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Abstract 

 

Iron is one of the most abundant elements in the earth’s crust and its applications are 

myriad; one of them is electrochemical storage of energy as battery electrodes. Despite the 

potential economic advantages, its extensive exploitation as the negative electrode material 

in the aqueous alkaline battery has been hampered by drawbacks such as its low charging 

efficiency, low discharge rates, and high self-discharge. The research in this thesis was thus 

set out to improve the iron negative electrode’s Coulomb efficiency, energy density and 

power density. In contrast to the use of pure iron and its oxides in commercial electrodes, 

two approaches were taken for the purpose of optimization. Firstly, the application of iron 

sulfide not only as an additive, but as the electrode material was examined. Secondly, a 

commercial activated carbon (A.C.) was adopted as the conductive scaffold for the 

deposition of iron oxides, iron sulfides and iron disulfides respectively.  

From initial feasibility tests, the applicability of iron sulfide as electrode material was 

affirmed, especially when electrochemically deposited on copper as a substrate. With this 

configuration, the electrode demonstrated an initial specific discharge capacity of 

332 mAh.g-1, from which it decreased to 231 mAh.g-1 in the 10th cycle. In subsequent 

studies, when cycled between -0.10 V and -1.15 V vs. Hg/Hgo, the hydrothermally 

synthesized iron disulfide/A.C. composite demonstrated a peak specific discharge capacity 

of 121 mAh.g-1, whereas the magnetite/A.C. afforded 48 mAh.g-1. Both of these materials’ 

cycling stability improved with activated carbon as a scaffold. The iron disulfide on the 

composite was calculated to contribute a peak value of 108 mAh.g-1 in the 25th cycle, before 

gradually reducing to 77 mAh.g-1 in the 200th cycle, while magnetite’s contribution peaked at 

62 mAh.g-1 in the 15th cycle before deteriorating to negligible values towards the 200th cycle. 

Between these two, iron disulfide’s superior discharge capacity is accredited partly to the 

supplementary oxidation contributions from sulfides and polysulfides in the electrolyte; 

these sulfides emerged from the reduction of the electrode materials in the initial cycles. In 

support of this conclusion, the iron sulfide electrodes demonstrated Coulomb efficiencies 

surpassing 100% after the initial cycles which were less efficient.  

The ameliorating effects of copper observed in iron sulfide’s feasibility tests were also 

further explored. By substituting 5 and 10 mole % of iron with copper in the activated 

carbon composites, the peak discharge capacity contributions from iron oxides increased 

from 62 mAh.g-1 to 112 mAh.g-1 and 160 mAh.g-1 respectively. With the addition of 0.1 M of 

sodium sulfide into the electrolyte, faradic discharge contributions from these electrode 

materials further increased to 270 mAh.g-1 to 281 mAh.g-1 and 290 mAh.g-1 respectively. 

Copper and sulfides were revealed to jointly promote the finer and more homogenous 

recrystallization of these iron-based particles on the scaffold’s surface over the charging and 

discharging cycles. Despite the necessity of further tests and optimizations, these findings 

present a route to enhance the utilization of iron as the negative electrode material.  
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1. Introduction 

 

Iron is one of the most abundant elements on the earth’s crust and it has been widely used 

since the Iron Age for myriad purposes. Towards the end of the 1800s, the applications of 

iron were further explored in the fields of electrochemical energy storage. Swedish inventor 

Jungner and his American counterpart Edison were the first to utilize its potential by 

coupling elemental iron and its oxide with nickel(II) hydroxide in potassium hydroxide 

electrolyte to form the nickel-iron, NiFe, battery [1, 2].  

NiFe batteries are recognized for their long cycling life, ability to tolerate electrical abuses 

such as over-discharging, over-charging and short-circuiting [3]. They were designed to be 

physically robust and can withstand physical stress, vibrations and high temperatures [4]. 

With their low maintenance requirements, they were optimal for use in mining operations 

for example. Besides that, the NiFe batteries were also used in the early 1900s for mobile 

traction applications, albeit, only for a short period before the emergence of combustion 

engines phased out electric automobiles [2, 5].  

The NiFe batteries, however, have limitations in its low power density, limited by the 

sluggish electrochemical performance of the iron negative electrode [6]. While the low 

solubility of iron and its oxides on the anode grants the electrode with longevity, this 

property also limits the reaction rates during the charging and discharging processes [7]. Gas 

evolution during the charging process presents another challenge to overcome for the 

negative electrode [8]. In the alkaline electrolyte, the ferrous species on the negative 

electrode reduces at more negative potentials than that required for the hydrogen 

evolution reaction and thus lower the Coulomb efficiency of the battery [4, 8, 9]. These 

reasons, along with the iron negative electrode’s poor charge retention capabilities [4, 8], 

lead to the preference of other materials for the negative electrode such as cadmium and 

metal hydrides. 

The development of the iron negative electrode by Jungner was thought of initially as a 

substitute for cadmium due to iron’s more competitive price and its higher theoretical 

specific energy density [2]. However, the inferior electrochemical performances of iron as 

negative electrode led him to revert back to employing cadmium. The progress of 

nickel-cadmium, NiCd, batteries picked up its pace in the early 1930s. For many years, NiCd 

batteries went on to become the battery of choice for various applications such as two-way 

radios, medical equipment, video cameras and power tools [5]. The main advantages of 

coupling the nickel-based positive electrode with cadmium rather than iron is that the 

former delivered higher current densities and its round trip efficiency was also higher [10, 

11].  

In the late 1980s, a 20-year-old technology which permitted the storage of hydrogen in 

certain alloys in the form of metal hydrides started to mature and it brought about the 
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advent of a new class of battery known as nickel-metal hydride, NiMH, batteries [12]. Like in 

NiFe and NiCd batteries, NiMH batteries utilized nickel(II) hydroxide as the positive 

electrode and potassium hydroxide as the electrolyte. On the negative electrode, the 

cadmium was replaced with alloys that are able to reversibly absorb and desorb hydrogen 

as the batteries are being charged and discharged [13].  

