another alkaline battery is the nickel-metal hydride, (NiMH) which is a well-

established technology. Anode currently used are based on AB5 metal hydrides 

making use of rare earth metals. Lower cost alternatives to AB5 are available but 

needs to be developed. There is also a need to develop better cathode. Ni(OH)2 

cathodes typically incorporate cobalt compounds. While, cobalt as additive enhances 

the electrochemical performance of NiMH batteries, its high cost is of considerable 

concern. In addition, cobalt has finite resources, making its continued use in batteries 

potentially unsustainable in the long term. Consequently, research endeavors have 

focused at reducing or eliminating cobalt so as to make the batteries more affordable 

and sustainable. 

In the present work, we aim to develop Co-free cathodes for NiMH batteries. Three 

carbon additives were used instead; carbon black (CB), plasma black (PB) and 

carbon nanotube (CNT). Active materials for cathodes were prepared using two 

different methods, namely; ball mill ing and dispersion. These methods were adopted 

so as to address the fundamental challenges that exist in cathode development. 

This introduction chapter lays the foundation for the entire thesis. It introduces the 

context of the current research. Chapter 2 comprises the study conducted on MnO2 

focusing on their modifications and optimizing the composition. It details the 

experimental methods used in cathode fabrication as well as techniques employed in 

electrochemical characterization. Quite a wide compositional range was covered and 
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compositions were identified which have a potential to impart rechargeability to the 

cathodes. 

Chapter 3 deals with NiMH battery so as to develop Co-free cathodes. It explores 

the alternative carbon additives as a replacement for Co and their integration of them 

with the active material using different blending techniques. The chapter points out 

alternative approaches that can be adopted to develop cathodes of performance 

comparable with that achieved with cobalt additive. 

The final chapter gives a summary of this study in terms of background, 

methodology, results and discussions. It provides the main findings, contributions 

and implications of the study. It also points out the recommendations for future 

research directions based on the outcomes of the study. 
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CHAPTER 2  

2 SEARCH FOR MnO2 BASED CATHODES FOR ALKALINE BATTERIES 

VIA COMBINATORIAL APPROACH  

In order to develop new cathode compositions for alkaline MnO2/Zn secondary 

batteries a combinatorial study was undertaken. This study involves the modification 

of MnO2 with the ternary additions of Bi2O3, Na0.7MnO2 and NiO. The aim is to 

identify compositions yielding rechargeability with improved electrochemical 

performance  

2.1 Background 

MnO2/Zn alkaline batteries make use of manganese dioxide (MnO2) as the cathode, 

zinc (Zn) as the anode, and an alkaline electrolyte, typically potassium hydroxide 

(KOH) solution. They offer a cost-effective solution for energy storage and are 

known for their stability and safety. 

The technology behind MnO2/Zn alkaline batteries has a long history dating back to 

the early 20th century. In 1901, Thomas Edison invented the first rechargeable 

alkaline battery using an alkaline electrolyte. In the 1960s, Union Carbide 

Corporation [1,2] filed patents on alkaline batteries with MnO2 as a cathode material, 

which had a higher theoretical capacity and was more stable than other alternatives. 

Today, MnO2/Zn alkaline batteries continue to be widely used in various 

applications, and research continues to further improve their performance and 

durability. 
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Figure 2.1. Schematic representation of a commercial MnO2/Zn battery [3]. 

 

Despite many other battery technologies, MnO2/Zn battery is still the most used 

primary battery. This is due to the fact that the active materials are cheap and easily 

accessible in nature as well as the technology is mature and reliable. A schematic 

representation of a commercial MnO2/Zn battery is given in Figure 2.1. These 

batteries have a tightly packed sealed construction. The MnO2 cathode shown in dark 

grey color, which is a mixture of the active material, carbon materials (to impart 

conductivity) and electrolyte (to impart ionic conductivity) [4]. Metallic Zn powder 

mixed with little amount of ZnO, electrolyte and a polymeric gelling agent is used 

as anode [5]. This anode is wrapped with a separator of nonwoven cellulose or 

synthetic polymer material. The current is collected via the outer casing of the battery 

for the cathode and via a pin welded to the steel at negative terminal. There is also a 

safety vent to relieve gases under aggressive operation conditions. The whole 

assembly is pressed together to assure an airtight seal. In the battery, with the help 

of a protective cap, current collectors of cathode and anode are isolated from each 

other. 

The main electrochemical reactions occurring during discharge in MnO2/Zn battery 

are given through Equations 2.1-2.3. 
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2MnO2 + 2H2O + 2e- ↔ 2MnOOH + 2OH-                           Cathode     Equation 2.1 

Zn + 2OH- ↔ ZnO + H2O + 2e-                                               Anode      Equation 2.2 

Zn + 2MnO2 + H2O ↔ ZnO + 2MnOOH                               Overall      Equation 2.3 

In the cathode [6] reduction of MnO2 to MnOOH occurs. This reaction is referred to 

as homogeneous stage where protons and electrons are inserted to the MnO2 lattice. 

Although, the reaction in Equation 2.1 looks like a reaction between two solid 

phases, the original crystal structure of MnO2 remains the same during the reaction 

[7]. The Nernst equation of the homogenous stage is given in Equation 2.4. It is seen 

that this is a single phase reaction where the concentration of the Mn species changes 

during operation. According to the equation 2.4, the cell voltage should decrease 

continuously during discharging, which is consistent with experiments [8]. 

% % πȢπυωzÌÏÇ                                                               Equation 2.4 

During discharge at the anode, oxidation reaction of the metallic Zn takes place. As 

can be seen in Equation 2.2, two electrons can be liberated per Zn atom yielding a 

total theoretical capacity of 820 mAh/g [9]. When the reactions in the cathode and 

the anode are considered the overall reaction is that given in Equation 2.3. 

It is possible to further reduce the cathode active material as given in Equation 2.5 

[10]. This reaction is an irreversible reaction and once Mn3O4 is formed the battery 

dies. 

3MnOOH + e- Ą Mn3O4 + OH- + H2O                                                     Equation 2.5 

These batteries were commercialized as primary batteries mainly due to irreversible 

phase formation at the cathode. If cycled, the capacity decays rapidly. Moreover, 

there are other factors that causes capacity decay. These are; zinc poisoning from 

anode [3] and mechanical instabilities due to volume changes during charging and 

discharging [11,12]. 
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There is much effort to make these batteries rechargeable and vast number of 

different strategies have been tried. Manickam et al. [13] studied the influence of 

using LiOH as electrolyte and found that cyclic behavior considerable enhanced 

compared to using KOH as electrolyte. Shen et al. [14] showed that excess 

electrolyte and proper charging can effectively increase the cyclic stability. 

Development of new electrode structures that can mitigate volumetric changes also 

found effective [11]. Adding conductive additives to MnO2 was found to be 

beneficial [15]. 

Limiting the depth of discharge is another strategy; charging of the discharged MnO2 

is studied by Boden et al. [16] and showed that the first electron process of reduction 

of MnO2 to MnOOH was reversible. Moreover, they confirm that the formed Mn3O4 

was inactive. This capacity was almost completely reversible if the 45 % of the first 

electron capacity (317 mAh/g) was used [16], further discharging causes the 

formation of the irreversible phase. Kang and Liang [17] found that above mentioned 

rechargeability of the MnO2 cathode was a function of the electrolyte concentration 

and reversibility is favored for lower concentrations of KOH. McBreen [18] also 

studied and confirmed the fact that as the depth of discharge increases, the 

reversibility decreases. 

The majority of the research has focused on the use of chemical additives in the 

cathode. For example, titanium dioxide has found to decrease the charge transfer 

resistance and increase the cyclic stability [19,20]. Raghuveer et al. [21] showed that 

it was possible to suppress the formation of the irreversible phases to some extent 

with the use of BaBiO3. Effects of Bi2O3 and TiB2 are studied by Biswal et al. [22] 

and obtained improvements in both the discharge capacity and cyclic stability. It is 

found that alkaline earth oxides [23] prevent the zinc poisoning and extents the life 

of the battery. However, they were not able to suppress the formation of the 

undesirable phases. Rechargeability was improved with the use of Ba(OH)2 [24], it 

suppresses the dissolution of Mn+3 species and therefore irreversible phase 

formation. BaSO4 is also found to be effective but only for several cycles [11,25]. 

Daniel-Ivad et al. [26] investigated many compounds of Ba, Sr and oxides of Ce, Sn 
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and La. They found several of these additives effective but detailed electrochemical 

study was absent. Best results were reported by Yadav et al. [27,28], they have 

reached 80-95% of the full two electron capacity (617 mAh/g) for over 6000 cycles 

with the use of Cu-intercalated Bi-birnessite MnO2. Examples of the additives used 

in the literature are summarized in Table 2.1. 

Table 2.1 Summary of the additives used in the literature [29]. 

Additive Ref. Result 

BaSO4 [11] Improved cyclic stability for 25 cycles by 24% 

BaMnO4 [11] Further improved cyclic stability over BaSO4 

Ba(OH)2 [24] Capacity and cyclic stability is improved for limited cycles 

by prevention of Mn3+ dissolution 

TiO2 [20] Increased capacity by reducing charge transfer resistance 

BaBiO3 [21] Found effective in suppression of the irreversible phase 

formation 

Ba0.6K0.4Bi

O3 

[21] Although initial capacity is decreased, cyclic stability is 

enhanced 

TiB2 [30] Decreases capacity fade and works better with Bi2O3 

PbO [31] It stabilizes the crystal structure of the active material and 

increases cyclic performance 

Bi2O3 [32] It forms the layered form of MnO2 and suppresses the 

formation of irreversible phases, it is found to be the most 

effective additive 

Cu+Bi2O3 [27] Enhanced capacity is maintained for over 6000 cycles 

 

Bi2O3 additive has attracted considerable attention. Im and Manthiram [32] 

suggested that Bi3+ act as a catalyst and changes the reaction route from irreversible 

phase formation to reversible Mn(OH)2. This latter phase upon charge transforms 

back to the layered polymorph (birnessite) of MnO2. The interpretation of Yu [33] 

was slightly different. He proposed that Bi2O3 leads to the formation of Bi-Mn 
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complexes that cannot transform to the irreversible Mn3O4 phase. Bruck et al. using 

X-ray diffraction showed the presence of Bi3+ in the interlayer of δ-MnO2 (birnessite) 

and argued that this hinders the formation of Mn3O4 by limiting Mn3+ diffusion. 

Although the mechanism of reversibility induced by the use of Bi2O3 is controversial 

the results are consistent. It is shown as reviewed above and in many other studies 

that the second electron reaction presented with Equation 2.5 is suppressed and 

instead the following reaction takes place [6]. 

MnOOH + H2O + e- ↔ Mn(OH)2 + OH-                                                  Equation 2.6  

Equation 2.6 is the second electron reduction process which is a heterogeneous 

reaction occurring between two solid phases [8]. Moreover, this is a dissolution and 

precipitation reaction involving Mn(OH)6
3- intermediate [34]. This reaction can be 

represented with a Nernst equation as in Equation 2.7. It can easily be seen that this 

reaction should provide a flat discharge plateau as reported in the literature [34,35]. 

% % πȢπςωυzÌÏÇ                                                             Equation 2.7 

 

 

Figure 2.2. Pourbaix diagram of Mn-O-H phases [36]. 

 



 

 

11 

Pourbaix diagram of Mn-O-H phases is given in Figure 2.2. It can be seen that 

between the MnO2 and Mn(OH)2 stability regions, there are stability regions of 

irreversible Mn2O3 and Mn3O4 phases. In the literature, reduction products of MnO2 

are confirmed to be Mn2O3 [37] and Mn3O4 [10]. Therefore, it can be said that 

presence of Bi3+ species in the system, somehow, helps to bypass the stability regions 

of the irreversible phases. 

2.1.1 Anode 

 

 

Figure 2.3. Representation of fundamental problems that restrict the performance 

of the Zn anode in alkaline electrolyte. (1) passivation, (2) shape change, (3) 

dendrite formation, (4) hydrogen evolution, and (5) zincate crossover to the 

cathode [3]. 
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Anode for the MnO2/Zn primary batteries and RAM (Rechargeable Alkaline 

Manganese Dioxide Zinc) batteries is the Zinc metal [1,38]. The discharge reaction 

mechanism given in Equation 2.2 involves dissolution of Zn into zincate ions 

(Zn(OH)4
2-) then precipitation of ZnO solid phase once the electrolyte becomes 

oversaturated with respect to zincate ions [39]. This reaction is a reversible process 

yielding 820 mAh/g of capacity [9]. 

Although theoretically Zn/ZnO redox couple in alkaline electrolyte is reversible, 

their usage in rechargeable batteries are limited due to several fundamental 

problems; passivation, shape change, dendrite formation, hydrogen evolution and 

zincate cross-over, Figure 2.3. 

Passivation 

During discharge, when the zinc electrode is used moderately or extensively, a 

sufficient amount of Zn dissolves. This dissolution can lead to the local saturation or 

supersaturation of the electrolyte, ultimately resulting in the precipitation of ZnO, 

shown as (1) in Figure 2.3, on the surface of the electrode [40]. The formation of the 

passivation layer decreases the electrical conductivity of the electrode, blocks pores, 

and restricts the movement of ions towards the underlying Zn particles. As a result, 

the power capability and discharge capacity of the electrode are reduced [41]. The 

complete process of passivation can also include solid-state adsorption and 

nucleation/growth processes, but these mechanisms are under discussion [41].  

In the literature, two types of ZnO precipitates are identified. Type I ZnO is 

characterized by its porous, loose, and white nature, and it is formed when there is 

local supersaturation of zincate in the absence of convection [42]. On the other hand, 

Type II ZnO is nonporous, compact, light gray to black, and is considered to be 

primarily responsible for the transformation of zinc into a passivated state [43]. The 

development of Type I material is not influenced by the applied current density; it 

initiates when the zincate concentration at the electrode reaches a critical value, and 

the Type II film forms subsequently beneath the Type I film when the overpotential 

exceeds approximately 0.15 V [44]. This transition signifies a shift from a 



 

 

13 

passivation mechanism based on zincate concentration-dependent dissolution-

precipitation to a potential dependent solid-state mechanism. This transition regime 

facilitates the prediction of the maximum discharge duration at a given current 

density to prevent passivation [45]. 

There are several strategies employed in the literature to suppress or minimize the 

formation of passive film. Utilizing nanostructured materials can impede the 

formation of this film by employing particle sizes smaller than the critical threshold 

for passivation [46]. Liu et al. [47] studied nanoparticles in an alkaline NiZn 

rechargeable battery and achieved excellent cyclic stability with no proof of 

passivation. The additives used in electrolytes are also found to be effective. For 

example, addition of 2 wt. % sodium dodecyl benzene sulfonate surfactant to the 

electrolyte has found to suppress the surface passivation [48]. 

Shape change 

It refers to the repositioning of zinc within the electrode during the discharge and 

charge cycles, as it dissolves in one location and subsequently re-deposits in a 

different area. This phenomenon arises from the movement of zincate ions in the 

electrolyte, coupled with uneven distribution of current across the electrode surface 

[49]. Consequently, zinc accumulation occurs in specific regions, resulting in a 

reduction of the active surface area and leading to irreversible capacity degradation 

with each cycle. The extent of shape change becomes more pronounced with higher 

charge-discharge currents, increased KOH concentration, and a larger fraction of the 

zinc capacity utilized in each half-cycle, known as the depth of discharge (DOD) 

[49,50]. According to Nakata et al.'s [51] in situ X-ray diffraction mapping study of 

a ZnO-NiOOH cell, during the initial cycles, metallic zinc deposition predominantly 

occurs at the edges of the electrode. However, the study shows that the subsequently 

deposition accumulates at the center which is attributed to the diffusion of zincate 

ions from the more active edge sites, supplemented by precipitation caused by 

supersaturation. 



 

 

14 

Shape change problem can be mitigated by several techniques. Using Ca(OH)2 as an 

anode additive [52] is quite effective, it reversibly bonds with zincate ions and forms 

calcium zincate which is an insoluble compound. This mechanism effectively 

confines the discharge products in close proximity to their origin, preventing their 

migration and reducing concentration gradients during the charging process. The 

inclusion of Ca(OH)2 has the dual benefits of enhancing zinc utilization and 

extending the overall cycle life [53]. In addition to directly mixing Ca(OH)2 into the 

anode, alternative approaches involve introducing Ca(OH)2 into the electrolyte and 

separator to achieve comparable outcomes [54,55]. Parker et al. [56] presented a 

novel approach where they developed a self-supporting, three-dimensional Zn 

sponge anode using cast Zn powder emulsions. The presence of pores in the sponge 

structure restricts the movement of zincate ions during discharge, effectively 

suppressing shape change. Semi-solid gel polymer electrolytes offer an alternative 

to free liquid electrolytes, providing a means to mitigate shape change [57]. Perhaps 

the simpler alternative to mitigate the shape change is to cycle the battery with a 

limited DOD. Ingale et al. showed that excellent capacity retention is possible when 

only the 20 % of the capacity is used [58]. Considering that the batteries in question 

has low cost, it is possible to commercialize the battery with limited DOD. 

Dendrite formation 

It is a similar Zn deposition mechanism as explained above. Precipitation of the Zn 

happens in dendrite form instead of chunky pattern. The morphology in which the 

Zn precipitation occur, rely on several factors like; current density, overpotential, the 

choice of substrate, temperature and electrolyte concentration [59-61]. Bockris et al. 

[62] showed that overpotential is the dominant factor compared to current density. 

Dendrites are quite problematic because, when it is long enough, it can penetrate 

through the separator resulting in a short-circuit. Diggle et al. [63] studied this 

phenomenon thoroughly and suggested that the initiation of the dendrites is a 

diffusion controlled process. This is in contrast to growth of the nucleated dendrites 

which is an activation controlled process. However, Wang et al. [60] claimed that 

both initiation and growth are diffusion controlled processes. Moreover, they showed 
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that high current densities, low zincate concentration and high KOH concentration 

favor the dendritic growth, which are related with diffusional mechanisms. The 

operation condition and the cell construction affects the way of dendrite formation 

in terms of geometry and crystallographic orientations [64]. 

There are several strategies to deal with the dendrite formation. One way is to use 

penetration resistant separators. In commercial batteries polyamide separators are 

used for this purpose [65]. Addition of Bi2O3 into the system found to be effective in 

suppression of the dendrite formation by forming intermediate oxide phases of Bi3+ 

and zincate ions [66-68]. Parker et al. developed a self-supporting, 3D Zn sponge for 

alkaline batteries; they evaluated the anode in NiZn [55,56], AgZn [69] and Zn-air 

batteries [70]. The structure forms a stable conductive network and assures a more 

homogeneous current on the surface of the anode, which inhibits the dendrite 

formation. Furthermore, increased surface area and the porous structure that prevents 

zincate ions from migrating too far from the electrode surface help to suppress the 

dendrite formation. It is, also, possible to prevent the dendrite formation by applying 

a pulsed charging protocol [71]. If the protocol is optimized   it is possible to suppress 

the formation of the dendrites completely. 

Hydrogen evolution 

HER is another major problem in Zn anode. It happens because the potential at which 

the reaction occurs is less negative than the reduction of ZnO. Hence, HER reaction 

is thermodynamically more favorable [72]. HER reaction can be expressed as 

follows; 

Zn + 2H2O ↔ Zn(OH)2 + H2                                                                    Equation 2.8  

During charging the two reactions of HER and ZnO reduction, i.e. zinc deposition 

competes with each other causing a decrease in the coulombic efficiency. This also 

results in an increase in internal pressure of the cell and increase in cell resistance 

[72]. HER may be controlled using additives in the anode. Additives such as; In2O3 

[74], In [75], Bi [76], can successfully increase the HER overpotential and suppress 
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the reaction. Moreover, saturating the electrolyte with ZnO can reduce the reaction 

rate [77]. As a consequence of HER reaction, self-discharge is observed. 