Due to the superior energy density of the NiMH batteries and the use of materials that are 

much less toxic than cadmium [14], the NiMH batteries were preferred over the NiCd 

batteries. Further improvements to NiMH’s cell architecture and the alloy composition for 

hydrogen storage brought about the increase of its power density, its charge retention 

capabilities, lifespan, and last but not least, the battery’s costs [15]. These batteries not only 

replaced NiCd as the preferred energy source in portable devices, they were also installed in 

hybrid vehicles [16, 17]. 

NiMH batteries are not without their drawbacks. These batteries are more sensitive to 

overcharging than those with NiFe and NiCd chemistries, and thus require more complex 

charging algorithms [17]. In economic terms, the cost for each unit of energy stored (in 

€.kWh-1) is also the highest among the three due to the cost of the alloying elements used in 

the NiMH batteries [18]. 

Recently, there has been renewed interest in the NiFe batteries during the search for more 

cost effective, environmentally friendly and safe energy storage systems [18-22]. For certain 

applications such as storage of energy harnessed from intermittent sources, like the wind 

and solar photovoltaic, the longevity of NiFe batteries, their low requirements for 

maintenance and their increased safety over systems with organic electrolyte make them a 

favorable candidate [18-20]. The abundance of raw material for the production of these 

batteries also gives them an economical advantage [8, 18, 19]. Along with this interest, 

researches are also being carried out to improve the NiFe battery’s electrochemical 

performance.  

 

1.2 Scope of thesis 

 

In this thesis, the research focus on the enhancement of iron’s electrochemical performance 

as negative electrode in aqueous alkaline batteries; therewith, its Coulomb efficiency, 

power and energy densities, and charge retention capabilities are to be improved.  

Two initial approaches were taken for the purpose and they began with the investigation of 

iron sulfides’ feasibility as an alternative electrode material to iron oxides; the goal of this 

approach was to inhibit the formation of passivation layer during the negative electrode’s 

discharge process and increase the over-potential for hydrogen reduction reactions. The 

second approach aims to promote the formation of finer iron-based electrode materials, 
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and consequently, increase its dissolution rate for an increased power density. For this 

purpose, a commercial activated carbon with high specific surface was utilized as a 

conductive scaffold. 

Finally, the study of copper’s effects on the iron-based electrode materials was also 

performed. This approach was included after recognizing in the initially feasibility tests that 

iron sulfide’s discharge capacity and cycling stability as negative electrode was superior with 

copper as a substrate. 
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2. Literature review 

 

The applicability of iron as practical negative electrode in aqueous batteries has come into 

question due to its poor low-temperature performance, low power density and efficiency 

and high self-discharges [3, 8, 20, 21]. It has been continuously substituted by other 

materials such as cadmium and metal hydrides despite their toxicity or higher costs.  

In this chapter the research begins with the analysis of the NiFe battery design from the 

early 1990s. The goal herein is to better understand the root of iron’s poor electrochemical 

performances as a negative electrode. Thereafter the review extends to the recent works 

and investigations performed to improve the electrode’s properties. 

  

2.1 The initial NiFe battery  

 

The NiFe battery as invented by Jungner and Edison utilized nickel(II) hydroxide, Ni(OH)2, as 

its positive electrode material, metallic iron and its oxides as its negative electrode material, 

and potassium hydroxide as its electrolyte. This battery is capable of discharging and 

charging over two stages at discrete potentials. This is achieved by exploiting the formation 

of reaction products between the metallic iron and its ferrous, Fe2+, and ferric, Fe3+, 

oxidation states. The general reactions that occur in the battery during the two-staged 

processes are described in Equation 1 and Equation 2 [4, 7]. On the left-hand side of 

Equation 1, the fully charged negative electrode consisting of metallic iron oxidizes to 

ferrous hydroxide, Fe(OH)2, during the first stage of discharge. In the second discharge stage 

(Equation 2), the electrode material further oxidizes to form a magnetite, Fe3O4, and water. 

Simultaneously, on the charged positive electrode nickel(III) oxy-hydroxide, NiOOH, reduces 

to nickel(II) hydroxide over the whole discharge process [4, 7].  

 

𝐹𝑒 + 2𝑁𝑖𝑂𝑂𝐻 + 2𝐻2𝑂   

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←    

1

  𝐹𝑒(𝑂𝐻)2 + 2𝑁𝑖(𝑂𝐻)2 [Ecell =1.37] Equation 1 

 

3𝐹𝑒(𝑂𝐻)2 + 2𝑁𝑖𝑂𝑂𝐻     

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←     

1

   𝐹𝑒3𝑂4 + 2𝑁𝑖(𝑂𝐻)2 + 2𝐻2𝑂  [Ecell =1.05V] Equation 2 

 

With respect to the overall discharge reaction, water is consumed in the oxidation of iron to 

magnetite on the negative electrode, while nickel(III) oxy-hydroxide on the positive 

electrode is protonated to the more stable nickel(II) hydroxide as described in Equation 3. 
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3𝐹𝑒 + 8𝑁𝑖𝑂𝑂𝐻 + 4𝐻2𝑂   

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←     

1

𝐹𝑒3𝑂4 + 8𝑁𝑖(𝑂𝐻)2   [Ecell =1.37] Equation 3 

 

In a more elaborate analysis of the negative electrode, the discharge process can be 

detailed with intermediate reactions that dictate its electrochemical performances. 

Different reaction routes have been suggested to occur during this process [7, 22]. It is 

however unanimous that the first step begins with the dissolution of iron as ferrous species 

in the electrolyte followed by the formation of ferrous complex ions with the strong base. In 

Equation 4, the complex ion formed is depicted as Fe(OH)𝑛
2−𝑛. Subsequently, as described in 

Equation 5, once supersaturation of the ferrous complex ions near the electrode surface is 

reached, they precipitate on the electrode surface as ferrous hydroxide, Fe(OH)2.  