Zincate crossover 

The formation of zincate, Zn(OH)4
2-, ions is a part of the anode reaction, see 

Equation 2.2, it forms as an intermediate species. Once these ions are formed they 

are free to migrate to the cathode and form ZnMn2O4 (hetaerolite) at the cathode 

[78]. This phase increases the resistivity by six orders of magnitude. More 

importantly, ZnMn2O4 is an irreversible phase and it decreases cycle-life profoundly 

[79]. Even if the reaction between cathode and the zincate ions are prevented or 

another cathode rather than MnO2 is used, zincate crossover, still, is a problem 

because of active material loss [80]. 

Anion exchange ionomers coated on the anode can prevent zincate crossover [81,82]. 

This coating can permeate the ions selectively so that, it allows the passage of OH- 

and H+ but not the zincate ions [81]. Prevention of zincate redistribution through the 

electrolyte eliminates zincate crossover and dendrite formation [82]. Additional 

layer of separator made out of Ca(OH)2 is found to be effective in hindering zincate 

crossover because Ca(OH)2 can reversible react with the zincate ions [54]. Semi-

solid gel polymer electrolytes can, also, prevent zincate crossover by limiting zincate 

diffusion [83]. 

In overall, zinc is an attractive anode material for many battery technologies due to 

its low cost, environmentally benign nature, high and reversible capacity. Although, 

there are many drawbacks of using Zn anode, it is possible to mitigate them so that. 

they can be used a s effective electrode material. 

2.1.2 Separator 

Separators are used for electrical insulation between the anode and cathode to 

prevent short circuiting. This way electrons produced from redox reactions can be 

directed to the external circuit for usable electricity. A proper separator must be an 
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electronic insulator, ionic conductor, stable in electrolyte, strong and flexible so that 

it does not lose its function during processing and during use. It must be an ionic 

conductor, otherwise ions, OH- and H+, cannot diffuse through it. Therefore, the 

separators must be porous to permit the passage of ions and water molecules [84]. 

Primary alkaline batteries in the market generally use a separator consists of multiple 

layers of cellulose fiber combined with artificial fibers like nylon, rayon or polyvinyl 

alcohol [84]. Cellulose fiber is a cost-effective solution which provides good wetting 

properties, resistant to dendrite growth with 75% of pore volume. Furthermore, a 

nonwoven membrane, see Figure 2.4, can be used with cellophane to improve the 

absorption of electrolyte which is quite important in terms of mass transport in the 

electrolyte [65]. 

Secondary batteries, like RAM, have higher standards for separator material due to 

extended cycle life and duration of their use. The separator must have a higher 

puncture resistance to prevent shorting caused by dendrite growth and it must impede 

the zincate crossover to prevent zinc poisoning at the cathode.  

 

 

Figure 2.4. A typical polyamide nonwoven separator [65]. 

 

Stability of the separator inside the electrolyte is an important aspect. Cellulose and 

cellophane materials have a tendency to deteriorate over time inside the alkaline 
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electrolytes due to KOH reacts with the ether bonds in the cellulose [85]. After 

repeated cycles, the breakdown of the cellulose leads to poor wetting properties. The 

degradation can be remedied by employing higher concentrations of KOH [86]. 

Polyamide combined with cellophane is the common separator in commercial 

rechargeable batteries like RAM and NiZn. Polyamide is excellent in terms of its 

stability in the electrolyte and it is puncture resistant for dendrite growth. However, 

as with other separators, polyamide lacks the capacity to selectively prevent the 

zincate crossover [65].  

Different separator membranes are developed to effectively filter out the zincate ions 

selectively. Membranes, like the composite of polyvinyl alcohol and polyetherimide, 

can achieve selectivity in ion exchange by separation according to their size much 

like a sieve [87]. As mentioned earlier, Ca(OH)2 separator bounded by PTFE can be 

used as an additional layer to prevent zincate crossover [54]. Duay et al. [88] have 

developed ceramic separators with high ionic conductivity which can successfully 

prevent zincate crossover.  

Composite polymeric separators with a higher performance in terms of ionic 

conductivity, wetting properties and puncture resistance were developed which 

includes composites of polyvinyl alcohol-polyacrylic acid [89] and polyvinyl 

alcohol-polyvinyl chloride [90], but they were ineffective against zincate crossover. 

2.1.3 Electrolyte 

Primary and secondary MnO2/Zn alkaline batteries commercially employs KOH 

electrolyte. The choice of concentration depends on several factors like; cell 

potential, ZnO solubility and limiting current [91]. For the concentration range of 

25-30 wt. % KOH, the ionic conductivity is maximum and for the concentration 

range of 25-35 wt. % KOH, redox kinetics of the anode is, also, maximized [91]. 

Even though, as the KOH concentration increases, specific capacity obtained from 

electrodes increases, this leads to increased solubility of Zn species as well and this 
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causes deterioration in the electrochemical performance of the battery [91]. 

Therefore, the main aim in electrolyte is to maximize the ionic conductivity while 

minimizing the solubility of Zn species.  

The most popular approach to limit the ZnO dissolution is to saturate the electrolyte 

with ZnO prior to assembling the cell [77]. It should be kept in mind that pre-

dissolved ZnO contributes to battery capacity as well [92]. For NiZn batteries, Lim 

et al. [93]. showed that samples with pre-dissolved ZnO in their electrolyte had a 

longer cycle life compared to samples with no pre-dissolved ZnO in their electrolyte 

However, this approach is not applicable for MnO2/Zn batteries due to zinc 

poisoning of the cathode.  

Using lower concentration of KOH is another strategy. The concentration of KOH is 

lowered in order to lower the Zn solubility while other compounds such as; 

potassium fluoride, potassium borate, potassium phosphate and potassium carbonate 

are added to the electrolyte to remedy the decrease in ionic conductivity due to lower 

concentration of KOH [94,95]. 

For the MnO2/Zn batteries, LiOH is a common additive to the electrolyte. It is shown 

that saturating the electrolyte with respect to LiOH enhances the cyclic stability of 

the cell quite remarkably [13]. Hertzberg et al. [96] optimized the KOH:LiOH ratio 

and showed that both proton and lithium insertion occurs and increases the capacity 

of the cathode while preventing ZnMn2O4 formation. Two main mechanism found 

to be active when LiOH used as an electrolyte additive; in the presence of Li+ ions a 

reversible phase, LixMnO2, forms due to Li+ intercalation and this phase does not 

interact with zincate ions. Furthermore, LiOH decreases the solubility of Mn species 

therefore prevents the irreversible phase formations which increases the cyclic 

stability [13,97,98]. There are several drawbacks of using LiOH additive. Li+ 

insertion in to the system decreases the conductivity and it might lead to the 

formation irreversible spinel phases with Li+ [98].  

Triethanolamine (TEA) is another common additive used for electrolyte. It is shown 

that TEA can react with dissolved Mn yielding reversible species and as a result 
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decreases the formation of the irreversible manganese oxides [99]. Moreover, it also 

reacts with zincate ions and prevents zincate poisoning of the cathode [100]. 

Significant improvement in the capacity of the cathode is observed when 10 vol. % 

of TEA is added to the 8.5 M KOH electrolyte [101]. Additionally, it facilitates the 

formation of low surface area during zinc precipitations and increases the cell 

lifetime considerably [101]. 

It is also possible to use gel polymer electrolytes. Yadav et al. [102] adapted a two 

electrolyte system in which polyacrylic acid is used with KOH at the anode side and 

MnSO4 used at the cathode side. Moreover, polyacrylic acid based polymer gel 

electrolytes are being considered as electrolyte for flexible batteries [103]. 

2.1.4 Cathode 

MnO2 as an active material is quite popular in battery applications due to its low-

cost, high capacity and being environmentally benign. The applications cover 

alkaline MnO2/Zn batteries [27], Li-ion batteries [104], Na-ion [105], Mg-ion 

[106,107] and Zn-ion [108,109]. Although, it is well-established cathode material, 

MnO2 suffers from low electronic conductivity [110-112], rechargeability [113,114], 

low diffusion kinetics [115,116] and low structural stability [118-120]. 

There are a number of polymorphs of MnO2 which exhibit unique architecture, 

giving rise to different forms of pores and tunnels. Due to this variation in structure, 

electron transfer kinetics and diffusion kinetics differ from each other depending on 

its polymorph [104,121,122]. Polymorphs of MnO2 are; α-MnO2, β-MnO2, R-MnO2, 

γ-MnO2, δ-MnO2 and λ-MnO2 [123], Figure 2.5. All polymorphs have the same 

fundamental unit, i.e. Mn4+ with its six oxygen neighbors, forming a MnO6 

octahedron. The polymorphs differ from each in the way how MnO6 octahedron links 

together [104]. 
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Figure 2.5. Polymorphs of MnO2 (purple: Mn and red: O) [124]. 

 

2.1.4.1 Electrolytic Manganese Dioxide (ɔ) 

Most chemically and electrochemically most active polymorph of the MnO2 is the γ-

MnO2 [104]. Therefore, it is the proper choice for battery applications. γ-MnO2 used 

as a cathode in batteries are generally classified in three groups depending on their 

origin. These are natural (NMD), chemical (CMD) and electrolytic manganese 

dioxide (EMD) [125]. Although, NMD is used in the past, recent batteries employ 

CMD or EMD because of its higher Mn content, purity and enhanced 

electrochemical performances [125,126]. The structure of γ-MnO2 is closely related 

to β-MnO2 and R-MnO2. It forms by irregular intergrowth of β-MnO2 and R-MnO2, 

Figure 2.6. 

EMD is used extensively in alkaline batteries. At first they were used in primary cells 

making use of H+ insertion mechanism [128]. Although primary, it was still possible 
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to make use of EMD reversibly under specific conditions [37,128,129]. Many 

attempts were made to improve the capacity and rechargeability of EMD. Vast 

number of additives were investigated; TiO2 [20], TiB2 and TiS2 [130], BaSO4 [11], 

Bi [131], Ag3BiOx [132], NaBiO3 [133], etc. Modification of EMD further studied 

with a variety of surfactants [134-136]. 

 

 

Figure 2.6. (c) γ-MnO2 (Nsutite) is formed by the intergrowth of (a) β-MnO2 

(Pyrolusite) and (b) R-MnO2 (Ramsdellite) [127]. 

 

In summary, many studies were conducted on EMD electrodes and considerable 

improvements were made in its electrochemical performance. However, there is still 

a large room for improvement since the full theoretical two electron capacity cannot 

be used reversible in the useful voltage window. 
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2.1.4.2 Hollandite (Ŭ) 

α-MnO2 as polymorph that can be found in nature widely and it has a tetragonal 

crystal structure. The MnO6 octahedrons arrange themselves into a double chain 

structure along the c-axis through a common edge connection mode. These double 

chains share a vertex angle with their neighboring double chains, resulting in the 

formation of (1x1) and (2x2), see Figure 2.5. The (2x2) tunnels have spacing of 4.6 

Å which is large enough to accommodate metal cations (K+, Ca2+, Na+, etc.) as well 

as water molecules [137]. 

In the literature, there are many studies making use of α-MnO2 as a cathode active 

material. These studies mainly focused on the Zn-ion batteries making use of mildly 

acidic electrolytes. For example, Xu et al. [138] reported a 210 mAh/g initial capacity 

at 0.5 C rate using 1 M ZnSO4 electrolyte. With MnSO4 addition to the ZnSO4 

electrolyte Pan et al. [139] achieved a capacity increase to 285 mAh/g. Moreover, 

the benefits of electrolyte modification were quite drastic and they achieved an 

excellent cycling performance. Gao et al. [140] tried to optimize the battery 

architecture with use of acetylene black as a conductive additive and reached even 

higher initial capacity of 330 mAh/g.  

Although, α-MnO2 is widely used in other battery technologies, there are only few 

study related to MnO2/Zn alkaline batteries. Wang et al. [141] synthesized 

microspheres of α-MnO2 and compared its performance with a commercial EMD 

electrode. They reported that the capacity was inferior to the commercial electrode 

but the discharge potentials showed an increase. Tang et al. [142] were able to 

produce nanorods of α-MnO2 with 10 to 20 nm in diameter. Their results were better 

than EMD electrode in terms of capacity, discharge potential and rate capability.  

It is clear that α-MnO2 can be produced with sophisticated methods to yield better 

performance than commercially available EMD electrodes. However, there is little 

interest on this particular polymorph of MnO2 within the context of MnO2/Zn 

alkaline batteries. 
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2.1.4.3 Pyrolusite (ɓ) 

Pyrolusite is the most stable, easily synthesized, stoichiometric and ordered 

polymorph of MnO2 with a rutile-type tetragonal structure [143,144]. With the (1x1) 

structure, it is the polymorph that has the smallest tunnel size with spacing of 2.3 Å. 

However, it can still accommodate to small size cations, like H+, Li+ and Na+ 

[145,146]. 

 

 

Figure 2.7. Phase transformation of Bi2O3/β-MnO2 composite cathode in KOH and 

KOH/LiOH electrolytes [96]. 

 

Similar to α-MnO2, there is not much research on the β-MnO2 as well. This is due to 

the smaller tunnel size. McBreen [18] studied the differences between β-MnO2 and 

γ-MnO2 and stated that the irreversibility mechanism was different from each other. 

Dürena et al. [147] investigated the use of different electrolytes on the potential of 

the MnO2/Zn cell using β-MnO2. Ghaemi et al. [148] assessed the electrochemical 
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performance of MnO2 produced by methane and sulfuric acid digestion treatment 

from CMD and EMD. They showed that the sample with the β-MnO2 structure had 

the best performance in extended cycling. Hertzberg et al. [96] prepared a Bi2O3/β-

MnO2 composite cathode and reported exceptional cyclability and discharge 

capacity. However, in the presence of Bi2O3, the β-MnO2 structure turns into layered 

δ-MnO2 structure upon the first discharge, see Figure 2.7. 

2.1.4.4 Birnessite (ŭ) 

The crystal structure of δ-MnO2 consist of MnO6 octahedrons with manganese 

vacancies. These octahedrons are arranged together to form a 2D layer which are 

stacked on top of each other, see Figure 2.5. There is a 7.0 Å spacing between 

adjacent layers [137]. 

Previously, it was explained that when MnO2 used in batteries it forms irreversible 

phases and therefore, it is an active material for primary batteries. It could be made 

rechargeable et least to some extent with limited depth of discharge [16,18] and with 

the use of additives [29]. The real rechargeability was imparted on the system with 

the use of Bi based additives. This leads to the formation of the δ-MnO2 structure 

[32]. Therefore, a vast number of studies is devoted to birnessite structure 

[27,32,79,149,150]. 

The exact mechanism of reversibility in δ-MnO2 cathodes is not clear, but only small 

amount of Bi is enough to improve the rechargeability [33,151]. It seems that how 

Bi is incorporated into the structure matter little and δ-MnO2 can be synthesized 

directly, once Bi can be added during processing [32,150]. The starting polymorph 

MnO2 has little importance since with Bi additive [27,96] they transform to δ-MnO2 

upon first charge, see Figure 2.7. 

In early studies, the positive effects of using δ-MnO2 was limited to few cycles. This 

effect can be obtained with low loading of active mass [152]. An electrode prepared 

with Bi2O3 and metallic Cu achieved nearly full two electron capacity of the MnO2 
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reversible for over 6000 cycles without a noticeable capacity decay [27]. Similar to 

Bi3+ cations, Cu2+ is thought to intercalate within the structure of δ-MnO2 which 

decreases the charge transfer resistance and this in turn increases rate capability 

drastically [28]. When this electrode is coupled with the Zn anode the cyclic stability 

of the cathode decreased drastically due to zincate crossover. It is possible to further 

improve the battery with use of Ca(OH)2 separator to minimize zincate crossover 

[54]. 

2.2 Imparting Rechargeability 

While MnO2/Zn batteries are typically considered as primary, they can be made 

rechargeable. Nevertheless, their stability is limited and can only be cycled 100 to 

200 times provided that the depth of discharge remains 15-25 % of the first electron 

theoretical capacity [10]. Due to their limited rechargeability, these batteries are 

unsuitable for grid storage which requires a cycle life in excess of 5 years (typically 

one cycle per day) with an acceptable capacity [153]. The restricted rechargeability 

of MnO2/Zn batteries often linked to the irreversible phase formation at the cathode 

during discharging of the cell. In the first electron reaction, the reduction of Mn4+ to 

Mn3+ occurs through a homogeneous proton insertion process [8,35]. The second 

electron reaction, however, involves the formation of Mn2+ together with Mn3O4 

phase [154-156]. However, this phase is irreversible, resulting in the depletion of 

active material during cycling. Unfortunately, the formation of this irreversible phase 

is also found to occur during the initial electron exchange [32,157]. This implies that 

the first electron exchange is not entirely reversible either. However, by employing 

low mass loading [158] or incorporating additives 

[11,19,20,24,27,30,149,150,152,159], rechargeability can be attained. 

In order to enhance the cyclic stability, cathode modification with additives was 

widely investigated [19,24,27,149]. Initial studies were mostly devoted to γ-MnO2. 

Although, some success was achieved with this polymorph via the use of additives 

such as TiO2 [19,20], Ba(OH)2 [24] or BaSO4 [11], the best performance was 



 

 

27 

reported for Bi2O3 additive [30,149,150]. Later studies [27,159] suggested that the 

δ-MnO2 is a more suitable polymorph for rechargeable applications. Dzieciuch et al. 

[79] studied modification of δ-MnO2 with Bi2O3 and reported reversible capacities 

up to 60 to 80 % of the full theoretical capacity. Im et al. [32] studied the effects of 

Bi2O3 and concluded that Bi3+ species suppresses the formation of the irreversible 

phases by changing the reaction routes. 

Yadav et al. [27,159] investigated the effects of simultaneous addition of Bi3+ and 

Cu on the performance of the MnO2 cathodes. They managed to achieve nearly full 

theoretical capacity which was stable for over 6000 cycles (using a NiOOH counter 

electrode). The performance was compromised when a Zn anode is used due to zinc 

poisoning. However, they remedied the situation with a use of a Ca(OH)2 separator. 

Their results were quite outstanding in terms of both capacity and cyclic stability 

but, it must be mentioned that discharge potentials, especially for the second electron 

process, were relatively low. 

It is evident from the discussions made above that the performance of the MnO2 

cathodes can be significantly enhanced through modifications on its structure. For 

present study three cations, namely; Na1+, Bi3+ and Ni2+ were chosen to modify the 

structure of the cathode. Na1+ and Bi3+ were chosen for their potential to stabilize δ-

MnO2 structure which is essential for rechargeable performance [27,160]. Ni2+ was 

chosen as being an alternative cathode material to Mn2+ [161]. 

2.3 Experimental Procedure 

2.3.1 Magnetron Sputtering 

Magnetron Sputtering is a film deposition technique used in high vacuum conditions. 

In this method a magnetic field is employed to create a plasma of ionized gas on the 

surface of the target materials that is to be deposited on the substrate. The magnetic 

field accelerates these ions towards the target and as a result of collision between the 
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target and the ions, atoms from the target are ejected and deposited onto the substrate. 

Magnetron sputtering provides high control over the thickness and the composition 

of the films deposited on the substrate  

 

 

Figure 2.8. Photograph of the Nanovak magnetron sputtering equipment. 

 

The equipment used in this study, contains a cubical vacuum chamber with 50 cm 

length parameter in every direction, Figure 2.8. There are in total 4 target holders 

(guns), three of which are located peripherally with a 350 mm diameter circle with 

120 0 intervals, Figure 2.9. These guns’ houses target 2-inch in diameter. The fourth 

gun is at the center housing a 3-inch diameter target used for the base composition.  

The relative position of the peripheral targets with respect to the central gun is given 

in Figure 2.10. The central gun is located directly below the substrate holder and 

92.5 mm away from it. The peripheral guns are located 175 mm distant from the 

central gun. However, they are tilted with 45 0 angle and adjustments were made so 

that the lower edge of the peripheral target lies within the same plane as the central 

gun’s surface plane. The calibration of the peripheral targets was also carried out 

using thickness monitors that are positioned near the corners of the triangular 

substrate holder. Proper adjustments were made on individual guns so that two 
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thickness monitors away from the gun that was being calibrated registers the same 

deposition rate. 

 

 

Figure 2.9. Photograph of the Nanovak magnetron sputtering equipment showing 

the inside of the vacuum chamber. 

 

The substrate holder is in a triangular form with circular 36 housings, Figure 2.11. 

The holder consists of two layers of punched stainless steel sheet of slightly different 

housing diameters. The top layer consists of holes with 12.5 mm diameter and the 

bottom layer consists of holes with 13 mm diameter. The substrate used were circular 

with 12.7 mm diameter which fits into the holes.  

The deposition experiments start with placing the targets to the guns and placing the 

substrates into the substrate holder which are then placed in its holder within the 

vacuum chamber. Then, the whole system is taken under vacuum until the base 

pressure reaches 2*10-6 Torr. High purity argon and oxygen gases (both 99.999 % 

pure, Linde Gaz Inc.) are fed to the system. Argon is used as plasma gas and oxygen 

is fed to the chamber as extra oxygen source so as to kame sure that the deposited 
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layers are not oxygen deficient. The feed rates were 20 and 13 sccm for the argon 

and oxygen, respectively.  

 

 

Figure 2.10. Schematic presentation of the relative gun positions. 

 

 

Figure 2.11. Schematic presentation of the sample holder. 
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Power is applied on the guns and the plasma is generated. Then, the gate valve is 

adjusted so that the vacuum in the chamber is stabilized at 5 mTorr. The system 

operated for 5 minutes prior to experiment while the shutters for the guns and the 

substrate holder were in closed position. This was for the purpose of cleaning to the 

targets surface before the actual deposition. 

Three sets of substrates were used in a given experiment. The first set was glass 

substrates which were used for thickness measurements. This was achieved by 

breaking the glass and measuring the thickness of the deposited film in SEM. The 

second set was aluminum substrates which were used for EDS measurements, i.e. to 

measure the chemical makeup of the deposited film.  The third set was the main set 

with nickel was used as substrates used as cathode in electrochemical tests. 

2.3.2 Target Fabrication 

Targets used in the present study were NiO, Bi2O3, Na0.7MnO2 and MnO2. The 

former three were 2 inches in diameter are produced in this study and the latter, i.e. 

MnO2 was 3-inch in diameter procured from Changsha Xinkang Advanced Materials 

Co., Ltd.  

The fabrication of targets makes use of precursor oxides in powder form. Then, a 

green body is obtained by mixing these powders with few drops of DI water as a 

binder and pressing them in a deformable die [162]. These dies are rings made out 

of PTFE material with 65 mm of inside diameter, 5 mm of wall thickness and 5 mm 

of height. The pressure in compaction was 100 MPa. The green bodies are then 

sintered to obtain discs to be used as targets. The targets, however, after the sintering 

are larger than 2-inch in diameter hence, they are cut with water jet to 2-inch 

diameter. 

For NiO target, the precursor was nickel nitrate (Ni(NO3).6H2O) (Merck KGaA). 

The precursor was calcined at 800 0C for 1 hour and the pure NiO phase is obtained. 
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The green body obtained was sintered at 1250 0C for 7 hours. SEM image and the 

photograph of the target is given in Figure 2.12. 

 

 
Figure 2.12. NiO sputter target. a) SEM image of target in as-sintered condition 

and b) photograph of the target. 

 

 
Figure 2.13. Bi2O3 sputter target. a) SEM image of target in as-sintered condition 

and b) photograph of the target. 

 

Bi2O3 sputter target was synthesized from Bismuth oxynitrate (Bi5O(OH)9(NO3)4) 

(Merck KGaA). Bi2O3 was obtained after calcining the precursor at 600 0C for 90 
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minutes. Then, a green body is prepared from these powders and sintered at 600 0C 

for 5 hours. The SEM image and the photograph of the target is presented in Figure 

2.13. 

NaMnO2 target was used as a Na source. Initial attempts to fabricate Na2O was not 

successful. In order to obtain this target, Mn2O3 powders were first synthesized from 

Mn(NO3)2 (Merck KGaA) precursor by calcination at 600 0C for 5 hours. This yields 

Mn2O3 which is then mixed with Na2CO3 (Merck KGaA) via ball milling. Retsch 

planetary ball mill (PM 400 MA-type) was used for this purpose; the milling was 

carries at 100 rpm for 4 hours. 10 % excess Na2CO3 was used in the mixture so as to 

ensure NaMnO2 stoichiometry. The mixture was calcined at 950 0C for 15 hours. 

The resulting phase was α-NaMnO2. The powders were then compacted and sintered 

at 1350 0C for 15 hours. The resulting targets was β-Na0.7MnO2. The SEM images 

and photograph of the target are given in Figure 2.14. 

 

 

Figure 2.14. Na0.7MnO2 sputter target. a) SEM image of target in as-sintered 

condition and b) photograph of the target. 
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2.3.3 Cathode Fabrication 

Thick film cathodes, were prepared using magnetron sputtering with a combinatorial 

approach. A total of four targets were used in fabrication, Figure 2.15. Bi2O3, NiO 

and Na0.7MnO2 were used as peripheral targets and MnO2 was used as central target. 

The substrate holder was mimicking the target underneath. The holder comprised a 

total of 36 substrates in triangular form. 

 

 

Figure 2.15. Schematic representation of combinatorial deposition of cathodes via 

magnetron sputtering. 

 

In this configuration each substrate has a different composition. Chemical 

composition of the deposited film was determined using EDS. For the purpose of the 

determination of chemical composition, deposition was carried on aluminum 

substrate. Although the use of nickel would have been desirable, this was not 

possible as the cathodes themselves had nickel in them. The compositions are 

determined by collecting EDS data (10 mm working distance and 30 kV accelerating 

voltage) for one minute from the three corners of the sample. The composition was 

then reported as the average of these three measurements. 
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Table 2.2 Magnetron sputtering power setting for different sets of samples. 

 Power loading (Watt) 

Experiment Bi2O3 Na0.7MnO2  NiO MnO2 

I 30 100 100 100 

II  20 100 50 120 

III  15 100 25 120 

IV  15 100 35 120 

V 10 50 25 120 

VI  10 25 25 120 

 

 
Figure 2.16. Ternary compositional diagram of the produced thick film cathodes 

from a) experiment I and from b) experiment IV. 

 

A total of six sets of cathodes were produced using different power loadings on the 

targets, Table 2.2. Of these experiments I and IV were chosen as they cover greater 

portions of the ternary diagram. The positions of the cathodes are shown in Figure 

2.16. The composition is represented by the atomic fractions of Bi-Na-Ni elements 

which are normalized to 1. Mn content is adjusted accordingly and is shown as 

contour maps. It is seen that experiment I cover cathodes near Ni corner of the 



 

 

36 

diagram, while experiment IV  comprise cathodes rich in Na. There are in total of 72 

cathodes that are enough to cover the greater portion of the compositional diagram. 

The compositions of the cathodes are listed in Table 2.3. 

 

Table 2.3 List of the thick film cathodes. 

No. Bi Na Ni Mn Formula 

1 0.03 0.50 0.21 0.26 Bi0.03Na0.50Ni0.21Mn0.26Ox 

2 0.04 0.47 0.24 0.25 Bi0.04Na0.47Ni0.24Mn0.25Ox 

3 0.02 0.47 0.28 0.23 Bi0.02Na0.47Ni0.28Mn0.23Ox 

4 0.03 0.47 0.22 0.27 Bi0.03Na0.47Ni0.22Mn0.27Ox 

5 0.05 0.40 0.31 0.24 Bi0.05Na0.40Ni0.31Mn0.24Ox 

6 0.04 0.38 0.36 0.22 Bi0.04Na0.38Ni0.36Mn0.22Ox 

7 0.11 0.31 0.31 0.28 Bi0.11Na0.31Ni0.31Mn0.28Ox 

8 0.08 0.31 0.35 0.26 Bi0.08Na0.31Ni0.35Mn0.26Ox 

9 0.06 0.26 0.43 0.26 Bi0.06Na0.26Ni0.43Mn0.26Ox 

10 0.05 0.21 0.53 0.22 Bi0.05Na0.21Ni0.53Mn0.22Ox 

11 0.18 0.14 0.38 0.30 Bi0.18Na0.14Ni0.38Mn0.30Ox 

12 0.14 0.17 0.37 0.32 Bi0.14Na0.17Ni0.37Mn0.32Ox 

13 0.10 0.15 0.48 0.27 Bi0.10Na0.15Ni0.48Mn0.27Ox 

14 0.07 0.15 0.55 0.24 Bi0.07Na0.15Ni0.55Mn0.24Ox 

15 0.02 0.13 0.65 0.20 Bi0.02Na0.13Ni0.65Mn0.20Ox 

16 0.27 0.09 0.36 0.28 Bi0.27Na0.09Ni0.36Mn0.28Ox 

17 0.21 0.10 0.40 0.29 Bi0.21Na0.10Ni0.40Mn0.29Ox 

18 0.15 0.09 0.47 0.29 Bi0.15Na0.09Ni0.47Mn0.29Ox 

19 0.11 0.07 0.58 0.25 Bi0.11Na0.07Ni0.58Mn0.25Ox 

20 0.07 0.04 0.68 0.21 Bi0.07Na0.04Ni0.68Mn0.21Ox 

21 0.03 0.03 0.77 0.16 Bi0.03Na0.03Ni0.77Mn0.16Ox 

22 0.48 0.03 0.26 0.23 Bi0.48Na0.03Ni0.26Mn0.23Ox 
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Table 2.3 (contôd) 

23 0.30 0.04 0.42 0.25 Bi0.30Na0.04Ni0.42Mn0.25Ox 

24 0.22 0.05 0.48 0.25 Bi0.22Na0.05Ni0.48Mn0.25Ox 

25 0.13 0.08 0.56 0.23 Bi0.13Na0.08Ni0.56Mn0.23Ox 

26 0.08 0.04 0.67 0.20 Bi0.08Na0.04Ni0.67Mn0.20Ox 

27 0.04 0.00 0.81 0.15 Bi0.04Na0.00Ni0.81Mn0.15Ox 

28 0.03 0.02 0.83 0.12 Bi0.03Na0.02Ni0.83Mn0.12Ox 

29 0.67 0.02 0.17 0.13 Bi0.67Na0.02Ni0.17Mn0.13Ox 

30 0.50 0.01 0.33 0.15 Bi0.50Na0.01Ni0.33Mn0.15Ox 

31 0.34 0.03 0.43 0.21 Bi0.34Na0.03Ni0.43Mn0.21Ox 

32 0.20 0.03 0.52 0.24 Bi0.20Na0.03Ni0.52Mn0.24Ox 

33 0.11 0.01 0.68 0.20 Bi0.11Na0.01Ni0.68Mn0.20Ox 

34 0.08 0.00 0.75 0.18 Bi0.08Na0.00Ni0.75Mn0.18Ox 

35 0.04 0.01 0.83 0.12 Bi0.04Na0.01Ni0.83Mn0.12Ox 

36 0.01 0.02 0.88 0.09 Bi0.01Na0.02Ni0.88Mn0.09Ox 

37 0.01 0.78 0.01 0.20 Bi0.01Na0.78Ni0.01Mn0.20Ox 

38 0.01 0.75 0.02 0.22 Bi0.01Na0.75Ni0.02Mn0.22Ox 

39 0.01 0.76 0.02 0.21 Bi0.01Na0.76Ni0.02Mn0.21Ox 

40 0.02 0.71 0.02 0.24 Bi0.02Na0.71Ni0.02Mn0.24Ox 

41 0.02 0.72 0.02 0.24 Bi0.02Na0.72Ni0.02Mn0.24Ox 

42 0.01 0.72 0.03 0.24 Bi0.01Na0.72Ni0.03Mn0.24Ox 

43 0.04 0.64 0.03 0.29 Bi0.04Na0.64Ni0.03Mn0.29Ox 

44 0.03 0.63 0.03 0.31 Bi0.03Na0.63Ni0.03Mn0.31Ox 

45 0.03 0.62 0.04 0.31 Bi0.03Na0.62Ni0.04Mn0.31Ox 

46 0.03 0.63 0.05 0.30 Bi0.03Na0.63Ni0.05Mn0.30Ox 

47 0.07 0.55 0.03 0.35 Bi0.07Na0.55Ni0.03Mn0.35Ox 

48 0.05 0.54 0.04 0.37 Bi0.05Na0.54Ni0.04Mn0.37Ox 

49 0.04 0.55 0.04 0.36 Bi0.04Na0.55Ni0.04Mn0.36Ox 

50 0.04 0.56 0.05 0.35 Bi0.04Na0.56Ni0.05Mn0.35Ox 

51 0.03 0.55 0.07 0.35 Bi0.03Na0.55Ni0.07Mn0.35Ox 
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Table 2.3 (contôd) 

52 0.12 0.43 0.04 0.42 Bi0.12Na0.43Ni0.04Mn0.42Ox 

53 0.09 0.45 0.04 0.42 Bi0.09Na0.45Ni0.04Mn0.42Ox 

54 0.06 0.49 0.05 0.40 Bi0.06Na0.49Ni0.05Mn0.40Ox 

55 0.05 0.48 0.06 0.41 Bi0.05Na0.48Ni0.06Mn0.41Ox 

56 0.04 0.49 0.08 0.39 Bi0.04Na0.49Ni0.08Mn0.39Ox 

57 0.03 0.48 0.10 0.38 Bi0.03Na0.48Ni0.10Mn0.38Ox 

58 0.25 0.24 0.05 0.46 Bi0.25Na0.24Ni0.05Mn0.46Ox 

59 0.18 0.30 0.05 0.47 Bi0.18Na0.30Ni0.05Mn0.47Ox 

60 0.12 0.35 0.06 0.47 Bi0.12Na0.35Ni0.06Mn0.47Ox 

61 0.08 0.39 0.07 0.46 Bi0.08Na0.39Ni0.07Mn0.46Ox 

62 0.06 0.40 0.09 0.45 Bi0.06Na0.40Ni0.09Mn0.45Ox 

63 0.05 0.39 0.12 0.44 Bi0.05Na0.39Ni0.12Mn0.44Ox 

64 0.04 0.38 0.16 0.41 Bi0.04Na0.38Ni0.16Mn0.41Ox 

65 0.45 0.11 0.04 0.40 Bi0.45Na0.11Ni0.04Mn0.40Ox 

66 0.39 0.12 0.05 0.44 Bi0.39Na0.12Ni0.05Mn0.44Ox 

67 0.23 0.21 0.06 0.50 Bi0.23Na0.21Ni0.06Mn0.50Ox 

68 0.14 0.30 0.07 0.49 Bi0.14Na0.30Ni0.07Mn0.49Ox 

69 0.08 0.35 0.10 0.47 Bi0.08Na0.35Ni0.10Mn0.47Ox 

70 0.07 0.36 0.12 0.45 Bi0.07Na0.36Ni0.12Mn0.45Ox 

71 0.06 0.34 0.17 0.44 Bi0.06Na0.34Ni0.17Mn0.44Ox 

72 0.04 0.33 0.22 0.40 Bi0.04Na0.33Ni0.22Mn0.40Ox 

 

Having selected the conditions of sputtering, two additional sets of samples were 

produced under identical conditions. One set was produced on glass substrates, the 

other on nickel substrates. Thickness of thick film cathodes were measured using 

glass substrates with SEM. For this purpose, glass substrates were broken in half by 

application of a small pressure from the back side of the coating. The fractured pieces 

are placed in SEM in a vertical manner and the thickness of the deposits are 
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determined from the SEM image. The thick films produced in this way were typically 

2.5 μm, Figure 2.17. 

 

 

Figure 2.17. SEM image of a cross-section of a typical thick film cathode, 

Bi0.09Na0.15Ni0.48Mn0.27Ox. 

 

Cathodes were deposited on nickel substrate for structural and electrochemical 

characterizations. nickel substrates used were 12.7 mm in diameter with 100 μm in 

thickness. The mass of coating deposited on the substrate was determined by 

weighting the substrate before and after the deposition. The weights of the cathodes 

were typically 0.5 mg. 

2.3.4 Anode Production & Cell Assembly 

The anode used in the current batteries is zinc. However, there are many drawback 

of employing zinc as the anode as explained in details in section 2.1.1. In order to 

assess the properties of the cathodes without detrimental effects of the anode, a metal 

hydride (MH) anode was used as counter electrode in the cell assembly. 

The anodes were prepared using a slurry route. For this purpose, 2 wt. % PVA binder 

is dissolved in large amount of DI water. The dissolution is performed at 200 0C 

while constant stirring on a hot plate. After the dissolution, 98 wt. % of AB5 powder 

(La10.5Ce4.3Pr0.5Nd1.4Ni60Co12.7Mn5.9Al4.7) was added to the solution and the 
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temperature was decreased to 75 oC. The stirring is continued at 75 oC until desired 

rheological properties was obtained. The resulting slurry was the applied on discs of 

nickel foam with 12.9 mm diameter using a spatula. The wet electrode is first dried 

at 75 0C for overnight and then pressed with a pressure of 25 MPa. The mass of AB5 

-which is expected to have a discharge capacity of 280 mAh/g- was 100 times that 

of the capacity of the cathode (617 mAh/g-MnO2).  This ensured that the cells were 

cathode limited. 

 

 

Figure 2.18. Schematic illustration of the equipment used for external charging of 

the MH anodes. 

 

There is a mismatch problem with the charge states of the cathode and the anode. 

MnO2 based thick film cathodes are the charged state when they are deposited. The 

anodes AB5, however, are in discharged state. To remedy this mismatch, the anodes 

are put in charged state by a special treatment. For this purpose, using a special 
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furnace, Figure. 2.18., the AB5 powders were subjected to 5 atm of H2 pressure at 

100 0C for 3 hours. The treatment involved filling the furnace with argon, then taken 

the furnace under vacuum. This is carried out three times. 

 

 

Figure 2.19. Schematic illustration of the Swagelok cells used in a) three electrode 

configuration with a reference electrode used for CV tests and b) two electrode 

configuration used for charge-discharge tests. 

 

The cells are assembled in a Swagelok type design, Figure 2.19. The current 

collectors were stainless steel rods with 12.9 mm of diameter. The cell incorporated 

a spring on the anode side to ensure a good contact at all times during the 

experiments. Two configurations were used. In charge-discharge cycling the 

configuration was that of two electrodes, Figure 2.19 a). In the case of CV, three 

electrodes were employed, the third being the reference electrode Hg/HgO Figure 

2.19 b). 
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The cathodes were employed as thick film deposited on nickel substrate, i.e. without 

the use of conductive agent or binder. The electrolyte was 6 M KOH. The separator 

was 180 μm Freudenberg FS 2226.  

Before the assembly, the electrodes and the separator are kept in the electrolyte for 

15 minutes. After the assembly, the cells were kept waiting for 3 hours before the 

start of any test.  

2.3.5 Characterization 

2.3.5.1 Electrochemical Characterization 

Charge-discharge cycling as well as cyclic voltammetry were carried out using a 

multi-channel BioLogic MPG2 potentiostat-galvanostat. The tests were performed 

inside an isothermal test cabinet. CV tests were performed using the three electrode 

configuration as shown in Figure 2.19 a). Here, a Hg/HgO was used as reference 

electrode. The tests were performed with 2 mV/s sweep rate with a voltage window 

between -0.6 and 0.5 V against Hg/HgO. The tests are continued for 15 cycles.  