 

𝐹𝑒 + 𝑛𝑂𝐻−   

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←    

1

  𝐹𝑒(𝑂𝐻)𝑛
2−𝑛 + 2𝑒−     Equation 4 

 

𝐹𝑒(𝑂𝐻)𝑛
2−𝑛   →   𝐹𝑒(𝑂𝐻)2 ↓ + 𝑛𝑂𝐻

−      Equation 5 
 

 

During the second stage of discharge, the ferrous hydroxide oxidizes to ferric species 

through different reaction pathways, which result in different reaction products, have been 

proposed. The following Equation 6 and Equation 7 list two possible routes, in which FeOOH 

and Fe3O4 form respectively [4, 7, 22, 23]. 

 

𝐹𝑒(𝑂𝐻)2 + 𝑂𝐻−    

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←     

1

  𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−   [EΘ = -0.56 V (vs. S.H.E.)] Equation 6 

 

 

 

3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻−  

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←     

1

  𝐹𝑒3𝑂4 + 4𝐻2𝑂 + 2𝑒− [EΘ = -0.66 V (vs. S.H.E.)]  Equation 7 
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2.1.1 Cause of low power density and poor low temperature performances 

 

With this insight of the discharge processes, the slow discharge kinetics of the iron electrode 

can be explained with reference to the reactions associated with Equation 4 and Equation 5. 

The discharge process begins with the dissolution of the ferrous ions from the electrode 

surface to form complexes with the hydroxide ions, and after which, precipitate as a layer of 

ferrous hydroxides on the electrode’s surface. The formation of the ferrous hydroxide layer 

passivates the electrode’s surface and inhibits further dissolution processes, and this 

consequently hinders the discharge processes [24]. The root of this problem is the low 

solubility of iron’s reaction intermediates. With supersaturation of the ferrous complex ion 

near the electrode’s surface being readily attained, these ions deposit on the active surface 

and precipitate as ferrous hydroxides over active surfaces. As the ferrous hydroxides 

dehydrate and lose OH- ions during precipitation (Equation 5), they form a dense passivation 

layer over the active surface, inhibiting the interactions between the ferrous ions and the 

electrolyte [7, 22].  

The low solubility of the reaction intermediates also leads to the iron electrode’s poor 

electrochemical performances at low temperature. As the solubility of these ions further 

descends with the decrease of the operation temperature, it impairs the reactions critical to 

the discharge process which occur in the solvated phase. 

 

2.1.2 Cause of low Coulomb efficiency and high self-discharge 

 

Besides the low specific power capabilities, low Coulomb efficiency and the extensive 

self-discharge are further flaws of the iron electrode. The low charge and discharge 

efficiency and high self-discharge are consequences of the ferrous hydroxide’s reduction 

potential being more negative than the potential required for hydrogen reduction in the 

electrolyte [4, 21].  

Equation 8 describes the reversible redox reaction between metallic iron and hydroxide ions 

to form ferrous hydroxide in a two electron transfer process. To charge the electrode in an 

electrolyte consisting of a concentrated strong base with pH of 14, the ferrous hydroxide is 

to be reduced to metallic iron at the reduction potential, Eθ = -0.88 V. By comparing this 

value to the Eθ = -0.83 V required for hydrogen evolution in this alkaline electrolyte [4], 

stated in Equation 9, the potential to reduce ferrous hydroxide is 50 mV more negative than 

that required to produce hydrogen from the aqueous alkaline electrolyte. Together with the 

low hydrogen evolution over-potential of iron [21], an appreciable amount of energy would 

be invested in the production of hydrogen from the water content of the electrolyte while 
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the iron electrode is being charged. This energy cannot be recovered during iron electrode’s 

discharge process.   

 

𝐹𝑒 + 2𝑂𝐻−   

1
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

𝐶ℎ𝑎𝑟𝑔𝑒
←     

1

  𝐹𝑒(𝑂𝐻)2 + 2𝑒−  [EΘ = -0.88 V (vs. S.H.E)]  Equation 8 

 

2𝐻2𝑂 + 2𝑒−  ⇆  𝐻2 + 2𝑂𝐻−    [EΘ = -0.83 V (vs. S.H.E)]  Equation 9 

 

 

Another consequence of the iron electrode having a more negative reduction potential is 

that, in its charged state, metallic iron possesses the potential difference required for 

hydrogen evolution reaction in the aqueous electrolyte [4]. Metallic iron on the charged 

electrode thus oxidizes to iron oxides and iron hydroxides simultaneous to the hydrogen 

evolution reactions thereby losing charge on the negative electrode. Yet again, due to iron’s 

intrinsic low hydrogen over-potential, these reactions are not sufficiently mitigated and 

result in the self-discharge of the negative electrode [25].  

 

2.2 State of the art of the iron negative electrode 

 

In the initial commercial NiFe batteries, the negative electrodes were constructed with a 

blend of high purity iron and iron oxides electrode material that were ground and filled into 

perforated steel tubes or pockets. To improve the discharge and charge characteristics, 

small amounts of sulfur, iron sulfide and mercury oxide were also added in the electrode 

material blend as additives [7]. The role of iron sulfide was to inhibit the formation of the 

Fe(OH)2 passivation layer, thereby allowing the electrode to discharge at higher rates. Sulfur 

and mercury oxide were included to reduce hydrogen evolution during charging and reduce 

self-discharge, thus improving the electrode’s efficiency and charge retention properties.  

 

2.2.1 Additives in the electrode 

 

Studies on the use of sulfur and iron sulfides as additives on the electrode have been 

continued while the use of mercury and its compounds have been discontinued due to their 

toxicity. Bismuth and its compounds have been extensively investigated as mercury’s 
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replacement due to its capability to increase the iron electrode’s hydrogen evolution 

over-potential and its comparatively negligible toxicity.  