Charge-discharge tests of the thick film cathodes were carried out using the two 

electrode configuration Figure 2.19 b). During the tests a constant current of 30 μA 

was used. Since, the batteries were in charged state, the experiments started with 

discharging to 0.5 V against MH anode. The charging ended using the dE/dt < 50 

mV/h protocol i.e. charging is stopped when the charge profile forms a plateau. 

Charge-discharge was continued for 25 cycles; a waiting period of 15 minutes was 

employed after each cycle. These parameters are far from exploiting the full capacity 

of the cathodes, but were chosen so as to rapidly scan all the cathodes and pick up 

the promising compositions. 
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2.3.5.2 Structural Characterization 

All the thick film cathodes before and after the charge-discharge cycling are 

investigated via XRD. For this purpose, Bruker D8 Advance x-ray diffractometer is 

used with a copper tube. The scanning rate was 2 0/min and the step size of 0.02 0. 

Structural investigations were carried out using FEI Nova NanoSEM. This was    

equipped with an EDS detector which where necessary was used for local elemental 

analysis. 

2.4 Result & Discussion 

2.4.1 Structure of Deposited Thick Film Cathodes 

Three examples of XRD pattern recorded from different regions of the ternary 

diagram is given in Figure 2.20. Here, the intensities of the peaks are normalized 

with respect to the (200) peak of the nickel substrate. Figure 2.20. a) is representative 

of the majority of cathodes deposited in this work. It is seen that the data consist of 

a broad hump around 2q =15 0 and 3 sharp peaks coming from the nickel substrate 

onto which the cathodes were deposited. Ignoring the Ni peaks, only feature in the 

diffractograms is the hump at 2q =15 0. Fig. 2.20. b) shows XRD pattern of a Bi-rich 

cathode. This time there is a more pronounced hump around 2q =30 0. The humps 

are typical of amorphous structure, indicating that the deposited cathodes are not 

crystalline. Only a few cathodes deviate from this behavior and these are mainly 

located close to Ni corner of the ternary diagram, an example of which is given in 

Figure 2.20 c). Here in addition to Ni peaks, there are additional well defined peaks 

implying that the cathodes are crystalline/nanocrystalline. 
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Figure 2.20. XRD data of the representative samples, a) Bi0.03Na0.50Ni0.21Mn0.26Ox, 

b) Bi0.67Na0.03Ni0.17Mn0.13Ox, c) Bi0.01Na0.02Ni0.89Mn0.08Ox. “*” refers to metallic 

nickel peaks from the substrate. Location of the samples on the ternary diagram is 

shown in the right. 

 

2.4.2 Electrochemical Performance 

Electrochemical performance of the cathodes was investigated starting from Bi-

corner of the ternary diagram. Cyclic voltammetry, charge-discharge profiles at 

selected cycles for samples near Bi corner are given in Figure 2.21. Cyclic stability 

of the cathodes is given as inset in the charge-discharge profile curve. Here, only 

three samples are shown representing the samples in this area. It is seen that the 

voltammetry in all three samples shows two redox couples. The first redox couple is 

located between -0.4 and 0.0 V. The second one is located between 0.2 and 0.4 V. 

The peaks in the latter redox couple probably belongs to oxidation and reduction of 

nickel [161,163]. This was checked by testing a bare nickel electrode. The 

voltammogram recorded from this test is reported in Figure 2.22. This has yielded 

peaks occurring between 0.2 and 0.4 V, as was expected. It is seen that capacities as 

high as 150 mAh/g is possible for the sample Bi0.50Na0.02Ni0.33Mn0.15Ox but, this 

capacity is only available for one cycle. To determine the capacity contribution of 

nickel substrate to the whole capacity of the cathode, charge-discharge cycles are 
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performed on bare nickel substrate, Figure 2.22. This has yielded a discharge 

capacity around 3 mAh/g. A high initial capacity and a well-defined voltage plateau 

around 1 V is possible in Bi-rich region of the ternary diagram and these cathodes 

may be suitable for primary batteries. 

 

 
Figure 2.21. Examples of electrochemical performance of bismuth rich cathodes. a) 

Bi0.50Na0.02Ni0.33Mn0.15Ox, b) Bi0.39Na0.12Ni0.05Mn0.45Ox, c) Bi0.45Na0.11Ni0.04 

Mn0.40Ox, figures on the left shows the CV results, figures in the middle shows the 

charge-discharge profiles for the 1st, 5th, 15th and 25th cycles with cyclic discharge 

capacity data inlet. Figures on the right shows the locations of the samples on the 

ternary diagram. 
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Figure 2.22. Electrochemical performance of bare nickel substrates, figure on the 

left shows the CV result, figure in the right shows the charge-discharge profiles for 

the 1st, 5th, 15th and 25th cycles with cyclic discharge capacity data inlet. 

 

Charge-discharge characteristics of the sample from nickel corner are given on the 

right-hand side in Figure 2.22. All the sample from this region showed stabilized 

capacity after few cycles. It is clear that these cathodes work quite reliably. Batteries 

assembled with these Ni-rich cathodes are, in fact, not too far of NiZn cells [161]. 

The discharge profiles, however, develops at low voltages typically below 0.9 V 

against MH anode hence, energy density in the batteries are not sufficiently high. 

This is due to using MH as anode if Zn was used instead the voltage values would 

have been much higher. Furthermore, 0.5 V cut-off voltage results in lower 

capacities than their full potential.  

Figure 2.23 refer to samples near nickel corner on the ternary diagram. It can be 

stated that Ni(OH)2/NiOOH redox reactions dominates the overall reactions for 

nickel rich samples. 

The region where Na content is higher than 0.5, display different characteristics. 

Examples from this region are given in Figure 2.24. Similar to the Bi rich thick film 

cathodes, the voltammograms shows electrochemical activity mainly for the first 

cycle. Then the activity diminishes. This was accompanied by a capacity decay in 

the charge-discharge cycling. However, the capacity decay this time is more gradual 
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compared to Bi-rich cathodes. The discharge voltages are quite low and the 

capacities are limited.  

 

 

Figure 2.23. Examples of electrochemical performance of nickel rich cathodes. a) 

Bi0.09Na0.04Ni0.67Mn0.20Ox, b) Bi0.03Na0.03Ni0.82Mn0.12Ox, c) Bi0.20Na0.03Ni0.52Mn0.24 

Ox, figures on the left shows the CV results, figures in the middle shows the 

charge-discharge profiles for the 1st, 5th, 15th and 25th cycles with cyclic discharge 

capacity data inlet. Figures on the right shows the locations of the samples on the 

ternary diagram. 
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Where sodium content is in the range of 0.3<Na<0.5 (0.4< Mn<0.5), the cathodes 

have far superior performances. This region corresponds to 0.6<Na<0.8 in the 

ternary diagram. The voltammograms shown on the left in Figure 2.25 reveal a 

stabilized performance which is a good indication of reversibility of the redox 

reactions. Charge-discharge characteristics of cathodes were quite noteworthy and 

were around 80 mAh/g, although, there was quite a variation of this value in the 

cathodes. Most of thick film cathodes in this region, for example 

Bi0.12Na0.43Ni0.04Mn0.42Ox, shows stable capacity with cycling and then a drastic 

capacity loss was observed somewhere during operation. 

It is noteworthy that the discharge capacities of the cathodes with Na content 

between 0.3<Na<0.5 are quite high. The capacities reported for other regions are 

substantially less. This is probably due to the low Mn content of these samples. The 

discharge capacity of the Bi-rich cathodes in their first cycles are high with an 

extended discharge plateau as shown in Figure 2.21. The capacity from these 

cathodes comes from, probably, irreversible phase transformation that occur after the 

first discharge providing usable capacities only for the first cycle. It should be stated 

that this study covers compositions other than 0.3<Na<0.5 & 0.4<Mn<0.5. i.e. 

cathodes where Na>0.5 and Mn <0.4 as well as regions where Na <0.3 & Mn>0.45 

where the performances fall short of those obtained with 0.3<Na<0.5 & 0.4<Mn<0.5. 

Hence, it can be concluded that improved performance can be obtained in cathodes 

with equimolar Na and Mn content. 



 

 

49 

 

Figure 2.24. Examples of electrochemical performance of sodium rich cathodes. a) 

Bi0.01Na0.78Ni0.02Mn0.19Ox, b) Bi0.03Na0.62Ni0.04Mn0.31Ox, c) Bi0.05Na0.54Ni0.04Mn0.37 

Ox, figures on the left shows the CV results, figures in the middle shows the 

charge-discharge profiles for the 1st, 5th, 15th and 25th cycles with cyclic discharge 

capacity data inlet. Figures on the right shows the locations of the samples on the 

ternary diagram. 
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Figure 2.25. Examples of electrochemical performance of cathodes where 

0.3<Na<0.5. a) Bi0.06Na0.34Ni0.17Mn0.44Ox, b) Bi0.04Na0.39Ni0.12Mn0.44Ox, c) 

Bi0.12Na0.43Ni0.04Mn0.42Ox, figures on the left shows the CV results, figures in the 

middle shows the charge-discharge profiles for the 1st, 5th, 15th and 25th cycles with 

cyclic discharge capacity data inlet. Figures on the right shows the locations of the 

samples on the ternary diagram. 

 

2.4.3 Structural Analysis 

As was reported above, the thick film cathodes in as-deposited state, in general, have 

an amorphous structure. Following the electrochemical testing, XRD investigations 
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are carried out on the dismantled cathodes. Figure 2.26 represents the XRD pattern 

of three cathodes from the region 0.3<Na<0.5 & 0.4<Mn<0.5. Here, the data covers 

only the portion 10 0<2θ<43 0, in order to eliminate the peaks from nickel substrate. 

It is seen that the pattern is consistent with δ-MnO2 (JCPDS 42-1317), see Figure 

2.25. a). Some samples show an additional peak around 2q =33 0. This belongs to 

crystalized KOH probably deposited from electrolyte on the surface of the cathodes. 

The data is collected without washing the cathodes not to remove the coating. 

Actually, all the 72 cathodes showed the formation of the layered δ-MnO2 phase. 

However, additional peaks did arise for the cathodes near the corners of the ternary 

diagram. The phase identification was not possible due to their low intensities.  

It should be pointed out that the purpose of the current study was to develop a layered 

structure for the cathodes and the fact that the majority of the cathodes in particular 

those in region 0.3<Na<0.5 & 0.4<Mn<0.5 had a layered δ-MnO2 structure shows 

that the aim was achieved with a success. 

 

 

Figure 2.26. XRD data of the thick film cathodes after 25 charge-discharge cycles 

in their charged state. (a) refers to δ-MnO2, JCPDS 42-1317, (b) Bi0.12Na0.43Ni0.04 

Mn0.42Ox, (c) Bi0.05Na0.48Ni0.06Mn0.41Ox, (d) Bi0.14Na0.30Ni0.07 Mn0.49Ox. 
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Similar to post-mortem XRD analysis, cathodes were also investigated structurally 

using SEM. Figure 2.27 refers to SEM images from two samples one from 

0.3<Na<0.5 & 0.4<Mn<0.5 region, namely Bi0.12Na0.43Ni0.04Mn0.42Ox cathode and 

the other from Ni corner, Bi0.09Na0.04Ni0.67Mn0.20Ox.  It is seen that the cathode in 

Bi0.12Na0.43Ni0.04Mn0.42Ox has lost is continuity and broken into pieces. It is clear that 

the thick film deposit is exfoliated from the nickel substrate and some of the pieces 

are not in their places. The drastic capacity decay observed in these cathodes is 

probably originating from the active material loss in the cathode due to these peeling 

off effect. All cathodes in 0.3<Na<0.5 & 0.4<Mn<0.5 region, i.e. best performing 

region, showed this fragmentation in their SEM images and all consistently showed 

a drastic capacity decay during cycling. Figure 2.27. b), in contrast refers to, 

Bi0.09Na0.04Ni0.67Mn0.20Ox, from the Ni rich corner. Here the deposited film remains 

in place and show no sign of fragmentation. The stable charge-discharge 

performance recorded from these cathodes, see Figure 2.23., probably due to the 

stability of the deposited film. 

 

 

Figure 2.27. SEM images after 25 charge-discharge cycles in their charged state. a) 

Sample from 0.3<Na<0.5 and 0.4<Mn<0.5, Bi0.12Na0.43Ni0.04Mn0.42Ox, b) sample 

from Ni corner, Bi0.09Na0.04Ni0.67Mn0.20Ox. 
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The fragmentation of the thick film deposits is attributed to the volume changes 

during charging and discharging. From the lattice parameter data [156], it can be 

shown that the volume changes of 23.2 % occurs during the first electron process 

alone for a pure MnO2 cathode. Most probably the fragmentation observed for the 

best performing samples are related with their higher capacities which should result 

in higher expansions.  

It should be recalled that the cathodes in the current study is just a thick film 

deposited on metallic substrate. The volume expansion under the current condition 

would easily result in fragmentation. It is possible to remedy this conventional 

cathode preparation using a slurry method. With the use of suitable binder and 

conductive additives, adverse effect of fragmentations can easily be avoided. 

2.4.4 Full Potential of Selected Cathode Compositions 

When maximum capacities attained during the experiments were considered, 

cathodes with improved performances fall in a region encircled in Figure 2.28. In 

this figure, five cathode compositions are shown with maximum capacities are all in 

80  8 mAh/g. Considering the center of the circle the cathode has an average 

composition of Bi0.08Na0.39Ni0.09Mn0.44Ox.  

The performances of the selected cathode compositions can be compared with a pure 

MnO2 cathode produced via magnetron sputtering, i.e. cathode obtained using the 

central target during the deposition, see Figure 2.15. This pure cathode forms a 

reference state for the current study. Voltammogram and charge-discharge profiles 

measured for this MnO2 thick film cathode are given in Figure 2.29. It is seen that 

the voltammogram shows a quite enhanced electrochemical activity in the first cycle 

at lower potential region. Then the activity is lost upon cycling as would be expected 

from a primary battery. The discharge capacity found in the first cycle is quite high 

with a value of 180 mAh/g. This value is reduced steadily with cycling reaching a 
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value of 40 mAh/g at 10th cycle. The best performing cathodes, i.e. those encircled 

in Figure 2.28 has twice the capacity, i.e. 80 mAh/g. Considering that the specific 

capacities are given in terms of the mass of the whole coatings, it can be said that the 

factor would be even greater than 2 if capacities were expressed per mass of MnO2. 

It is obvious that the best performing samples yield much higher reversible capacities 

then that of pure MnO2 cathode. 

 

 

Figure 2.28. Cathodes with improved electrochemical performance. 

 

Considering the cathodes encircled in Figure 2.28, the compositions are not too far 

off the composition of NaMnO2. CV given in Figure 2.25 may be considered typical 

of this NaMnO2 cathode doped with Bi and Ni. CV pattern given in Figure 2.29 for 

pure MnO2, however, is different. The reduction peaks in both CVs are located 

between -0.6 and -0.2 V. But, the former CV reveals a broad peak while the pure 

MnO2 reveals well separated two peaks in this region. 
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Figure 2.29. Electrochemical performance of pure MnO2 thick film cathode. Figure 

on the left shows the CV result and figure on the right shows the charge-discharge 

profiles for the 1st, 5th, 15th and 25th cycles with cyclic discharge capacity data inlet. 

 

The reduction peaks centered near -0.4 V in Figure 2.25 can be assigned to the first 

electron reduction of MnO2, given in Equation 2.1, i.e. 

MnO2 + H2O + e- ↔ MnOOH + OH- 

This is the first electron exchange reaction where Mn4+ is reduced to o Mn3+ (see 

section 2.1). The potential window from 0.5V to -0.6 V (Hg/HgO) employed in the 

present study falls within the region of the first electron exchange. However, reaction 

continues further with the second electron exchange [8,35] as given with Equation 

2.6, i.e.; 

MnOOH + H2O + e- ↔ Mn(OH)2 + OH- 

Considering above reactions it can be said that the second electron reaction occurs 

at higher voltages for pure MnO2. Therefore, well separated peaks are visible in CV 

data of the pure MnO2. On the other hand, pure MnO2 is not capable of transforming 

reversible species hence the second reaction is probably belonging to irreversible 

phase formation given in equation 2.5. 
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Figure 2.30. Electrochemical performance of Bi0.06Na0.24Ni0.08Mn0.62Ox with 

extended voltage window. Figure on the left shows the CV result, figure in the 

middle shows the charge-discharge profile for the 1st, 5th, 15th and 25th cycles with 

cyclic discharge capacity data inlet. Figure on the right shows the location of the 

sample on the ternary diagram. 

 

In order to assess the full potential of the encircled composition given in Figure 2.28, 

a new sample from this region was tested with extended voltage window, see Figure 

2.30. CV test this time was performed between 0.5 and -1.0 V (Hg/HgO) instead of 

0.5 and-0.6 V. With the use of the extended voltage window, the single reduction 

peak of MnO2 observed throughout this study is now splits into two peaks. The first 

peak is centered at -0.3 V which is similar to the first peak of the pure MnO2 probably 

arising from the reaction given in Equation 2.1. On the other hand, the second peak 

is centered near -0.75 V is probably arising from the reaction given in Equation 2.6. 

In conformity with CV test, charge-discharge tests were also modified and the cut-

off voltage of 0.5 V against MH anode was reduced to 0.0 V. Profiles recorded for 

the cathode are given in Figure 2.30. The profile shown is consistent with the CV 

pattern as it is associated with two reduction reactions. As was discussed in section 

2.1, the first electron reaction involves proton intercalation which occurs with a 

declining voltage, while the second electron reaction involve dissolution and 

reprecipitation reaction with a voltage plateau. These two different voltage regimes 

are clearly visible in Figure 2.30. However, the discharge voltage for the second 

electron process has a very low value around 0.2 V against MH anode. The value of 
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0.2 V is too low to be usable in a commercial battery. The value would be better if a 

Zn anode was used (around 0.7 V). Still, it is not high enough for commercial 

purposes.  

Figure 2.30 shows that with cut-off voltage reduced to zero the discharge capacity 

of this representative cathode, Bi0.06Na0.24Ni0.08Mn0.62Ox is as high as 540 mAh/g. 

This value reflects the full potential of these cathodes which is nearly the 88 % of 

the full theoretical capacity of a pure MnO2. Considering the cathode is not 

consisting of pure MnO2 alone, it can be said that almost the full theoretical capacity 

is achieved with this composition. 

It should be noted that this impressive discharge capacity of 540 mAh/g is obtained 

in the first cycle. In subsequent cycles the discharge capacity is not more than 15 

mAh/g. When the cell was dismantled, no cathode coatings were present on nickel 

substrate. Thus the cathode was completely dissolved in the electrolyte and no 

reprecipitation on the cathode has taken place. Thus it was not surprising that the 

discharge capacity obtained with second and later cycles were not more than that 

obtained with bare nickel electrode, see Figure 2.22. Different values are a result of 

different weights of the deposited films. 

The thick film nature of the current electrodes seemingly hinders the reprecipitation 

of the cathode probably as a result of diffusion of the active material in dissolved 

state away from the electrode surface. This problem might be remedied with the use 

of gel electrolyte as well as with a proper electrode architecture that prevents the 

dissolved species moving away from the electrode surface. Avoiding the complete 

discharge offers another solution. 

2.5 Conclusion 

In this study, a combinatorial approach is adopted to develop new cathode 

compositions for alkaline MnO2/Zn rechargeable batteries. Ternary additives of 

Bi2O3, Na0.7MnO2 and NiO are used to alter the structure of MnO2. Using the 
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magnetron sputtering 72 samples are produced with wide compositional range. The 

electrochemical and structural investigations carried out on these samples. It is found 

that except for the cathodes rich in terms of a single oxide, samples showed 

amorphous structures in as prepared condition. This amorphous structure transforms 

to δ-MnO2 upon charge-discharge cycles. The bismuth rich cathodes had primary 

battery characteristics and a satisfactory capacity is only achieved for the first cycle. 

Ni-rich compositions offer reliable cathodes which seem to have a good potential for 

NiZn batteries. The best performing cathodes are the ones with equimolar Na and 

Mn contents which fall within the composition range; 0.04<Bi<0.14, 0.30<Na<0.48, 

0.04<Ni<0.17 and 0.41<Mn<0.49. 

Finally, it is worth noting that the compositional interval given for the best 

performing samples falls within a region relatively close to the composition of 

NaMnO2. The thick film cathodes may be considered as Bi and Ni doped versions of 

NaMnO2. Therefore, NaMnO2 were identified as promising cathodes provided that 

the issues related to the fragmentation and dissolution of the cathodes are mitigated 

with a slurry method with a careful design of electrode architecture. 
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CHAPTER 3  

3 DEVELOPMENT OF COBALT FREE Ni(OH) 2 CATHODES FOR NiMH 

BATTERIES  

In this study carbon additives, namely carbon black (CB), plasma black (PB) and 

carbon nanotube (CNT) are used either solely or in combination to explore the 

possibility of replacing expensive cobalt additives used in cathodes for NiMH 

batteries. Two different production methods were used in preparing the active 

material, namely ball mill ing and dispersion method. 

3.1 Background 

NiMH as an alkaline battery is quite attractive owing to its high energy storage 

density, high rate capability, high tolerance to low and high temperatures, high 

tolerance to over-charge and over-discharge, and non-toxic materials [164]. 

Therefore, they find many applications like; hybrid electric vehicles, bus 

transportation at a wide temperature range, integrated smart energy solutions grid 

storage and telecommunication backup power [165]. Research on NiMH batteries 

dates back to 1950s, but commercial use was only possible after the development of 

Co-Al modified LaNi5 hydrogen storage alloys used as anode [166]. 

NiMH batteries can be made in variety of geometries from small button cells to large 

prismatic cells. Most common geometries are shown in Figure 3.1. The button cells 

consist of pressed powder electrodes that are wrapped with a nickel screen. The 

cathode is formed by pressing Ni(OH)2 active powder mixed with CoO, and other 

additives and conductive agents. Similarly, anode is formed by pressing a hydrogen 

storage alloy together with binders and additives. In the cylindrical cells, on the other 

hand, the electrodes are in the form of a thin, flexible, spirally wound sheets. The 

cathode, is in the form of a paste applied to a nickel foam. The makeup of the paste 
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is the same as that in button cells. The anode is also fabricated from a paste applied 

on a nickel foam or a nickel felt [166]. 

 

 

Figure 3.1. Schematic representation of cross section of the NiMH cylindrical and 

button cells [166]. 

 

Electrochemical reactions during charging involve the following reactions; 

Ni(OH)2 + OH- ↔ NiOOH + H2O + e-                                  Cathode      Equation 3.1 

M + H2O + e- ↔ MH + OH-                                                     Anode      Equation 3.2 

Ni(OH)2 + M ↔ NiOOH + MH                                              Overall      Equation 3.3 

During charging the cathode, Ni(OH)2 is oxidized to NiOOH. The reaction involves 

removal of a proton from the cathode and combines with OH- forming H2O at the 

surface of the electrode [167]. At the anode side, metal is reduced to metal hydride. 

The water molecules in contact with the anode splits in to H+ and OH- ions. Then, 

the protons get intercalated into the metal structure [168]. The overall reaction 

therefore involves the oxidation of Ni2+ to Ni3+ and the reduction of M0 to M-1. 

During discharging the reverse reactions takes place. 
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Over-charging the battery will lead to water electrolysis on the cathode surface which 

results in oxygen evolution [169]. This reaction (OER) is given in Equation 3.4. This 

reaction causes gas build-up and hence increases the internal pressure within the cell 

and might lead to cell failure. To prevent this, the quantity of active material in anode 

is adjusted so that it has extra capacity compared to the cathode. This is such that if 

OER occurs than resulting oxygen can diffuse to the anode side and form water 

molecules reacting with extra hydrogen in the anode. This recombination reaction is 

given in Equation 3.5. 

4OH- ↔ 2H2O + O2 + 4e-                                                      Cathode      Equation 3.4 

O2 + MHx+4 ↔ MHx + 2H2O                                                    Anode      Equation 3.5 

2H2O + 2e- ↔ 2OH- + H2                                                       Cathode      Equation 3.6 

MHx + H2 ↔ MHx+2                                                                 Anode      Equation 3.7 

 

 

Figure 3.2. Schematic representation of electrodes in NiMH battery with over-

charge/over-discharge reserves [171]. 
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Like OER which takes place with over-charging, when the battery is over-discharged 

hydrogen evolution reaction (HER) takes place [170]. In HER water is hydrolyzed 

at the cathode surface, yielding OH- ions and H2 gas, as shown in Equation 3.6. 

Hydrogen then diffuses to the anode side and absorbed by the metal electrode, see 

Equation 3.7. Reactions taking place in over-charge/over-discharge are shown in 

Figure 3.2. 

Although NiMH battery is quite a mature technology, it is still under study for further 

improvements. Aside from accidental failure of the battery via shorting and physical 

damage, there are a lot of inherent problems that causes performance decay. One 

such problem is self-discharge. The first generation NiMH batteries had a severe a 

self-discharge problem which resulted typically 30% of capacity loss in a month 

during the battery storage [172]. There could be many reasons for this decay. Nitride 

ions decomposed from the polyamide separators can react with the electrodes 

causing a loss of charged capacity [173]. Dissolvable species in the anode is another 

reason for the capacity loss [174]. During cycling, electrodes expand and shrinks, 

this could result in deposits on the separator which enhances the rate of self-

discharge [175]. Other causes of capacity decay are hydrogen desorption from the 

anode [176] and the reaction of hydrogen with cathode [177]. 

In order to suppress the self-discharge in NiMH batteries, there are many approaches 

that have been taken. Special separators were selected, in order to eliminate nitride 

ions. The use of a sulfonated separator [178] or an acrylic acid grafted polypropylene 

separator [179] was successful in minimizing the deposition on the separator. 

Removal of Co from the A2B7 type anode was also helpful [180]. Coating the surface 

of the cathode with PTFE/CMC films hinders the reaction with the H2 and thus yields 

lower self-discharge rate [181]. Feng et al. [182] reported that Cu encapsulation of 

the anode can suppress the self-discharge and modifications of the electrolyte is 

another approach as given by Wang et al. [183]. 

Aside from the capacity losses due to self-discharge, there are also many reasons 

why NiMH batteries lose capacity during cycling. One reason is the pulverization of 
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the negative electrode due to volume expansion and shrinkage during cycling [184]. 

This degradation in MH electrode deteriorates the electronic and ionic conductivity 

of the anode [185]. Anode if not resistant may oxidize in alkaline environment 

resulting in deterioration of electronic and ionic conductivity which might also cause 

capacity loss [186,187]. 

Cathode is also subject to different degradation mechanisms. Volume change do also 

occur in this electrode. The expansion and shrinkage during cycling results in 

pulverization and active material loss which may also cause a breakdown of CoOOH 

conductive network [175,188]. Moreover, the conductive network may be damaged 

by γ-NiOOH phase formation [189]. Also, γ-NiOOH phase is an irreversible phase 

at the normal operation voltages and therefore leads to a capacity loss [189]. 

Long-term storage, storage at high temperatures, low temperature operations and 

high rate operation enhance the degradation mechanisms of NiMH batteries [190]. 

3.1.1 Anode 

The anode used in NiMH batteries are alloys that has the ability of storing hydrogen. 

This class of materials, the so-called hydrogen storage alloys, was first introduced 

by Gibb and Thomas [191] and defined as “stoichiometric or non-stoichiometric 

compound in which there is the presence of a metal-to-hydrogen bond”. The nature 

of bonding in these materials are generally metallic, hence their properties are like 

metals in terms of appearance, thermal and electrical conductivities. Furthermore, 

these alloys are based on the elements from the IIIA-VIII A groups on the periodic 

table. 

A hydrogen storage alloy should satisfy several requirements to be able to be used 

as an anode material. These requirements as listed by Hong [192] which are; suitable 

hydrogen equilibrium, high electrochemical charge-discharge capacity, good 

electrochemical catalysis, easy formation, excellent corrosion resistance, good 

kinetics, high efficiency, long cycle life and low cost. 
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Anode functions through proton intercalation reaction which is quite complex. It 

advances in four steps as shown in Figure 3.3 [164,193]. At the anode/electrolyte 

interface the charge transfer reaction takes place, and atomic hydrogen is adsorbed 

at the surface. Through diffusional processes, adsorbed hydrogen is then absorbed 

by the alloy. On the other hand, as a competing mechanism, adsorbed hydrogens can 

recombine together to form H2 molecules dissolved in the electrolyte. Later, 

dissolved H2 can change its state and form H2 gas. 

 

 

Figure 3.3. Reaction steps involved in the proton intercalation process [193]. 

 

The classification of metal hydrides is commonly done according to their 

stoichiometric compositions, and are represented as; AB5-type, AB2-type, AB-type 

and A2B-type [194]. The A component shows the elements that can form stable 

hydrides and the B component is the element that catalysis the 

intercalation/deintercalation reaction of protons while imparting stability to the 

material [195]. Sandrock and Thomas [196] made an extensive survey on the 

properties of metal hydrides. AB5-type alloys stepped forward among others with 

high hydrogen capacity and good reversibility. Due to the ease in replacing both 

component A and B partially with other elements, it is possible to tailor the 

properties. As a result, AB5-type hydrogen storage alloys are widely accepted as the 

anode material for NiMH batteries. However, search for better hydrogen storage 
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alloy materials continues due to increasing demand for higher capacity, faster 

charge-discharge capabilities and lower cost. 

A vast number of research was devoted to AB5 alloys. A partial Al replacements of 

B component in LaNi5-type alloys found to suppress the pulverization and the 

corrosion and hence suppress the capacity loss of anode [197]. Qingxue et al. [198] 

optimized the Ce and La ratio in A component so as to obtain highest cycle life. Guo 

et al. [199] showed how the capacity, rate capability and cycle life are related with 

Ce and Nd contents of the alloy. The pulverization rate can be decreased by Zr [200] 

and Ti [201] additions. Moreover, how these alloys are produced also changes the 

properties [202-204]. 

Surface treatments were found to be very effective in enhancing the electrochemical 

performance. Coatings of Pd [205], Cu [206], Co [207], and Ni alloys [208] can 

successfully prevent the alloy oxidation and prolong the cycle life. Fluorination of 

the surface can also increase the initial discharge capacity and preventing oxidation 

improves the cycle life and [209]. 

Homogeneity of the alloy is an important consideration. Some elements tend to 

segregate during fabrication, which adversely affects the cycle life. Therefore, the 

alloys are often annealed prior to electrode preparation so as to homogenize the 

composition and prolong the cycle life [210,211]. 

Additives are often used in the fabrication of anode. Cu fine powder when added to 

the anode showed improved conductivity, suppressed HER and it had a better 

mechanical stability [212]. Modification of an anode with Co3O4 yielded lower 

charge transfer resistance and produced higher discharge capacity [213]. Other Co 

compounds were also found beneficial [214]. Teflonized carbon can form 3-D 

conductive network which improves the mechanical stability and cycle life [215]. 

Similar advantages maybe obtained with carbon nanotubes [216]. Y2O3 can be added 

to the system as a corrosion inhibitor [217]. Rare earth oxides are found to be quite 

effective especially for high temperature and high rate application [218,219]. Lastly, 
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it possible to alter the properties and increase the mechanical stability of the electrode 

by employing different electrode preparation methods [220]. 

3.1.2 Separator 

One of the great advantages of a NiMH battery is their resistance to over-charge and 

over-discharge. The resistance comes from the recombination reactions discussed 

above. However, for this reactions to occur, the separator must have a good 

permeability for O2 and H2 gases. This can be achieved with the use of separators 

that are starved for electrolyte. But, the separators at the same time should contain 

sufficient amount of electrolyte to allow for the redox reactions. Therefore, it is 

necessary to design the separators with due attention to all these aspects [221]. 

Properties like discharge capacity, power and cycle life can be improved with a 

proper separator usage [65]. 

There are different ways in which the separators lose their function in NiMH 

batteries [222,223]; lower gas permeability, lower electrolyte permeation, drying, 

compression due to volume change of the electrodes. They would be caused most of 

the time by the formation of precipitates in the pores of the separator hence clogging 

them and degrading the separator performance [223]. 

Commonly used separators in NiMH batteries are polyamide and polyolefin. 

Another type of separator can be acrylic acid grafted polypropylene, these separators 

can effectively block the passage of ions dissolved from the negative electrode and 

prevent positive electrode degradation meanwhile it increases the electrolyte holding 

capabilities [224]. Nitrogen containing separators are often associated with adverse 

effects which may be replaced with sulfonated separators [225]. Iwakura et al. [226] 

investigated the possibility of using a polymer gel electrolyte instead of a separator. 

They have developed one such separator/electrolyte from potassium salt of cross-

linked polyacrylic acid and KOH solution. The performance of the battery 

constructed with this separator/electrolyte performed better in terms of capacity and 
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cyclic stability. More sophisticated separator productions are also under 

investigation i.e. hydroentangled CMC composite nonwoven fabrics [227]. 

3.1.3 Electrolyte 

Electrolyte is responsible from mass transfer and ionic conduction between 

electrodes. Therefore, it is an important component in NiMH batteries. The choice 

of electrolyte can affect the OER potential, power, structural changes and electrode 

deterioration. The redox characteristics of the electrodes are highly effected by the 

ions in the electrolyte [228]. Furthermore, the kinetics of the OER depends more 

strongly on the electrolyte than the cathode in the system. Small addition of LiOH in 

to the KOH electrolyte can increase the charge acceptance by increasing OER 

potential [229].  

The electrolyte related problems during operation often involves the inadequate 

amount of electrolyte soaked in the separator. Loss in the amount of electrolyte can 

be caused by an increase in the surface area of the active material caused by 

pulverization. Moreover, venting of the cell due to high pressure build up and 

corrosion of the electrodes are also responsible from the electrolyte loss [230]. 

Many improvement strategies were developed for improved electrolyte performance. 

Khaldi et al. [230] investigated the concentration of KOH in relation to the battery 

performance. They showed that less aggressive concentration enhances the 

maximum capacity, cyclic stability and reduces polarization and corrosion of the 

electrodes. Saturating the electrolyte with ZnO, decreased the corrosion rate of MH 

electrode thereby increased the cycle life [232]. Shangguan et al. [233] proposed the 

use of NaOH electrolyte with NaBO2 additive which enhanced many properties of 

the battery especially the high temperature performance. The same group also 

worked with Na2WO4 additive and found similar results [234]. The improvements 

were related with the formation of thin surface film on the cathode material.  
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Another problem with aqueous alkaline electrolyte is hydrolyses which might take 

place with over-charging. It was reported that the addition of ferrocyanide to the 

electrolyte increases the overpotential for OER and as a result suppresses it 

completely even at prolonged over-charging [235]. 

Lastly, the use of gel [236] or polymer [237] electrolytes are under investigation in 

order to prevent the corrosion, pulverization of the electrodes which results in an 

increased stability window for the electrolytes. 

3.1.4 Cathode 

NiMH batteries make use of nickel hydroxide as the cathode material. It is an active 

material with excellent cyclic stability which is the result of highly reversible redox 

reactions. Due to its high reversibility, it is used in many battery chemistries; NiZn 

[238], NiCd [239], NiH2 [240] and NiMH [190]. 

Generally, nickel hydroxide particles spherical in shape are used in NiMH batteries. 

These are synthesized by a co-precipitation process [241] which involves 

precipitating the material from its precursors together with Co and Zn [242]. 

NiMH cell is design so that the cathode during charge and discharge transforms 

between the phases of β-Ni(OH)2 and β-NiOOH as given in Equation 3.1. The 

conductivity of β-NiOOH phase is considerably larger than β-Ni(OH)2. Due to this 

increase in conductivity, discharging the battery is easier than charging it. However, 

during the discharge, the resistive layers of β-Ni(OH)2 forming on the surface of the 

β-NiOOH particles isolates the inner core of the particles and full capacity of the 

material cannot be achieved. Co and Zn added during co-precipitation synthesis 

increases the inhering conductivity of the β-Ni(OH)2 and thus helping to reach the 

full capacity [243]. 

Reactions taking place in cathode are quite complex, Figure 3.4. They involve [244] 

four structures; α-Ni(OH)2, β-Ni(OH)2, γ-NiOOH and β-NiOOH. During charging 

α-Ni(OH)2 transforms into γ-NiOOH whereas β-Ni(OH)2 transforms into β-NiOOH. 
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The latter reaction is normally preferred in NiMH batteries hence β-Ni(OH)2 is the 

cathode active material. However, if over-charging occurs β-NiOOH can be further 

oxidized to γ-NiOOH. This results in a large volume expansion accompanies often 

resulting in the pulverization of the cathode [245]. Discharging from γ-NiOOH to β-

Ni(OH)2 or α-Ni(OH)2 is possible but this reaction occurs in lower cell potentials 

and therefore γ-NiOOH can be considered as an irreversible phase [246]. Lastly, α-

Ni(OH)2 phase can transform into β-Ni(OH)2 by aging in alkaline electrolyte. 

 

 

Figure 3.4. The scheme of the chemical species and electrochemical processes of 

nickel hydroxide electrode [244]. 

 

3.1.4.1 ɓ-Ni(OH) 2 

The structure of β-Ni(OH)2 is similar to brucite, Mg(OH)2 [228]. Schematic 

illustration of the crystal structure is shown in Figure 3.5. The layer to layer distance 

is around 0.46 nm [247]. These layers are stacked on top of each other to form a 

layered structure which are bonded together with Van der Waals bonds. This can be 

visualized as the layers are formed by hexagonal planar orientation of Ni2+ ions with 
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OH- ions at the octahedral site. Three OH- ions lays above the plane of Ni2+ ions and 

three OH- ions lays below. 

 

 

Figure 3.5. The scheme of the crystal structure of β-Ni(OH)2. Green spheres: Ni2+, 

red spheres: O2-, white spheres: H+ [244]. 

 

3.1.4.2 Ŭ-Ni(OH)2 

The structure of α-Ni(OH)2 is similar to β-Ni(OH)2 as seen in Figure 3.6. Both phases 

consist of layers as explained above. The difference is that the α-Ni(OH)2 phase 

contains intercalated species like water molecules, CO3
2- anions or cations like K+ 

and Na+. These intercalated species expand the interlayer distance to 0.7-0.9 nm 

depending on the species [244]. Moreover, water molecules inside the structure 

forms strong H-bonds with the OH- groups in the layers which stabilizes the structure 

[248]. 

 XRD patterns of both Ni(OH)2 phases are shown in Figure 3.7. From the pattern it 

can easily be seen that the (001) peak corresponding to the layer to layer distance 



 

 

71 

shifts to lower angles with α-Ni(OH)2. This is because the intercalated species are 

increasing the interlayer distance. Moreover, the water molecules do not have fixed 

coordinates in the system, they rather rotate and translate within the interlayers. 

Therefore, neighboring layers cannot form in ordered manner and resulting in some 

mismatch within the structure. This randomly oriented layers form a highly 

disordered, so-called, turbostatic structure [249]. This structure translates as peak 

broadening on the XRD patterns as seen, in Figure 3.7. 

 

 

Figure 3.6. The scheme of the crystal structure of α-Ni(OH)2. Green spheres: Ni2+, 

red spheres: O2-, white spheres: H+, blue spheres: C [247]. 