Several groups have investigated the use of stannate [25], bismuth [20], bismuth sulfide [19, 

20, 26] and bismuth oxides [27, 28] to improve the electrode’s Coulomb efficiency through 

the inhibitions of parasitic hydrogen evolutions. In combination with the use of high purity 

iron derived from the decomposition of iron pentacarbonyl as electrode material and 5% 

bismuth sulfide, Manohar et al [19] presented iron electrodes with Coulomb efficiencies of 

96% over 25 cycles in comparison to 70% displayed by the commercial electrodes the group 

tested on. Prior to the actual tests, the electrodes fabricated by the group accomplished 30 

charge and discharge cycles as formation process. In the actual test thereafter, these 

electrodes along with the commercial electrodes were charged to their rated capacity over 

two hours, i.e. C/2 rate, and discharged over twenty hours, at C/20 rate. The commercial 

electrode exhibited discharge capacities of approximately 380 mAh.g-1, while their in-house 

fabricated electrode displayed 300 mAh.g-1.  

Manohar et al reported that the bismuth sulfide first reduces to bismuth as its reduction 

potential (Equation 10) is more positive than the potential required for the reduction of 

Fe(OH)2 and hydrogen evolution in the alkaline electrolyte (Equations 8 and 9). In turn, the 

presence of elemental bismuth increases the electrode material’s over-potential for 

hydrogen evolution as bismuth introduces unfavorable energetics for the electro-sorption of 

surface bonded hydrogen intermediates [19].  

 

𝐵𝑖2𝑆3 + 6𝑒−   ⇆  2𝐵𝑖 + 3𝑆2−      [EΘ = -0.82 V (vs. S.H.E)]  Equation 10 

 

In the same study, it was also revealed that the electrode consisting of high purity iron and 

bismuth sulfide was able to better retain its discharge capacity at increasing discharge rates. 

With this combination, the electrode maintained a discharge capacity of about 200 mAh.g-1 

at a one hour discharge rate; i.e. 1 C-rate. In comparison, the commercial electrode’s 

discharge capacity reduced to approximately 20 mAh.g-1 despite being discharged at a lower 

rate of C/2.  The group detected the formation of iron sulfides on the electrodes after the 

electrochemical tests and accredited the enhanced rate performance to its presence. They 

reasoned, that the presence of iron sulfides circumvented the passivating effects of the 

insulating Fe(OH)2 layer and they were inferred to have formed from reactions between the 

electrode’s iron content and sulfide ions from the bismuth sulfide reduction. 

Following that study, Manohar et al further investigated the effects of bismuth and sulfide 

contents in the electrode by using Bi2O3 and FeS as additives in a series of tests [27]. In this 

new study, the group was able to systematically isolate their effects on the iron electrode.  



19 
 

One of the studies consisted of immersing the iron pentacarbonyl derived high purity iron 

mixed with different combinations of bismuth sulfide, bismuth oxide and iron sulfides over a 

period of 30 days in the electrolyte consisting of 30 w/v% potassium hydroxide solution. In 

the control sample without additives, the test results revealed the formation of Fe(OH)2 and 

hydrogen over the period of the test while these formations were not observed from the 

samples containing 5% bismuth sulfide and 5% bismuth oxide respectively. Steady state 

polarization measurements were also performed on these samples and analyzed with the 

Tafel equation. This analysis unveiled that the samples containing bismuth demonstrated 

Tafel slopes with lower gradient and had exchange currents one order lower than the 

sample without bismuth additives. These results indicate that a higher over-potential is 

required for hydrogen evolution reaction.  

In contrast to the samples containing bismuth compounds, more hydrogen evolution was 

observed in the sample containing 5% FeS. It was explained that this additive inhibited the 

formation of the passivation layer, thus allowing the reaction between the electrode 

material and the electrolyte to intensify.  

To summarize the studies, the group presented results of the high purity iron based 

electrodes charged galvanostatically at a C/2 rate and discharged at rates between C/20 and 

3 C. Electrodes containing 5% and 10% bismuth oxide additives showed specific discharge 

capacities of 180 and 200 mAh.g-1 at C/20 rate respectively, while the electrode without 

additives showed 125 mAh.g-1. All these electrodes had Coulomb efficiencies of 90% and 

above. Comparatively, the commercial electrode, with higher active material loading, 

possessed a discharge capacity close to 400 mAh.g-1, but a lower Coulomb efficiency of 70%.  

The discharge capacities of all these electrodes without sulfide additives decayed rapidly 

with increasing discharge rates. At the discharge rate of C/2, the discharge capacities of 

these four electrodes decreased to 25 mAh.g-1 and less.  With the inclusion of FeS, the 

electrode containing 10% of Bi2O3 maintained discharge capacities of ca. 200 mAh.g-1 at 

discharge rates between C/20 and 1.5 C, and about 180 mAh.g-1 at 3 C.  

 

2.2.2 Soluble sulfides as electrolyte additive 

 

In studies that followed, Manohar and Yang et al also further investigated in the use of 

soluble sulfides as additives in the electrolyte [29, 30]. In one study, Manohar et al reported 

that the electrodes consisting of high purity iron and bismuth sulfide as electrode additive 

demonstrated high initial specific capacity of 300 mAh.g-1 with 96% Coulomb efficiency. The 

high initial specific capacity was reported to gradually fade by 50% after 150 cycles. Through 

the addition of sodium sulfide into the electrolyte to a concentration of 0.002 mole.l-1, 

Manohar was able to completely recover the electrode’s initial performance temporarily 
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until the sulfide contents were oxidized to negligible concentrations [30]. Within 300 after 

the addition of sodium sulfide in the electrolyte, the electrode’s specific capacity again 

faded by 60%, and once more, through the addition of the same amount of sodium sulfide 

in the electrolyte, the high initial values were again recovered [29].  

Within the same group, the studies presented by Yang in [30] demonstrated that the 

electrodes prepared by sintering high purity iron onto the nickel mesh required less 

formation cycles to bring about a stable discharge capacity and the electrodes also 

demonstrated higher discharge currents with an initial sodium sulfide concentration of 

0.064 mole.l-1 in the electrolyte. The positive effects of sodium sulfide’s inclusion to the iron 

electrode was accredited the inhibition of passivation layer formation due to the sulfides 

presence. These electrochemical enhancements were also observed by Tian et al in the 

study of a high purity iron foil potentio-dynamically cycled in a 6.0 mole.l-1 potassium 

hydroxide electrolyte containing 0.01 mole.l-1 of sodium sulfide [31]. Through microscopy, 

Tian et al showed that the presence of sodium sulfide promoted the formation of finer 

particles with higher porosity than those on the electrode’s surface as compared to sodium 

sulfide’s absence. This in turn promotes the higher utilization of the electrode material.  