 

The average oxidation state of Ni in both phases of Ni(OH)2 is two. On the other 

hand, for their charged states the oxidation numbers are not the same. For the β-

NiOOH the oxidation state for Ni is +2.90 and for the γ-NiOOH it is +3.67 [250]. 

0.9 electrons are exchanged per Ni atom for β/β reactions and 1.7 electrons are 

exchanged per Ni for α/γ reactions. Therefore, α-Ni(OH)2/γ-NiOOH redox couple 

provides higher discharge capacity. 
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Figure 3.7. XRD patterns of β-Ni(OH)2 (above) and α-Ni(OH)2 (below) collected 

with Cu Kα target on Ni substrates [244]. 

 

When β-Ni(OH)2 electrodes are over-charged γ-NiOOH phase forms. This 

transformation is accompanied by a large volume change which causes mechanical 

strains. As cycling continuous, repeated volume expansion and shrinkage results in 

the pulverization of the cathode and in conductivity losses which decreases the 

capacity drastically. Therefore, formation of the γ-NiOOH phase often related with 

the performance decay in these batteries [251]. However, when α-Ni(OH)2 used in 

NiMH batteries cycling the battery between α/γ phases will not result in a large 

volume change due to the already existing intercalated species. Hence, α/γ redox 

couple has both a higher capacity and a higher cycle life. Furthermore, due to larger 

interlayer separation, intercalation and deintercalation mechanisms proceeds easier 

for α-Ni(OH)2 giving rise to higher diffusion coefficient for the protons and higher 

reversibility [252]. 
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It is obvious that the electrochemical properties of α/γ system is better than β/β 

system. Except, in alkaline media α-Ni(OH)2 ages to form β-Ni(OH)2. Stabilizing 

the α-Ni(OH)2 structure is an issue of conservable interest to commercialize this 

redox couple. Liu [253], for example, has successfully stabilized the structure with 

Al modification. Eventhough α/γ redox couple is superior and the structure may well 

be stabilized, there is no commercial NiMH battery produced with this redox couple. 

This is because the fact that the α-Ni(OH)2 material cannot be produced with good 

macroscopic properties in terms of pores, particle size and shape that leads to an 

unacceptably low tap density. β-Ni(OH)2 are certainly far more superior in this 

respect [254]. However, if α-Ni(OH)2 phase could be produced with similar tap 

density, it can certainly replace conventional redox couple in NiMH batteries. 

3.1.4.3 ɓ-NiOOH 

During charging of a NiMH battery, the β-Ni(OH)2 phase oxidizes to trivalent β-

NiOOH without major changes in the crystal structure. As a result of the 

transformation, the interlayer distance increases from 4.605 Å to 4.850 Å and basal 

plane parameter, a, decreases from 3.126 Å to 2.82 Å [249]. The crystal structure 

can be expressed as NiO2 sheets of edge-sharing NiO6 octahedron with H+ ions 

located between the sheets and oxygen atoms forming a HCP structure [255]. The 

neighboring layers are bonded together with H-bonds [256]. 

3.1.4.4 ɔ-NiOOH 

Oxidation product of α-Ni(OH)2 is the γ-NiOOH phase. This phase can also form 

from β-Ni(OH)2 upon high charging rates and with high concentration of alkali 

electrolytes [257]. The structure is similar to β-NiOOH. In the basal plane the unit 

cell parameter, a, is 2.82 Å, but the distance between layers change according to the 

intercalated species, however on average the interlayer distance is around 7 Å. The 

γ-NiOOH contains Ni4+ defects therefore, the oxidation state of Ni exceeds +3 [258]. 
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3.1.4.5 Research Trends in NiMH Cathodes 

Ni(OH)2 as a cathode active material is in use for over a century but it is far from 

being prefect. There are many problems associated with this material despite many 

improvements that are made over the years. The formation of γ-NiOOH phase 

accompanied by electrode swelling was a major drawback because it results in a 

premature failure of the cell. Chemical modif ication done with Zn and Cd [259] were 

quite effective in suppressing the formation of this phase. Cd, however, because of 

its toxicity, was replaced with Co. Different Co-compounds; CoO, Co3O4, Co(OH)2 

etc., are used for this purpose with great success [260]. 

Three different methods are utilized for the use of cobalt in Ni(OH)2 cathodes. One 

method is to replace some Ni with Co atoms. This is achieved by co-precipitation 

method which greatly enhances the electronic and protonic conductivity of the active 

material and suppresses the γ-NiOOH phase formation [261]. Direct addition of Co, 

CoO or other Co-based compounds to the electrode slurry is another method. As a 

result of this technique, a network of CoOOH precipitates form on the surface of the 

Ni(OH)2 particles resulting in improved conductivity. However, this conductive 

network may not be homogeneous and could lead to degradation problems [262]. 

Usually both methods, i.e. adding Co through co-precipitation and mixing it in the 

slurry, are used together ensuring improved cathode performance. The third method 

involves the use of Ni(OH)2 already coated with CoOOH using wet precipitation 

[263] or mud-slurry [264] method and thus maybe considered as a more sophisticated 

version of the latter method. This third method was found to be the most beneficial 

in yielding fully functional cathode for NiMH batteries. Zn also produces quite 

beneficial effects on cathode performance [265]. It increases the cyclic stability of 

the cathode by delaying the formation of γ-NiOOH [242]. 

Additional elements; Mg and Ca are beneficial especially at elevated temperatures 

where they increase the potential difference between oxidation reaction and OER 

[266]. Compositional modifications are also done for α-Ni(OH)2 with Al in order to 

stabilize the structure and make use of more beneficial α/γ redox couple [267]. 
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Just like CoOOH surface coatings, Ni(OH)2 was also produced with Yb(OH)3 

coating [268]. This coating was found to be quite effective in terms of high 

temperature performance. Moreover, He et al. [269] employed sequential coating of 

Yb(OH)3 followed by Co(OH)2. They optimized the amount of coatings and 

achieved quite satisfactory results; the cathode showed 92 % charge acceptance at 

60 0C which was more than double of the value for un-coated or only Co(OH)2 coated 

cathodes. 

Additives used is slurry preparation is not restricted to Co. CuO, when added 

together with Co compounds, enhances the cyclic stability by suppressing the γ-

phase formation. This was achieved because in the presence of CuO, CoOOH 

conductive network form faster and more homogeneously [270]. ZnO and Y2O3 

additives were effective in suppressing OER [271]. Replacing commonly used Co 

based additives with Na0.60CoO2 changes the structure of β-CoOOH into γ-CoOOH 

which has a higher stability in aggressive operating conditions [272]. Rare earth 

oxides of Er, Tm Yb, and Lu are found to increase OER potential so enhances the 

high temperature charge acceptance and cyclic stability [218,273]. CaF2 [274] and 

Ca(BO2)2 [275] additives were also studied and found to improve the high 

temperature performance of the battery. 

Cost reduction is always a target in any kind of commodities and the batteries are 

not excepted. In this respect the replacement of Co additives is quite a concern due 

to their high cost. Furthermore, the use of Ni foams as current collectors, also, 

contribute to the high cost of the cathode. Its replacement with non-foam type nickel 

substrates [276] or Ni-coated 3D steel sheets [277] yielded promising results. 

3.1.4.6 Use of Carbon in Cathodes 

Cathodes produced for early version of Ni(OH)2 made use of a graphite mixture to 

impart conductivity [278]. Later, Edison developed cathodes by precipitating 

Ni(OH)2 particles on graphite flakes to enhance the contact between the particles for 
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better conductivity [279]. Graphite had an oxidation and swelling problem during 

operation, which resulted in dismantling active powders from the graphite flakes. 

Edison than changed graphite with nickel flakes and increased the cyclic stability, 

because Ni was stable in alkaline solution [280].  

Even though Edison abandoned the use of carbon as a conductive additive, the 

research with carbon continued. Yunchang et al. [281] made an extensive research 

on optimizing the cathode in terms of conductive additive, binders and dopants. In 

their work they have used two different carbon derivatives, namely; graphite and 

acetylene black, and optimized their relative ratio with respect to each other and the 

ratio of conductive additives and active material. They reported good capacities but 

no data was given on cyclic stability. Sierczynska et al. [282] studied graphite and 

multi-walled carbon nanotubes (MWNT) prepared using different methods. The 

capacities obtained were 250 and 276 mAh/g for the graphite containing and MWNT 

(110-170 nm) containing electrodes respectively. However, all electrodes showed a 

capacity decay within 50 cycles. Carbon nanotube (CNT) is added as an extra 

conductive additive to an electrode that contains CoO and increased the high rate 

performance of the battery [283]. 

Carbon species have low density and a hydrophobic nature which makes it hard to 

have a homogenous mixture during slurry preparation period. Casas-Cabanas et al. 

[284] showed that the homogeneity can be increased via ball milling process and the 

performance of the electrode as a result can be increased. A reticulated vitreous 

carbon is synthesized and used in Ni(OH)2 electrode, but the performance was not 

satisfactory [285]. Takasaki et al. [180,286] using a fluidized bed system coated the 

surface of Ni(OH)2 particles with an oxidation resistant carbon. Their results were 

quite promising and the performance of the battery was comparable with the 

commercial batteries. Later, the same group used the same oxidation resistant carbon 

and employed a granulation process and reported equally satisfactory results [287]. 

Having a physical mixture of carbon additives and the active material, are found to 

suffer from insufficient contact between particles which decreases the active material 
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utilization. Moreover, being a low density material the use of carbon decreases the 

active material content in the electrodes causing volumetric inefficiencies [280,288]. 

This has led the researchers to use of active materials in composite form. Zhang et 

al. [288] prepared such a composite by co-precipitation of the active material on the 

surface of carbon black (CB) powders. This close contact between carbon and active 

material yielded excellent capacity and up to 100 cycles with a good cyclic stability. 

Volodin et al. [289] produced composites using different carbon additives, explored 

their conductivities and the resulting capacities. They reported that the Ni(OH)2 

alone had an electrical conductivity of 3.7x10-9 S/cm, this value was improved to 

1.33x10-7 S/cm, 3.9x10-3, 6.8x10-3 S/cm and 8.9x10-2 S/cm for graphite, carbon 

nanotubes, carbon nanofibers and graphene like materials respectively. They report 

capacities but not the cyclic performance. Nie et al. [290] employed a similar 

procedure and co-precipitated the nano-sized active material on porous carbon 

substrate, Figure 3.8. They achieved a capacity more than the 289 mAh/g, which is 

theoretical capacity of  b-Ni(OH)2. Furthermore, no capacity decay was observed for 

20000 cycles. It is also possible to coat the surface of Ni(OH)2 particles by 

carbonization of organic molecules [291]. The use of composites provides large 

contact area that enhances conductivity. Moreover, they enhance the mechanical 

integrity of the cathode and as a result they increase tolerance to volume change 

[292,293]. For example, Li et al. [294] produced Ni(OH)2 particles anchored on 

reduced graphene oxide material and reached almost full capacity and did not 

observe a capacity decay up to 50 cycles. 

From the review given above it can be concluded that the research trend in replacing 

cobalt in cathode made use of carbon additives with a considerable success. 

However, having a physical mixture during slurry preparation does not yield 

capacities comparable to commercial cathodes. Therefore, there is a need for 

methods that can provide good electrical contact between the carbon and active 

material better than that achieved with a conventional slurry preparation. The use of 

sophisticated methods such as precipitation of active material on carbon additives 

may be used with considerable success, but such processes are quite costly and would 
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not help reduce the cost of cathode fabrication. New materials and procedures are 

required to achieve this purpose. 

 

 

Figure 3.8. Schematic representation of porous carbon supported nano Ni(OH)2 

particles precipitation [290]. 

 

3.1.4.7 Formation of The Conductive Network with Cobalt 

In commercial NiMH batteries, Co is used to impart conductivity to β-Ni(OH)2 

particles. Oshitani et al. [260,295] studied different cobalt based compounds and 

their use in the preparation of cathodes. They presented a mechanism for conductive 

network formation involving a 2 step process, Figure 3.9. The first step is the 

standing step in which Co based compound get dissolves as Co2+ complex ions in 

the electrolyte turning the electrolyte into blue color. Once the electrolyte is super 

saturated with respect to these complex ions, β-Co(OH)2 forms via precipitation. The 
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second step is the charging. During the first charging of the electrode, precipitated 

β-Co(OH)2 phase transforms into CoOOH phase which is both stable and 

conductive. Having evaluated different Co based compounds Oshitani et al. 

concluded that CoO is the best option because it has the highest solubility in the 

electrolyte. The advantages of this mechanism is that it forms a homogeneous 

network which assures good electrical contact between conductive agent and particle 

as well as imparting strength to the electrode. 

 

 

Figure 3.9. Mechanism for conductive network formation [260]. 

 

The formation of CoOOH on the active particles improves the performance of the 

cathode. It increases reversibility, increases overpotential for OER, therefore 

increases charge acceptance and suppresses the growth of γ-phase [242,260,296]. 

However, CoOOH network can deteriorate upon cycling with time or upon 

aggressive discharge to under 0.7 V [297]. To overcome this problem, Lichenberg et 

al. [298] used MnO2 as additive to the cathode mixture and improved the stability of 

CoOOH. Li et al. [299] investigated the effects of forming the CoOOH network by 

chemical oxidation instead of electrochemical formation. They reported that 
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chemically oxidized material had a higher reversibility and more durability at lower 

voltages. Other methods which leads to improved cathode performance include 

electroless deposition of cobalt on the surface of Ni(OH)2 [300], electro-oxidation 

pretreatment that converts CoOOH into Co3O4 [301]. Moreover, pretreatment by 

discharging the electrode first, prior to initial charging of the electrode is found to 

enhance the stability of the conductive network and conductivity [302]. 

3.2 Search for Cobalt Free Cathodes 

Ni(OH)2/NiOOH redox couple as a battery cathode material is widely used in 

different battery technologies due to its excellent reversibility. The battery 

technologies that uses Ni(OH)2 active material are; NiCd [303], NiH2 [304], NiFe 

[305], NiZn [238] and NiMH [259]. It is quite a challenge to fully utilize this 

materials excellent properties due to the fact that Ni(OH)2 is an insulating material 

with a band gap of 3.0-3.5 eV [306]. Hence, conductivity must be imparted on the 

system via external modifications. To achieve this purpose, general approach is to 

incorporate Co-based compounds into the cathode system [260,295]. When Co-

based compounds are used they transforms to CoOOH conductive network 

encircling the active material. This transformation proceeds in two steps; the first 

one is the standing step after cell production in which Co-based compounds dissolve 

in the electrolyte and once the electrolyte becomes supersaturated with respect to 

dissolved Co complex ions, Co(OH)2 phase precipitates on the active material and 

forms a homogeneous network, the second step is the initial charging of the cell in 

which the precipitated Co(OH)2 network change its structure to CoOOH conductive 

network [260,295]. Formation of a continuous and homogeneous conductive 

network is assured. Exploiting this mechanism, enhances the reversibility of the 

cathode [307], inhibits or delays the formation of the γ-NiOOH, unwanted phase 

[308] and increases the OER overpotential [307]. 

Co is an additive with many appealing properties. However, much work is devoted 

to replacing this material because of its high cost [180,286]. Carbonaceous materials 
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are attractive for replacing Co, because of their high conductivity and low cost. Liu 

et al. [309] studied the effects of adding nano-sized Ni(OH)2 particles into 

conventional micron sized particles. During their studies, they used graphite as the 

conductive agent and reported capacities of 235 mAh/g. Yunchang et al. [281] 

attempted to optimize conductive additives using graphite and acetylene black and 

reached capacities as high as 278 mAh/g. Takasaki et al. [180,309] developed a 

coating technique employing a fluidized bed of Ni(OH)2 particles and spraying 

oxidation resistant carbon to the bed. Their results were outstanding and they reached 

the full theoretical capacity of the cathode active material. More sophisticated 

materials are also used. For example, with N-doped graphene aerogel, it was possible 

to cycle the battery for 5000 cycles with 85 % capacity retention [310], or with the 

use of reduced graphene oxide capacities of 283 mAh/g were possible [294]. Carbon 

nanotubes are also attracted much attention. In many studies CNT are used and its 

benefits are reported as; CNT addition increases the specific capacity [311], 

enhances active material utilization [282,312], improves rate capability [282,313] 

and discharge voltage [312,313]. Furthermore, it is found that with the addition of 

CNT, γ-NiOOH phase formation can be inhibited [313]. 

Observing the trends of the research in carbon replacement of cobalt, it is seen that 

nano-sized carbon derivatives perform better. However, addition of carbon is not 

enough on its own. Incorporation of the carbon in the system must yield a good 

contact between conductive particles and active materials. For example, Nie et al. 

[290] precipitated Ni(OH)2 particles on porous carbon and reported full theoretical 

capacity for 20000 cycles with no sign of capacity decay. Therefore, in this study 

three different nano carbon derivatives; carbon black (CB), plasma black (PB) [314] 

and CNT, are used. And, two different composite production techniques; ball milling 

and dispersion, are employed to assure good conductive contact by forming 

C/Ni(OH)2 composite powders. 
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3.3 Experimental Procedure 

3.3.1 Materials 

The active material used in this study was β-Ni0.91Co0.045Zn0.045(OH)2 commercial 

powders. These powders were spherical in shape and had an average particle size of 

9.8 μm, Figure 3.10 a). Figure 3.10 b) shows high resolution SEM image of β-

Ni0.91Co0.045Zn0.045(OH)2. Here it is seen that the powder is covered with/made up of 

nano-platelets of extreme small size. 

 

a)                         b) 

Figure 3.10. SEM images of a) Ni(OH)2 powder, b) surface of Ni(OH)2 powder. 

 

Carbon derivatives used as conductive additives are shown in Figure 3.11. From 

Figure 3.11 a), particulate form of CB can be seen. This powder has an average 

particle size of 60 nm and BET surface area of 68.9 m2/g. PB powders, Figure 3.11 

b), had a morphology of flaky graphitic powder consisting of, on average, 8.7 layers 

[314]. This graphene like material had a d (002) of 0.3792 nm and a BET surface 

area of 302 m2/g. CNT, Figure 3.11 (c), had 92 % of purity (Al was the major 
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impurity plus trace amount of Cu and Fe). In the form of long entangled fibers with 

a diameter of 8-10 nm. 

 

 
a)                                     b)                                     c) 

Figure 3.11. SEM images of a) CB powder, b) PB powder and c) CNT powder. 

 

3.3.1.1 Plasma Black 

Plasma black was synthesized by our research group using an RF Plasma reactor 

(Tekna) 30 kW system, Figure 3.12. The reactor was operated at 0.97 bar. Other 

operating parameters of the reactor is given in Table 3.1. Methane and hydrogen with 

99.995 vol. % purities are used as precursors. These were fed into the torch with 

argon as a carrier gas (5 slpm). 

It was possible to produce carbon materials with different morphologies, surface 

areas and interlayer distances by the change of production parameter of CH4:H2 ratio. 

The ratio is adjusted by keeping the CH4 fed rate constant at 2 slpm and changing 

the fed rate of H2 from 0 to 2 slpm. The resulting powders had different morphologies 

depending on the production parameters. Plasma black used in this work produced 

with CH4 (slpm):H2 (slmp) = 2.0:1.0. This had BET surface area of 302 m2/g and 

d(002) of 0.3792 nm, average number of graphitic layers was 8.7. Details of plasma 

black synthesis can be found in reference [314]. 
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Table 3.1 Operating parameters for the proses [314]. 

Parameter Unit  Values 

Plasma power kW 25 

Chamber pressure bar 0.97 

Carrier gas (Ar) slpm 5 

Central gas (Ar) slpm 15 

Sheath gas (Ar-H2) slpm 60-6 

Quenching gas (N2) slpm 150 

 

 

 

Figure 3.12. Schematic illustration of the thermal plasma reactor used in production 

of the PB powder [314]. 

 

3.3.2 C/Ni(OH)2 Powder Production 

As was discussed above having a physical mixture of carbon and active material 

during slurry preparation is not enough to yield good electrochemical performance 
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in the cathode because of lose contact between the particles. Examples of studies 

where carbon and active materials are prepared into a composite structure were given 

involving quite sophisticated methods. Here two simple methods are proposed; ball 

milling and dispersion method. 

3.3.2.1 Ball Milling Method  

 

 

Figure 3.13. Schematic representation of ball milling method, grey spheres are steel 

balls, green spheres are Ni(OH)2 and black spheres are carbon derivatives. 

 

In order to obtain a homogeneous mixture and a good contact between carbon and 

Ni(OH)2 particles ball milling procedure was employed, Figure 3.13. For this 

purpose, a PM 400 MA-type Retsch planetary ball mill was used. All the samples 

are produced with 5 wt. % carbon and 95 wt. % Ni(OH)2 active material. A stainless 

steel vial of 100 ml volume was used with stainless steel balls of 10 mm diameter. 

The ball to powder ratio was 10:1. The milling was carried out at 100 rpm for 4 hours 

with change in rotation direction in every 30 minutes with 5 minutes of rest time 

after each rotation. The SEM images of the resulting powders are given in Figure 
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3.14. It is seen that the surface of the active particles is thoroughly covered with 

carbonaceous materials. Nano-platelet structure of the Ni(OH)2 powders shown in 

Figure 3.10 b) was no longer visible in milled powders. 

 

 
         a)           b)                     c) 

Figure 3.14. SEM images of produced C/Ni(OH)2 composite powders via ball 

milling method at x30000 magnification; a) carbon black, b) carbon black + plasma 

black, c) carbon black + plasma black + carbon nanotube. 

 

3.3.2.2 Dispersion Method 

This method is based on the facts that carbonaceous additives gets negatively 

charged on their surface when dispersed in an organic solvent-DI water mixture 

[315]. Conversely, Ni(OH)2 particles assumes positive charge on their surface when 

dispersed in DI water [316]. 

The method makes use of two different dispersions, Figure 3.15. The first one is 

prepared by adding 0.02 grams of carbon into ca. 40 ml of 40 wt. % acetone and DI 

water mixture. The mixture is then ultrasonicated for 15 minutes to obtain a stable 

dispersion. The dispersion was stable, presumably, due to the negative charge 

induced on the carbon particles.  
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Figure 3.15. Schematic representation of dispersion method, green spheres are 

Ni(OH)2, black spheres are carbon derivatives and +/- signs represents the charge 

on the particles. 

 

The second dispersion was prepared by adding 0.38 grams of Ni(OH)2 powder into 

ca. 40 ml of DI water ultrasonicated for 15 minutes. However, due to higher weight 

of Ni(OH)2 particles, this dispersion was not as stable as that prepared with carbon. 

After the ultrasonication processes, the dispersion containing carbon particles were 

completely black and that with Ni(OH)2 particles were completely green. 

In order to form the C/Ni(OH)2 composite, the green dispersion placed on a hot plate 

at 50 0C degree and the dispersion is stirred with a magnetic fish. The black 

dispersion is then added to the system from the bottom of the green dispersion with 

the help of a pipette. This addition was done quite slowly, drop by drop. 

The final mixture containing both dispersions was then kept on the hot plate under 

stirring to evaporate the acetone and DI water. The resulting powders was completely 

black indicating a good coating of carbon on the active material surface. Figure 3.16 

shows SEM micrograph of cathode active materials prepared with dispersion 
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processing. It seen that coverage of the particle onto the surface of Ni(OH)2 was not 

as good as that achieved with ball milling. 

 

 
         a)           b)                     c) 

Figure 3.16. SEM images of produced C/Ni(OH)2 composite powders via 

dispersion method at x60000 magnification; a) carbon black, b) carbon black + 

plasma black, c) carbon black + plasma black + carbon nanotube. 

 

3.3.3 Electrode & Cell Production 

Electrodes were prepared from C/Ni(OH)2 composite powders employing a slurry 

route. First, PTFE dispersion was prepared. For this purpose, PTFE dispersion (60 

wt. %) was weighted in a container so that the mass of the PTFE particles was 5 wt. 

% of the total mass of the slurry, ignoring the water content. Then, the dispersion 

was stirred on a hot plate at room temperature for 15 minutes, but before stirring ca. 

10 ml of DI water was added to the dispersion. Then, active powder was added to 

the dispersion and stirring continued for an hour at room temperature. At the end of 

this period, if the slurry viscosity was too low, heater on the hot plate is adjusted to 

around 90 0C and allow the slurry evaporate until the proper rheological conditions 

were obtained (viscosity similar to that of molasses). 
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The slurry was then applied on a nickel foam used as a substrate with a spatula and 

dried at 75 0C for overnight. Lastly, the electrode, hereby, obtained was pressed with 

25 MPa pressure to a typical thickness of 0.35 mm. 

For this study, a total of 8 different electrodes were produced as presented in Table 

3.2. All electrodes had 5 wt. % carbon additive. This means that taking into account 

the PTFE binder (5 wt%), 90 wt. % of the electrode was active material. This value 

is quite high especially compared to studies undertaken for research purposes (see 

Table 3.3). Where different carbon additives were used together, they were mixed in 

proportions, totaling to 5 wt. %. Where carbon black and plasma black was mixed, 

each was mixed 2.5 wt. %. In the case of the mixture of carbon black, plasma black 

and carbon nanotubes, they were mixed 1.875, 1.875 and 1.25 wt. %, respectively. 

 

Table 3.2 List of the samples used in this study. 

No. Sample List 

1 CB (5 wt. %) Dispersion 

2 CB (5 wt. %) Ball mill 

3 PB (5 wt. %) Dispersion 

4 PB (5 wt. %) Ball mill 

5 CB (2.5 wt. %)+ PB (2.5 wt. %) Dispersion 

6 CB (2.5 wt. %) + PB (2.5 wt. %) Ball mill  

7 CB (1.875 wt. %) + PB (1.875 wt. %) 

+ CNT (1.25 wt. %) Dispersion 

8 CB (1.875 wt. %) + PB (1.875 wt. %) 

+ CNT (1.25 wt. %) Ball mill 

9 Co(OH)2 (12 wt. %) Ball mill  

 

In addition to 8 electrodes, a reference electrode was also prepared, Table 3.2. This 

electrode was prepared with Co additive and produced via ball milling. For this 
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purpose, 12 wt. % Co(OH)2 was mixed with Ni(OH)2. After ball milling, the 

electrode was prepared using the slurry route as explained above. 

Negative electrodes were AB5-type hydrogen storage alloy with the composition of 

La10.5Ce4.3Pr0.5Nd1.4Ni60Co12.7Mn5.9Al4.7. The electrodes were prepared using PVA as 

binder. For this purpose, 2 wt. % PVA is dissolved in a large amount of DI water 

heated to 200 0C under continuous stirring. Once the binder (PVA) is dissolved, the 

active material was added and the temperature was decreased to 75 0C. The stirring 

was continued until a slurry with a proper rheology was obtained. Then, similar to 

cathodes, the slurry is applied on a nickel foam, dried and pressed yielding an 

electrode typically 0.70 mm thick. The capacity of the anodes were at least 5 times 

that of the theoretical capacity of the Ni(OH)2 cathodes. This assures that the cells 

were cathode limited, with the result that the measured capacity is that of cathodes. 

 

 

Figure 3.17. Schematic illustration of the Swagelok type cell. 

 

Charge-discharge tests were carried out using a Swagelok cell, Figure 3.17. This is 

a PTFE body and comprises of 12.9 mm diametric current collectors made out of 

stainless steel, and a stainless steel spring on the anode side to assure good contact 
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within the cell at all times. Before the cell was constructed, the cathode, the anode 

and the separator (Freudenberg FS 2226 type polypropylene separator, 180 μm thick) 

were kept in the electrolyte (6 M KOH solution) for 15 minutes. Then, the electrodes 

were stack together with a separator between them. First the anode was loaded 

followed by the separator and then the cathode. The cell was then sealed with PTFE 

rings. Lastly, 2-3 drops of electrolyte added to the cell from the top opening which 

was then closed to make the cell air tight. Before testing all cells were kept waiting 

for 3 hours. 

In the case of reference cathode, the procedure was slightly different. After the cell 

was constructed, the Swagelok cell was put in a drying oven and kept at 60 0C for 24 

hours. Then, the cell is removed from the oven and air cooled to room temperature. 

This was adopted from Oshitani et al. [295] as a result of which Co(OH)2 dissolves 

and then re-precipitates. The cell was then subjected to a pretreatment described by 

Morimoto et al. [302] which involved discharging at a constant voltage of -0.5 V 

(MH) for 7.5 hours. The cell was kept waiting for 3 hours before testing. 

3.3.4 Characterization 

3.3.4.1 Structural & Morphological Characterization  

Structural characterization was carried out with an x-ray diffraction equipment 

(Bruker D8 Advance) using Cu-Kα radiation (λ=1.5406 Å) at 30 kV acceleration 

voltage and 40 mA current. The step size used was 0.02 0 and the scanning rate was 

2 0/min. The morphological studies were conducted using a FEI Nova NanoSEM 

equipment using a secondary electron detector. 

3.3.4.2 Electrochemical Characterization 

The charge-discharge performances of the cells were measured using a 16 channel 

BioLogic MPG2 potentiostat-galvanostat. For this purpose, an isothermal battery 
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cabinet was used as shown in Figure 3.18. The cabinet contains 4 vertical shelfs that 

can move independently from each other. Each of these shelves contains 4 cell 

holders adding up to a total of 16 test channels. It is possible to replace the cells in 

this cabinet without disturbing the cells in operation. 

 

 

Figure 3.18. Schematic illustration of the isothermal battery cabinet with 

independently moveable shelfs. 

 

The charge-discharge characteristics of the cells were tested with the same 

procedure. After the cell assembly, all the batteries were kept waited for 3 hours to 

reach an equilibrium prior to testing. Then, the test started with charging the battery 

to 120 % of the theoretical capacity of Ni(OH)2 active material. The discharge cycles 

were conducted until a cut-off voltage of 1 V against MH anode was reached. 

Charge-discharge cycling tests were carried out using 0.2 C rate based on the 

theoretical capacity of the cathode and the amount of active mass used in the cell. 15 

minutes of waiting period was employed after each charge and discharge to obtain a 

stable open circuit potential (OCV) for the subsequent cycle. 

Linear sweep voltammetry (LSV) was initially carried out using the Swagelok cell. 

This, however, have led to scattered data especially when entered into the regime of 
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OER. This was, therefore, abandoned and tests were carried out using a flooded cell, 

as shown in Figure 3.19. 

Hg/HgO was used as reference electrode. In order to minimize the resistance 

between the cathode and the reference electrode, the tip of the reference electrode 

kept as close to the cathode as possible. Counter electrode was a pressed nickel foam. 

Moreover, the counter electrode used had a surface area much larger than the that of 

cathode to reduce the unnecessary resistance. Before the LSV tests, the cathodes 

were activated using a cyclic voltammetry (CV) with 0.2 mV/s rate between 0.0-0.6 

V against Hg/HgO. Then the LSV test was carried out from open circuit voltage to 

0.6 V(Hg/HgO) with 2 mV/s rate. The tests were conducted using the BioLogic 

MPG2 potentiostat-galvanostat. 

 

 

Figure 3.19. Schematic illustration of the flooded type cell. Red crock is the 

cathode connection, blue crock is the anode connection and the reference electrode 

used is Hg/HgO. 

 

Electrochemical impedance (EIS) measurements were conducted using Swagelok 

cell using MH as the counter electrode. No reference electrode was used in this 

measurement. Before the test, the cells were activated with charge-discharge cycling 
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with the parameters given above. Three cycles were employed for this purpose for 

the C/Ni(OH)2 cathodes. In the case of reference cathode 15 cycles were employed 

as it takes more cycles to activate the cathode fully. The EIS measurement were 

conducted in the charged state in order to have a better understanding of OER as 

OER occurs on the surfaces of charged cathode. For the study a 5 mV of perturbation 

voltage is used and the frequency range was between 10 kHz and 0.1 mHz. 

Measurements were taken using GAMRY Reference 3000 potentiostat/galvanostat 

3.4 Result & Discussion 

3.4.1 Charge & Discharge Performance 

This present study aims to replace Co additive in cathode with carbon additives. So 

as to form a reference state, a cathode was prepared using Co additive as explained 

in section 3.3.3. Capacity versus cycle number obtained for this cathode is given in 

Figure 3.20. It is seen that the full activation of the cathode requires approx. 15 cycles 

after which the capacity reaches a value of 240 mAh/g. The capacity increase is then 

slowing down and the full theoretical capacity of 289 mAh/g is reached after 100 

cycles. The trend is such that the cell would continue its performance in stable 

manner. 

Figure 3.21 shows the cyclic performance with carbon black additive. Here the 

capacity in both cathodes, i.e. prepared with dispersion method and with ball milling 

method improves with cycling, but fails to reach capacities obtained with Co 

additive. The cathode prepared with dispersion method performs better but having 

reached a capacity of 210 mAh/g, changes its trend and become subject to a capacity 

decay. In terms of cyclic stability, the cathode prepared with ball milling performs 

better, though the capacity is significantly less. 
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Figure 3.20. Specific capacity versus cycle number of conventional Ni(OH)2 

positive electrode where the active materials were processed with Co(OH)2. 

 

 

Figure 3.21. Specific capacity versus cycle number with cathode prepared with 

carbon black.  

 

Cyclic stability of cathode with plasma black is given in Figure 3.22. This time both 

the ball milled powder and dispersion processed cathodes yielded similar 

characteristics. Both samples reached the maximum capacity at their fourth cycle. 

The maximum capacity was 201 and 206 mAh/g for dispersion and ball milled 
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cathodes respectively. Both cathodes showed a capacity decay, this was more 

pronounced for cathode prepared with dispersion method.  

 

 

Figure 3.22. Specific capacity versus cycle number with cathode prepared with 

plasma black. 

 

Carbon black and plasma black are quite different in terms of their morphology. The 

former is a hard carbon spherical in shape which possibly forms small conductive 

particles in contact with Ni(OH)2 particles. Whereas, the plasma black is graphene 

like flaky graphitic powders which possibly exfoliates and wraps the Ni(OH)2 

particles. To investigate the synergetic effects, cathodes were prepared where both 

carbons, i.e. carbon black and plasma black, were combined together in equal 

proportions and used as additives. The results are given in Figure 3.23. The 

dispersion processed cathode yielded better results as compared to cathodes prepared 

singly both carbon black or plasma black. It reached a capacity of 228 mAh/g at its 

third cycle. Both cathodes showed a capacity decay. 
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Figure 3.23. Specific capacity versus cycle number with cathode prepared with 

carbon black and plasma black. 

 

 

Figure 3.24. Specific capacity versus cycle number with cathode prepared with 

carbon black, plasma black and CNT. 

 

The last sample set was prepared by adding CNT into the carbon black and plasma 

black. The results are given in Figure 3.24. Data given for 9 cycles are sufficient to 

describe the overall trend. The capacity reached is the highest obtained so far with a 

value of 238 mAh/g. This value was obtained with ball milled cathode. The value 

obtained with dispersion was 210 mAh/g. 
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All cathodes described above are collected together in Table 3.3. Here cathodes are 

listed in terms of their maximum capacity in a decreasing order. Carbon black seems 

to perform better with dispersion method. This could be explained such that with 

small particles as carbon black, ball milling would not yield a homogenous mixture 

[284] resulting in inferior performance. Whereas such small and spherical carbon 

black could be dispersed quite homogenously in the dispersion method. The situation 

with respect to CNT containing cathodes are reverse. Here with the presence of high 

aspect ratio CNT additive, dispersion does not work well. Instead such additives 

yield a more homogenous slurry in ball milling. It should be mentioned that plasma 

black is intermediate between carbon black and CNT in terms of aspect ratio and 

seem to be affected less by the method of preparation. 

 

Table 3.3 List of the samples prepared with carbon derivatives together with their 

maximum capacities. The samples are listed in the order of highest to lowest 

maximum capacities. 

Cathode 
Maximum  

Capacity (mAh/g) 

CB (1.875 wt. %) + PB (1.875 wt. %) 

 + CNT (1.25 wt. %) Ball mill 
238 

CB (2.5 wt. %)+ PB (2.5 wt. %) Dispersion 228 

CB (1.875 wt. %) + PB (1.875 wt. %)  

+ CNT (1.25 wt. %) Dispersion 
210 

CB (5 wt. %) Dispersion 209 

PB (5 wt. %) Ball mill  206 

PB (5 wt. %) Dispersion 201 

CB (2.5 wt. %) + PB (2.5 wt. %) Ball mill 176 

CB (5 wt. %) Ball mill  126 
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Table 3.4 contains literature data concerning the similar studies reported for Ni(OH)2 

cathode employing a variety of carbon additives and preparation methods. Cathodes 

prepared by Wu et al. [317], Zhang et al. [318] and Sierczynska et al. [282] are 

similar to the current work but rather than replacing Co additives altogether, they 

replaced only a part of it with limited success. Additives used by Yunchang, et al. 

[281] and Liu et al. [319] were all carbon based, i.e. no Co additive at all, the 

capacities reached with a mixture of graphite and acetylene black, was close to full 

capacity, i.e. 289 mAh/g, but the fraction of additives used were quite high i.e. 25 

wt. %. This value is very much greater than the current targeted value of 5 wt. %. 

Cathodes synthesized via precipitation of Ni(OH)2 directly on carbon additives, i.e. 

studies by Li et al. [294], Nie et al. [290] yield quite high capacities with quite 

desirable cyclic performance. Unfortunately, no data was reported on the amount of 

additives used in synthesizing the cathodes and where reported the fraction is quite 

high. 

The capacities obtained in the current work with some of the cathodes prepared with 

carbon are quite comparable to values reported in Table 3.4, especially considering 

the fact that this was achieved with 5 wt. % additive. Of course the target in the 

current work with carbon additives was to reach the full capacity, i.e. 289 mAh/g as 

was the case with Co-bearing cathode. 

All the cathodes prepared using carbon derivatives behaved in similar way. The 

capacity reaches a maximum value within few cycles and then it starts to decrease 

thereafter. This is in contrast to the reference cathode prepared using Co. Here the 

capacity constantly increases with cycling until the theoretical capacity is reached. 

To investigate the reasons for this difference, we have selected a cathode prepared 

with dispersion method combining the equal proportions of carbon black and plasma 

black, displaying a capacity of 228 mAh/g. Investigations involved structural and 

electrochemical analysis, the results of which are given below. 
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Table 3.4 Additives, preparation method, specific capacity and cyclic performance 

reported for NiMH cathodes. 

 

No Additive Binder 
Preparation 

Method 

Max 

Specific 

Capacity 

(mAh/g) 

Capacity 

(mAh/g) @ 

last cycle 

Reference 

1 

CNT  

(1 wt. %) 

CoO 

 (8 wt. %) 

PTFE 

CMC 

Physical 

mixing 
224 

200 @ 30th 

cycle 

Wu et al. 

2008 [317] 

2 

Carbon 

black  

(1 wt. %) 

CoO 

 (4 wt. %) 

PTFE 

CMC 

Precipitated 

on carbon 

black 

281 
281 @ 

100th cycle 

Zhang et al. 

2008 [318] 

3 

Graphite 

(7 wt. %) 

Co  

(3 wt. %) 

PTFE 

HPMC 

Physical 

mixing 
255 

235 @ 50th 

cycle 

Sierczynska 

et al. 2010 

[282] 

4 

CNT  

(7 wt. %) 

Co  

(3 wt. %) 

PTFE 

HPMC 

Physical 

mixing 
276 

202 @ 50th 

cycle 

Sierczynska 

et al. 2010 

[282] 

5 

Graphite 

acetylene 

black 

(25 wt. %) 

PTFE 

CMC 

 

Physical 

mixing 
288 No data 

Yunchang 

et al. 1995 

[281] 

6 
Graphite 

(10 wt. %) 

PTFE 

 

Physical 

mixing 
235 No data 

Liu et al. 