 

2.2.3 Iron sulfides as electrode material 

 

The positive effect of iron sulfide was further exploited independently by Mulder [32] and 

Shangguan et al [28, 33]. In which the iron sulfides were employed not only as additives but 

as active electrode material. It was reported that the iron sulfide electrode exhibited better 

cyclic stability and superior high rate performance. Shangguan et al [28] showed that the 

iron sulfide electrode after 30 cycles of formation was capable of maintaining cycling 

stability over 200 cycles of charging and discharging at a current density of 300 mA.g-1. The 

specific discharge capacity of the iron sulfide electrode at this rate was 281 mAh.g-1 and it 

had a Coulomb efficiency of 78% without the addition of bismuth additives. The electrode 

material was established to be iron sulfide, FeS, of troilite crystal structure. This material 

was synthesized by calcining the washed and dried reaction product of ferrous sulfates and 

sodium sulfide at 700°C. Through the analysis of the electrode’s cyclic-voltammogram 

during the formation cycles, Shangguan et al inferred that the electrode material was 

converted from iron sulfide to iron hydroxide and iron oxides over the cycles.  

 

2.2.4 Iron in composites and on conductive scaffolds 

 

In the same study [28], Shangguan et al also synthesized and tested a troilite/carbon 

composite by calcining the iron sulfide after mixing it with glucose. With the inclusion of 
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carbon in the electrode material, both the composite’s discharge capacity and Coulomb 

efficiency increased to 308 mAh.g-1 and 85.5% respectively at the same charge and 

discharge current density of 300 mA.g-1.  

Compositing electrode materials or depositing them on conductive scaffolds are common 

approaches to enhancing the electrode material’s performances [26, 28, 30-33]. The 

presence of these conductive scaffolds has been mentioned to assist in electron transport 

and simultaneously prevent electrochemical aggregation [34, 35]. Carbon and their 

allotropes such as graphene have most often been composited with electrode materials as 

they are able to provide high electronic conductivity and high specific surface areas. The 

latter mentioned property permits the formation of electrode materials with high surface to 

volume ratios that consequently allows higher reaction rates and utilization of the electrode 

materials.  
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3. Experimental 

 

Iron is a promising material to be used as negative electrodes in aqueous alkaline batteries. 

Despite the previously mentioned challenges, iron is one of the most abundant elements in 

both the earth’s inner and outer crust and this gives it an economical edge. Compared to its 

replacement in the NiCd batteries, iron is non-toxic and is also easily recyclable. With these 

motivations, a series of experiments have been charted to uncover routes to enhance 1) its 

charge and discharge rate capabilities, 2) charge and discharge efficiency and last but not 

least, 3) its specific discharge capacity. The research began with a series of feasibility tests 

where iron sulfides were electrochemically deposited on metallic substrates/collectors. 

With this method, samples could be synthesized within a short period of time for 

electrochemical performance testing. Subsequently, two different synthesis approaches 

were taken to precipitate iron oxides and iron sulfides on commercially available activated 

carbon (Kuraray YP-50F) before they were characterized.  

 

3.1 Synthesis 

 

3.1.1 Electrochemical deposition  

 

The procedures for the electrochemical deposition of iron sulfides were carried out with 

reference to the findings from Geng et al [36]. This process involves the reduction of sulfides 

from a thiosulfate source which, thereafter, forms iron sulfide with the ferrous ion to 

precipitate on the substrate as described from Equation 11 to Equation 13.  For this 

research, the three-electrode electrochemical cell setup shown in Figure 1 was used. It 

consists of 1) a nickel foil as counter electrode, 2) a silver/silver-chloride reference electrode 

in saturated potassium chloride and 3) different metallic foils as substrates; the different 

metal used as substrate were i) copper, ii) nickel, iii) silver, iv) titanium, v) manganese and 

vi) tin.  The dimensions of the substrates were one centimeter by one centimeter, with one 

side of the foil covered with epoxy resin to restrict the deposition to one side of the 

collector. 

 

𝑆2𝑂3
2− + 2𝑒− →  𝑆2− + 𝑆𝑂3

2−        Equation 11  

 

𝐹𝑒2+ + 𝑆2− →  𝐹𝑒𝑆 ↓         Equation 12 

 

𝐹𝑒2+ + 𝑆2𝑂3
2− + 2𝑒− →  𝐹𝑒𝑆 + 𝑆𝑂3

2−       Equation 13 
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With regards to the deposition solutions, 1.0 M ferrous chloride solutions with pH of 4.5 

were prepared by dissolving ferrous chloride tetrahydrate (FeCl2.4H2O) in Millipore water 

and adding diluted hydrochloric acid to the desired pH. As the sulfide source, 1.0 M sodium 

thiosulfate solutions were prepared by dissolving sodium thiosulfate pentahydrate 

(Na2S2O3.5H2O) in Millipore water. For each deposition, 25 milliliters of each solution was 

mixed in the glass cell whilst constantly being stirred with a magnetic bar. The deposition 

processes were started immediately after the magnetic bar was removed and the respective 

electrodes were in place. The galvanostatic depositions were carried out with an optimized 

current density of 15 mA.cm-2 for 70.76 seconds and controlled with the assistance of a 

potentiostat (Bio-Logic VMP 3).   

 

 

Figure 1: Three-electrode electrochemical cell setup with interchangeable reference 
electrodes 

 

3.1.2 Precipitations of iron sulfides on activated carbon 

 

The research proceeded with precipitating iron sulfides (FeSx) on a conductive scaffold in 

the form of commercially available activated carbon (A.C.) from Kuraray with the product 

identification YP-50F. The optimized steps involved in this synthesis route are shown in the 

flow chart in Figure 2. In the process of fabricating a composite consisting of 10 w% iron 

sulfide and 90 w% activated carbon (10 w% FeSx/A.C.), five grams of activated carbon was 

weighed in a round bottom flask and 50 milliliters of Millipore water, which was previously 

bubbled with argon, was added. The Millipore water was bubbled and saturated with argon 

over a minimum period of three hours for each liter prior, to its use to remove the oxygen 

content therein as oxygen’s presence could potentially further oxidize the iron source in the 

following synthesis steps. In this thesis, the Millipore water bubbled with argon will be 

referred to as de-oxy-Millipore. Argon gas was thereafter blown above the surface of the 

suspension in the flask for at least 10 hours whilst stirred constantly to further remove 

dissolved oxygen contents in the suspension. 

Hg/HgO ref. 

electrode 

Ag/AgCl ref. 

electrode 

R.H.E. ref. 

electrode 
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Figure 2: Steps for precipitating iron sulfides on activated carbon (A.C.) 

 

In the next step, 1.550 grams of FeCl2.4H2O dissolved in 10 milliliters of de-oxy-Millipore 

water was added into the activated carbon suspension. The suspension was stirred for 

three hours under argon influx to allow the adsorption of the dissolved ferrous chlorides, 

before the sulfide source was added. The sulfide source consisted of 2.325 grams of 

Na2S.9H20 dissolved in 12 milliliters of 1.0 M potassium chloride, KCl, solution prepared with 

de-oxy-Millipore water. The suspension was stirred for one hour, before it was filtered with 

de-oxy-Millipore water in a Sartorius Stedim 16248 filtration setup for six times. Nitrogen 

was introduced into the filter tower between three and four bars to assist with the filtration 

process. After the last round of filtration, nitrogen was further introduced into the tower to 

convectively dry the filtrate overnight.  

Elemental sulfur was thereafter mixed with the dried and milled filtrate at a mass ratio of 

0.045:1 and heated to 700°C for one hour in nitrogen atmosphere. The temperature of the 

oven (Carbolite CWF 1100) was increased linearly from room temperature to 700°C over a 

period of three hours while the cooling process took place over a period of ca. 12 hours with 

the assistance of the nitrogen flux. In the final step of the synthesis, the materials were 

immersed in de-oxy-Millipore water at 50°C for a period of 24 hours to remove the 

undesired phases formed in the previous stages.  

 

3.1.3 Hydrothermal synthesis 

 

The synthesis of iron oxides and iron disulfides were carried out hydrothermally in a sealed 

vessel known as an autoclave. Within the autoclave, the temperature of the solvent (water) 

can be increased to above its standard boiling point of 100°C, up to its critical point. This is 

possible via heating of the solvent as the autogenous pressure buildup within the sealed 

vessel. Under these conditions, the water possesses different properties which can assist in 

hydrolyzing reactants for the subsequent nucleation and growth of the product crystals 

upon the change in the solvent’s temperature [37].   
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The first step for both iron oxides and iron disulfides was to check the feasibility of 

exploiting this method to deposit these iron-based materials on the commercial activated 

carbon. This was done by altering and adding different amounts of activated carbon to the 

original synthesis approach described by Morales-Gallardo et al in [38], from which a 

one gram yield of iron disulfide was reported. The goal was to produce and evaluate a series 

of eight samples consisting of pure iron oxides, iron disulfides, and their composites with 

activated carbon at different loadings, as described in Figure 3. 

 

 

[
1𝑔 𝐹𝑒𝑂𝑥 1𝑔 𝐹𝑒𝑂𝑥 . 1 𝑔 𝐴. 𝐶. 1𝑔 𝐹𝑒𝑂𝑥. 3 𝑔 𝐴. 𝐶. 1𝑔 𝐹𝑒𝑂𝑥. 9 𝑔 𝐴. 𝐶.

1𝑔 𝐹𝑒𝑆2 1𝑔 𝐹𝑒𝑆2. 1 𝑔 𝐴. 𝐶. 1𝑔 𝐹𝑒𝑆2. 3 𝑔 𝐴. 𝐶. 1𝑔 𝐹𝑒𝑆2. 9 𝑔 𝐴. 𝐶.
] 

 

Figure 3: Synthesis matrix of iron oxides, iron disulfides and their composites with activated 
carbon at different loadings 

 

3.1.3a Iron oxides with varying amounts of activated carbon  

 

Iron oxide samples were synthesized with reference to the steps given in [38] and shall be 

explained with the assistance of Figure 4. Firstly, 0.92 grams of ferrous sulfate heptahydrate 

(FeSO4.7H2O) in 40 milliliters of de-oxy-Millipore water and 3.20 grams of sodium sulfite 

(Na2SO3) in 40 milliliters of de-oxy-Millipore water were mixed in a quartz glass beaker while 

constantly stirred. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Process flow diagram for iron oxide and iron disulfide synthesis  
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The beaker containing the mixture was then embedded in the autoclave and bubbled with 

nitrogen for 15 minutes before the reaction temperature was brought up to 180°C and 

maintained for two hours. The temperature of the reactor was ramped up at a rate of 

ca. 5°C.min-1 and cooled down to 50°C at a rate of ca. 2.5°C.min-1 after the residence time.  