2004 [319] 

7 

Reduced 

graphene 

oxide 

No data 

Precipitated 

on reduced 

graphene 

oxide 

283 
283 @ 50th 

cycle 

Li et al. 

2011 [294] 
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Table 3.4 (contôd) 

8 

Porous 

carbon 

(15 wt. %) 

expanded 

graphite 

(20 wt. %) 

PTFE 

 

Precipitated 

on porous 

carbon 

345 

345 @ 

20000th 

cycle 

Nie et al. 

2017 [290] 

9 

Oxidation 

resistant 

carbon (CB) 

CMC 

Fluid-bed 

coating 

method 

No data 

Stable 

capacity @ 

800th cycle 

Takasaki et 

al. 2013 

[180,286] 

 

3.4.2 Structural Analysis 

In order to see the structural evolution of the cathodes during cycling, cells were 

constructed using carbon additive and cobalt additive. The cells were subjected to 

charge-discharge cycles and XRD patterns are collected from the cathodes after 

selected cycles by opening the cell. Figure 3.25 shows the XRD patterns of the 

cathodes with carbon and Figure 3.26 shows those recorded from the reference 

cathodes. Here the spectra are given up to 2θ= 25 0 so as not to include peaks coming 

from nickel substrate. 

In Figure 3.25, all the relevant phases of Ni species are seen. The β-Ni(OH)2 phase 

is seen with a peak at 2θ=19.18 0, the peak at 2θ=18.14 0 belongs to β-NiOOH. In 

addition to these, there is an additional peak at 2θ=12.840. This is γ-NiOOH phase. 

In the as prepared condition, only the β-Ni(OH)2 phase is seen as would be expected, 

because this is the starting phase. Upon first charge, it is seen that formation of the 

γ-NiOOH and β-NiOOH phases proceed together. It is further seen that both of these 

phases are present in both charged and discharged conditions. 
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Figure 3.25. XRD patterns recorded from the samples removed from the cells 

assembled with carbon additive. The data is collected for the as prepared sample 

and from the samples from their first, third and eighth cycles. Black data is for the 

as prepared sample, red data is for the samples at their charged states and blue data 

is for the discharged state. 

 

 

 

Figure 3.26. XRD patterns recorded from the samples removed from the cells 

assembled with cobalt. The data is collected for the as prepared sample and from 

the samples from their first, third and eighth cycles. Black data is for the as 

prepared sample, red data is for the samples at their charged states and blue data is 

for the discharged state. 



 

 

103 

It appears that γ-NiOOH phase is irreversible in the operation voltage window used 

during the test. The presence of β-NiOOH at the discharged state -which should not 

normally be present- means that some of the active material cannot be discharged. 

This is probably due to the loss of contact between the powders and the current 

collector upon volume expansion associated with the γ-NiOOH phase formation. 

The variation of phase fractions during cycling would yield useful information. 

However, such detailed XRD study could not be done because the active materials 

were embedded inside the nickel which decreases the quality of the data coming from 

the active material. Furthermore, the phase transformation in the cathode starts from 

the current collector side, whereas XRD data were collected from the front [320]. 

XRD patterns collected in the same way from the reference cathode are shown in 

Figure 3.26. These are significantly different than those collected from the cathode 

described above. Here, peaks from β-Ni(OH)2 and β-NiOOH do exist. There are also 

two additional peaks originating form cobalt. One is located at 2θ=20.30 0 which 

belongs to CoOOH and the other is Co(OH)2 at 2θ=18.20 
0. This means that complete 

transformation from Co(OH)2 to CoOOH is not achieved. The peak from the 

Co(OH)2 is almost at the same location as the β-NiOOH phase. This makes it harder 

to read the data. More importantly there is no γ-NiOOH peak in these patterns. 

The presence of γ-NiOOH in the carbon bearing electrodes and its absence in the 

cobalt bearing electrodes is the key finding of this study. It is proposed that 

differences in the performances of the cathodes originate from this difference. 

SEM images from the cathodes removed from the cells after 25 cathodes after 

charge-discharge cycles are presented in Figure 3.27. As can be seen from the figure 

the carbon containing cathode shows a lot of pores within the nickel foam. In 

contrast, the reference cathode appears to be sound. This means that particle drop 

out have taken place from cathode with carbon additive. 
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a)                                                        b) 

Figure 3.27. SEM images of a) the carbon bearing cathode and b) the cobalt 

bearing cathode at 500 magnifications. 

 

SEM images are also presented at higher magnification in Figure 3.28. Morphology 

of the powders of the carbon containing cathode seems to be more granular and more 

independent of each other. On the other hand, particles in the reference cathode 

seems like merged together. This is probably due to CoOOH conductive network 

formation mechanism explained in section 3.1.4.7. 

 

 

a)                                                        b) 

Figure 3.28. SEM images of a) the carbon bearing cathode and b) the cobalt 

bearing cathode at 5000 magnifications. 
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The current batteries work between β-Ni(OH)2/β-NiOOH redox couple. This was 

what was observed with the reference cathode. γ-NiOOH do occur for the carbon 

bearing cathode, but it is not desirable [259,321]. The formation of this phase results 

in massive volume change which causes fragmentations of powders and powder drop 

outs [189,259,321]. Moreover, the formation of γ-NiOOH is the cause of the memory 

effect in these batteries which is an another mechanism for the capacity decay [320]. 

The formation of the γ-NiOOH phase starts from the initial cycles, Figure 3.25. This 

is not common as normally this phase develops slowly with cycling. In the work of 

Singh [189] the phase was seen at later stages of cycling i.e. after 50 cycles. In the 

present case, both γ-NiOOH and β-NiOOH form together suggesting that the two 

reaction are competing with each other. 

3.4.3 Electrochemical Analysis 

Electrochemical analyses on carbon bearing cathode and cobalt bearing one involved 

studies on charge profile, LSV and EIS. Charge profiles are useful to study the 

oxidation of Ni(OH)2 and OER which are expected to take place at later stages of 

charging. 

Charge profiles recorded from carbon bearing and Co-bearing electrodes are 

presented in Figure 3.29. Here, the red data shows the charge profile of the reference 

cathode at its 15th cycle. The black one is that of carbon bearing cathode at its 3rd 

cycle. The cycles were selected as the cycle where activation was complete. The 

charging in the reference cathode starts at 1.25 V and rises steadily until the voltage 

of 1.40 V is reached which corresponds to a charge of 175 mAh/g. After that, the 

voltage rises rapidly to a value of 1.48 V. This transition region corresponds to an 

additional 65 mAh/g of charge. The total charge attained in these two regimes i.e. 

charging regime and the transitional regime add up to 240 mAh/g which is exactly 

the discharge capacity drawn from the cathode at the corresponding discharge cycle. 

Then, the voltage profile forms a plateau at around 1.48 This observation is 

consistent with Ayep and Notten [322] who studied the kinetics of the OER in NiMH 
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batteries. They found that during the charging of the cathode, i.e. during the 

oxidation reaction of the nickel, the potential of the cell shows a sloping behavior 

until the battery nearly reaches full charged condition. After this point, the voltage 

starts to rise rapidly and reaches a plateau. Once this plateau is achieved then OER 

takeover as the main reaction. This transition regime designated with “η” can be 

treated as overpotential for OER. During the period of rapid rise, some of the current 

is spend on charging the cathode and some is spent on the OER i.e. two reactions are 

in completion with each other. 

 

 

 

Figure 3.29. Charge profiles obtained during cycling of the batteries. On the graph 

regions of nickel oxidation reaction and OER are indicated as well as OER 

overpotential, η. 

 

The situation is different for the carbon bearing cell. The charging starts from 1.32 

V and rises steadily with continued charging and eventually reaches the plateau. 

There are, therefore, only two regimes and the additional regime observed in Co-

bearing cathode is absent. It can be said that the overpotential, η, for OER is quite 

small and oxidation reaction and OER reactions start to compete with each other 

from the early stages of the charging. 
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Figure 3.30. LSV curves obtained from the samples in flooded cell design. On the 

graph regions of nickel oxidation reaction and OER are indicated. The red arrow 

pointed downward indicates the peak top formation occurred for the reference 

cathode and the black arrow pointed upward indicates the peak top formation is not 

finalized. 

 

The process of charging and OER may be investigated in more detail using LSV. 

The curves recorded for carbon bearing and Co-bearing cathodes are shown in Figure 

3.30. The reference cathode’s LSV data shows a fully formed oxidation peak located 

at 0.46 V (Hg/HgO) and forms a tail at the end which could be assigned to OER. On 

the other hand, the data of carbon bearing cathode does not form a complete peak 

instead the oxidation peak and OER tail merge together i.e. both reactions overlap. 

The peak formation starts at 0.3 V and 0.35 V for the Co-bearing cathode and carbon 

bearing one. This indicates that charging starts at lower voltages for the reference 

cathode which is also apparent in Figure 3.29. Moreover, the slope of the OER tail 

is more inclined for the cathode prepared with carbon derivatives. Higher slope of 

this tail could imply a more aggressive OER for carbon bearing cathode. 
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Figure 3.31. Schematic illustration of the flooded type cell during OER. Red crock 

is the cathode connection, blue crock is the anode connection and the reference 

electrode used is Hg/HgO. Bubble formation on the surface of the cathode and 

particle drop out at the bottom of the cell are observable. 

 

Aggressive bubble formation was in fact observable with naked eye. Figure 3.31 

shows a photograph taken during the test. Here, intense bubbling was evident 

together with particle drop out which is accumulated at the bottom of the flooded 

cell. 

During the operation of the cells the cathodes reach OER regimes. Therefore, carbon 

bearing cathode must experience this drop out which can explain why the capacity 

decays in these cathodes with cycling. The cathode with cobalt also experiences OER 

but the reaction this time is not as aggressive and the conductive network provides a 

better mechanical stability for the electrode. As a result, no observable particle drop 

out takes place, hence no capacity decay occurs. 

The findings reported above suggest that in order to have a stable and high capacity 

cathodes in NiMH batteries, the charge reaction and the OER should be well 

separated from each other. Snook et al. [323] studied the kinetics of OER and its 

effect on the performance of the battery. They concluded that OER could not be 
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avoided since otherwise the battery will not be activated. However, excessive oxygen 

evolution results in capacity fading and incomplete utilization of active material. 

Moreover, they observed a link between OER and γ-NiOOH formation. 

Carbon bearing and cobalt bearing electrodes were also studied with electrochemical 

impedance spectroscopy (EIS). Data recorded are given in Figure 3.32. From the 

Nyquist plot presented, it can be seen that lower frequency region forms a depressed 

semicircle, this is the characteristic shape of a charge transfer resistance combined 

in parallel with a double layer capacitance. The semicircles on both the samples were 

depressed to a similar extent implying that the double layer capacitance of the 

cathodes are comparable to each other. Moreover, since the diameter of the 

semicircle in the reference cathode is larger, its charge transfer resistance at the 

cathode interface is higher. As the frequency decreases a straight line with a 45 0 

angle emerges which represents the semi-finite diffusion, Warburg impedance. In 

this regime the process is purely diffusion limited and the regime is more evident for 

the reference cathode. This purely diffusion controlled regime is only observable for 

the carbon bearing cathode if  the data is zoomed in. 

In the lowest frequency region, the system becomes more complex and the slope of 

the 45 0 straight line increases. The Warburg slope is related to the diffusion 

resistance and a higher slope means slower diffusion in the system. The slope of the 

Warburg component is quite similar to each other for both cathodes. Lastly, the bulk 

resistance can be interpreted form the data as the point where the semicircle 

intersects the real axis. This bulk resistance is a combination of the effects form the 

electrolyte, separator and the electrodes. It is seen that the bulk resistance is higher 

for the reference cathode. 
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Figure 3.32. EIS results of the cathodes. 

 

It is obvious from the EIS studies that the reference cathode reveals no improved 

kinetics over the carbon bearing cathode. In fact, in terms of bulk resistance and 

charge transfer resistance Co-bearing cathode is inferior. Therefore, the superior 

performance of the reference cathode cannot be explained through conductivity. This 

might be due to the fact that conductive network formed in the reference cathode -

through dissolution and precipitation reaction- prevents direct contact between the 

Ni(OH)2 active material and the electrolyte. It is possible that carbon derivatives are 

not as preventive as the CoOOH network, allowing some contact between the 

electrolyte. 

It should be mentioned that Ni(OH)2 is also used as a catalyst for OER in alkaline 

media [324]. Hence, exposure to the electrolyte can have catalyzing effect on OER 

reaction. Moreover, the same can be true with γ-NiOOH. As was shown in Figure 

3.16, the full surface coverage was not attained for the cathodes prepared with the 

dispersion method. Although, open surfaces of Ni(OH)2 particles were not observed 

for the ball milled cathodes, it is possible that the carbon coating gets damaged 

during cycling, exposing the active material to electrolyte. 
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It is also known that γ-NiOOH phase is just the β-NiOOH phase with intercalated 

water molecules with certain species of ions [244]. Lack of direct contact between 

the active material and the electrolyte should result in no accessible water molecules 

to intercalate with in the structure, hence it should suppress the γ-NiOOH formation. 

The results, as discussed above, clearly show that the carbon bearing cathodes fall 

short with respect to reference cathode in terms of both the capacity and the cyclic 

stability. This was true regardless of the method of preparation of C/Ni(OH)2 

composite powder and of the type and combination of the carbon additives used. It 

was interesting that although EIS suggests that the carbon bearing cathode are better 

in terms of bulk resistance and charge transfer resistance, the charge profiles and 

LSV showed the main oxidation reaction of Ni(OH)2 occurs at higher voltages in the 

carbon bearing cathode. It is important to stress that in the case of carbon bearing 

cathode the charging regime and OER are not well separated implying a small 

overpotential for OER. 

If carbon is to replace cobalt in NiMH cathodes it is necessary to find ways to 

increase the overpotential for OER. This could be achieved via finding a suitable 

additive and/or modifying the surface coverage so as to establish contact between 

carbon and the active material. Alternatively, the same aim may be achieved by 

lowering the charging potential of the cathode which may be obtained also by a 

suitable surface modification. 

3.5 Conclusion 

A study was undertaken to replace cobalt additives used in the cathodes of the NiMH 

batteries with lower cost carbon additives. In order to achieve this goal three carbon 

additives were employed solely or in combinations. Two preparation methods were 

used for C/Ni(OH)2 composite powders which were thought to ensure the 

homogeneity as well as establish good contact between the carbon and Ni(OH)2. A 

cobalt bearing cathode was also prepared for comparison purposes The results 
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showed that cathodes prepared with cobalt can deliver its full capacity without a 

capacity decay. Cathodes prepared with carbon did not reach the full capacity and 

they had poor cyclic stability. The performances of the carbon bearing cathodes 

varied with the preparation method of the composite powder. These differences were 

assigned to the aspect ratios of the powders such that, dispersion method works 

relatively well with additives of low aspect ratio. Therefore, dispersion method is 

more suitable with carbon black powder. Similarly ball milling was found to be 

exhibit better performance with CNT additive. Ex-situ XRD studies on dismantled 

cells showed a significant difference between carbon bearing cathodes and Co-

bearing ones. With cobalt, the study showed, as was expected, the presence of β-

Ni(OH)2 and β-NiOOH. Carbon bearing cathodes had γ-NiOOH phase in addition. 

The aggressive OER and associated particle drop out were thought to be in relation 

with the formation of γ-NiOOH in the latter cathodes. The study on charge profile as 

well as LSV showed that in Co-bearing cathodes the regime of charging and the 

regime of OER were well separated. In the case of carbon bearing cathodes this was 

not the case. Two scenarios were proposed so as to improve the performance of the 

cathode; one was to use additives that would shift charging profile to lower voltages 

and the other, more fruitful  approach, to use additives that will rise voltages causing 

OER. 
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CHAPTER 4  

4 GENERAL CONCLUSION  

In this theses, a study was carried out on cathodes used in rechargeable alkaline 

batteries. Two battery chemistries were investigated; one was MnO2/Zn and the other 

was NiMH. Both chemistries are important as low cost batteries which may be used 

in stationary applications e.g. grid energy storage. 

For MnO2/Zn a combinatorial approach was adopted and MnO2 was modified with 

Bi2O3, Na0.07MnO2 and NiO for the purpose of improving the rechargeability. Two 

experiments were carried out each yielding 36 compositions making a total 72 

cathodes. The results were given in Bi-Na-Ni ternary diagram, Mn content were 

mapped in terms of contour lines. Testing of thick film cathodes against MH anodes 

showed that cathodes near Bi corner shows capacity only in the first cycle meaning 

that they might be useful as primary batteries. Batteries near Ni corner provides a 

reliable behavior and are quite attractive as rechargeable chemistry, which is the 

basis for well-established NiZn batteries. Cathodes rich in Na did not have 

satisfactory performance as they lose their capacity fast with cycling. Cathodes with 

near equimolar Na and Mn, ca. Bi0.08Na0.39Ni0.09Mn0.44Ox, performed well and were 

identified as potential cathode composition for rechargeable MnO2/Zn batteries. It 

was proposed that capacity decay which was observed in these cathodes are due to 

their form as thick film cathode deposited on nickel substrate which do exfoliate as 

a result of volume change caused by cycling. It was further proposed that the use of 

slurry method would tolerate such volume changes and would yield cathodes of high 

cyclic stability.  

NiMH batteries are already well-established as rechargeable batteries. Efforts to 

reduce their cost continues with regard to both anode and cathode. In the case of 

cathode, the use of Co is important with regard to cost reduction as it has quite a high 
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share in their cost. In order to produce Co-free cathodes for NiMH batteries three 

carbon types were used. These are carbon black, plasma black and carbon nanotube. 

Considering that the performance would depend greatly on the contact between the 

active powder, conductive additives and their homogeneity, two production methods 

were employed. The one was ball milling method and the other was dispersion. The 

latter method exploits the surface charges that would develop on carbon and Ni(OH)2 

particles. Therefore, two dispersions were prepared one with carbon in acetone-DI 

water solution and one with Ni(OH)2 in DI water. Two dispersions were then mixed 

together yielding composite powder. 

Cells were prepared using a slurry method and were tested for their performance. A 

cell with a Co-bearing cathode was also tested for comparison purposes. The results 

showed that cathodes prepared with cobalt can deliver its full capacity without a 

capacity decay. Cathodes prepared with carbon did not reach the full capacity and 

they had poor cyclic stability. The performances of the carbon bearing cathodes 

varied with the preparation method of the composite powder. These differences were 

assigned to the aspect ratios of the powders such that, dispersion method works 

relatively well with additives of low aspect ratio. Therefore, dispersion method is 

more suitable with carbon black powder. Similarly, ball milling was found to be 

exhibit better performance with CNT additive. Ex-situ XRD studies on dismantled 

cells showed a significant difference between carbon bearing cathodes and Co-

bearing ones. With cobalt, the study showed, as was expected, the presence of β-

Ni(OH)2 and β-NiOOH. Carbon bearing cathodes had γ-NiOOH phase in addition. 

The aggressive OER and associated particle drop out were thought to be due to the 

presence of γ-NiOOH in the latter cathodes. The study on charge profile as well as 

LSV showed that in Co-bearing cathodes the regime of charging and the regime of 

OER are well separated. In the case of carbon bearing cathodes this was not the case. 

Two scenarios are proposed so as to improve the performance of the cathode; one 

was to use additives that would shift charging profile to lower voltages and the other, 

more fruitful  approach, to use additives that will rise voltages causing OER. 
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