The synthesis of activated carbon containing composites involved additional steps of 

pre-soaking the activated carbon in de-oxy-Millipore water and purging the suspension of 

oxygen described in Figure 5. The respective suspensions were then mixed and stirred with 

the iron sulfate solution for an hour under argon flow to allow the adsorption of the 

dissolved FeSO4 onto the activated carbon. Thereafter they were mixed with the sodium 

sulfite (Na2SO3) solution, heated up in the autoclave, removed, cleaned and dried. The 

amounts of water added to prepare the activated carbon suspensions and the solutions are 

listed in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Process flow diagram for the synthesis of activated carbon composites decorated 
with iron oxides and iron disulfides 
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Table 1: Suspensions and solutions preparation for hydrothermal synthesis  

 
Amount of de-oxy-Millipore water in: 

Amount of  
Activated carbon 

Activated carbon 
suspension 

FeSO4  
solution 

Na2SO3 / Na2S2O3 
solution 

    

 

1 g 10 ml 40 ml 30 ml 

3 g 15 ml 40 ml 15 ml 

9 g 25 ml 30 ml 15 ml 

 

 

3.1.3b Iron disulfide with varying amounts of activated carbon  

 

The syntheses of iron disulfide and its composites with activated carbon were carried out 

with some modifications to the approach described in [38]. Ferrous sulfate solutions 

consisting of 0.92 grams of FeSO4.7H2O in 40 milliliters of de-oxy-Millipore water remained 

as the iron source, while sodium thiosulfate solution consisting of 3.20 grams of Na2S2O3 in 

40 milliliters of de-oxy-Millipore water was used as the sulfide source.  

The process proceeded with the mixing of the ferrous sulfate with the sodium thiosulfate 

solutions. The reaction conditions were maintained as in the previous hydrothermal 

synthesis described in Figure 4. The reactor was first bubbled with nitrogen for 15 minutes, 

thereafter ramped up to 180°C at a rate of ca. 5°C.min-1 and maintained for two hours 

before being cooled down to 50°C at a rate of ca. 2.5°C.min-1.  

The steps to clean and dry the reaction products were also similar to those exercised in the 

iron oxides-activated carbon composite synthesis. The materials were repeatedly mixed 

with hot de-oxy-Millipore water, centrifuged and decanted before they were dried at 80°C 

in the convection oven.  

The series was again completed with the addition of one gram, three grams and nine grams 

of activated carbon to the reactants. Following the steps described in Figure 5, the ferrous 

sulfate solutions were mixed with the activated carbon suspension and stirred for one hour, 

before they were mixed with the sodium thiosulfate solution in the quartz reaction glass. 

These mixtures were then stirred for one hour with argon influx before they were 

embedded into the autoclave. 
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3.1.3c Fe1-xCux -oxides, -disulfides/ activated carbon synthesis  

 
 
In the succeeding series of hydrothermally synthesized activated carbon composites, the 

iron contents were substituted with varying amounts of copper as described in the matrix in 

Figure 6.  

 

[
𝐹𝑒𝑂𝑦/𝐴. 𝐶. 𝐹𝑒0.95𝐶𝑢0.05𝑂𝑦/𝐴. 𝐶. 𝐹𝑒0.90𝐶𝑢0.10𝑂𝑦/𝐴. 𝐶. 𝐹𝑒0.75𝐶𝑢0.25𝑂𝑦/𝐴. 𝐶. 𝐹𝑒0.50𝐶𝑢0.50𝑂𝑦/𝐴. 𝐶.

𝐹𝑒𝑆2/𝐴. 𝐶. 𝐹𝑒0.95𝐶𝑢0.05𝑆2/𝐴. 𝐶. 𝐹𝑒0.90𝐶𝑢0.1𝑆2/𝐴. 𝐶. 𝐹𝑒0.75𝐶𝑢0.25𝑆2/𝐴. 𝐶. 𝐹𝑒0.50𝐶𝑢0.50𝑆2/𝐴. 𝐶.
] 

 

Figure 6: Synthesis matrix for activated carbon/iron oxide, iron disulfides with different 
copper contents   

 

For both the oxides and disulfides series herein, the total amount of iron and copper 

sources in the reactant was 16.64 millimoles with respect to each gram of activated carbon. 

This amount was calculated based on previous yields to produce a composite comprising of 

50 w% FeS2 and 50 w% activated carbon. Along the series increasing amounts of iron 

contents were substituted with copper starting from 5 mole% to 10 mole%, to 25 mole%, 

and to 50 mole%. The amounts of starting materials and reactants for these syntheses are 

given in Table 2 and Table 3. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Process flow diagram for the synthesis of activated carbon composites decorated 
with Fe1-xCux-oxides and Fe1-xCux-disulfides 
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The synthesis steps for this series were optimized as described in Figure 7. Here, the iron 

and copper sources were added into the purged activated carbon suspension and allowed to 

adsorb for three hours before the Na2SO3 or Na2S2O3 solutions were added for the 

respective synthesis of oxides or disulfides.  

Besides that, the residence time was also reduced to one hour. No other changes to the 

process were made apart from the two mentioned. The rate at which the reactor was 

heated up and cooled down remained at 5°C.min-1 and 2.5°C.min-1 respectively. The 

reaction products were again washed with hot de-oxy-Millipore water through repeated 

centrifugation and decantation, and finally dried overnight in a convective oven at 80°C 

under normal atmosphere. 

 

Table 2: Reactants for Fe1-yCuyOx/activated carbon composite synthesis 

Synthesis product description 

Starting materials/Reactants 

Activated carbon FeSO4.7H2O CuSO4.5H2O Na2SO3 
 

    

 

A.C./FeOx 0.364 g 0.920 g - 3.200 g 

A.C./Fe0.95Cu0.05Ox 0.364 g 0.871 g 0.041 g 3.200 g 

A.C./Fe0.9Cu0.1Ox 0.364 g 0.823 g 0.082 g 3.200 g 

A.C./Fe0.75Cu0.5Ox 0.364 g 0.669 g 0.200 g 3.200 g 

A.C./Fe0.5Cu0.5Ox 0.364 g 0.453 g 0.407 g 3.200 g 

 
 
 

Table 3: Reactants for Fe1-yCuyS2/activated carbon composite synthesis 

Synthesis product description 

Starting materials/Reactants 

Activated carbon FeSO4.7H2O CuSO4.5H2O Na2S2O3 
 

    

 

A.C./FeS2 0.364 g 0.920 g - 3.200 g 

A.C./Fe0.95Cu0.05S2 0.364 g 0.871 g 0.041 g 3.200 g 

A.C./Fe0.9Cu0.1S2 0.364 g 0.823 g 0.082 g 3.200 g 

A.C./Fe0.75Cu0.5S2 0.364 g 0.669 g 0.200 g 3.200 g 

A.C./Fe0.5Cu0.5S2 0.364 g 0.453 g 0.407 g 3.200 g 
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3.2 Electrode preparations 

 

Besides the electrochemically deposited electrodes, the activated carbon composite 

electrode materials synthesized were further processed into electrodes. This was 

accomplished by preparing slurries with the synthesized materials and coating them onto 

nickel foam collectors to a specific active material loading of 10 ± 3 mg.cm-2. 

A standard electrode preparation process begins with preparation of the nickel foam 

collectors. These collectors consist of a nickel wire, ca. 15 centimeters long, welded onto 

coins of nickel foams which were 14 millimeters in diameter. These coins were punched out 

of nickel foam with bulk density of 360 mg.cm-3.  The subsequent step involves the removal 

of organic and inorganic impurities from the nickel foams by firstly rinsing them in acetone, 

and thereafter 6.0 M HCl for 10 minutes respectively in an ultrasonic bath. These coins 

would then be stored in de-oxy-Millipore water until the dip coating process. 

For the preparation of coating slurry, 0.073 grams of carbon black (Vulcan XC-72) would first 

be mixed with 0.584 grams of electrode material in a glass vail. After which, this solid 

mixture would be added slowly into another vail of previously prepared PTFE suspension 

containing 9.270 grams of de-oxy-Millipore water and 0.124 grams of commercial PTFE 

suspension (3MTM DyneonTM dispersion TF 5060GZ). This suspension comprising of 80 w% of 

active material, 10 w% carbon black and 10 w% PTFE would be thoroughly mixed by 

alternating between three minutes of agitation with a vortex generator and stirring with a 

magnetic bar at 1500 rpm for 15 minutes twice. For electrode materials that are magnetic, 

the stirring process would be substituted with the vortex generator agitation process and 

manual agitation.  

During the coating process, the glass vail containing the mixed slurry would be suspended in 

an ultrasonic bath to maintain homogeneity in the slurry. The previously washed collectors 

will be briefly dried individually with paper towels just before being slowly dipped into the 

slurry for 10 seconds. After the first dip-coat, the electrodes would be lifted and dipped 

again for another 10 seconds before it was initially dried in air for two hours. Subsequently, 

the air-dried electrode will be further dried in a convection oven at 60°C for a minimum of 

12 hours. 

In the final step, the coated electrodes would be pressed with six tons for three minutes. 

The mass of the active electrode materials on the electrode was determined by considering 

the difference between the weights of the processed electrode and the nickel foam 

collector before coating and thereafter multiplying the respective value by the percentage 

of electrode material in the coating.  
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3.3 Characterizations 

 

The synthesized electrode materials and the electrodes were characterized in this research 

through several methods to analyze physical morphologies, chemical compositions and 

electrochemical behaviors. The list of methods applied is described in this section along with 

the fundamental principles behind these methods. 

 

3.3.1 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)  

 

The scanning electron microscope (SEM) is a powerful instrument that allows the analysis 

and characterization of materials at micrometer and nanometer length-scales. The high-

resolution images generated by the SEM are produced with the signals from the interaction 

between a focused electron beam and the atoms at different depths of the specimen. A 

representative schematic of the SEM is shown in Figure 8 and the microscope’s basic 

principles of operation shall be explained with reference to it [39].  

The process begins with the generation of an electron beam by the filament in the 

evacuated column. After which the electron beam would be accelerated by the anode 

through a series of apertures and electromagnetic lenses, and then focused on to the 

specimen’s surface. The position at which the incident electron beam interacts with the 

specimen is deflected by the scanning coil, causing the electron beam to be directed to scan 

the specimen’s surface horizontally and vertically in a raster manner. 

The bombardment of the specimen’s surfaces by the incident electron beam leads to the 

emission of different signals which compose of secondary electrons, back-scattered 

electrons and characteristic X-rays to mention a few. These emissions emerge from different 

depths of the specimen as illustrated in Figure 9 and they each provide different information 

about the specimen.  

The secondary electrons are generated from atoms near the surface of the specimen (50 -

500Å). These are low energy electrons which do not belong to a specific atom. As these 

emissions are generated near the specimen’s surface, they provide information on the 

specimen’s surface details and topology. Thus the emissions from the secondary electrons 

can be used to generate high resolution images.  

The backscattered electrons possess higher energies than the secondary electrons and they 

emerge from depths below the secondary electrons. These backscattered electrons are 

primary electrons which are reflected by the specimen through elastic scattering. As they 

emerge from volumes below the secondary electrons, they provide lower resolution images 

compared to the secondary electron emissions. However, as the intensity of the emission 
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from backscattered electrons is strongly related to the atomic number of the specimen, they 

provide information on the elemental composition in the specimen. 

By increasing the acceleration of the electrons in the electron beam towards the specimen, 

the mode of interaction between these electrons and the elements in the specimen change. 

The increase in the energy of the electrons not only lead to the higher penetration depths of 

the specimen, but it also enables these electrons to dislodge the electrons from the inner 

shells of the elements on the specimen. The latter effect compels higher energy electrons 

within the respective elements to fill up the vacancy of the dislodged electron and emit 

X-rays unique to each element [40]. For this form of interaction to occur, the energy of the 

electrons in the electron beam (depicted as E in Figure 9) is required to be equal to or higher 

than the binding energy of the inner shell electrons to be dislodged (depicted as Ec in Figure 

9). These X-ray emissions are known as the characteristic X-rays and they can be used to 

provide qualitative analytical information using the energy dispersive spectroscopy (EDS) 

technique.  [41] 

 

 

Figure 8: Schematic of a scanning electron microscope (SEM) 

 

[65] 
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Figure 9: An illustration of interaction volumes for various interactions between electron and 
specimen 

 

3.3.2 X-ray powder diffraction (XRD)  

 

Diffraction techniques are non-destructive methods which can be used to determine the 

positions of atoms and ions that make up solid compounds, hence revealing their structures. 

With X-rays, this technique relies on the elastic scattering from the interactions between the 

incident wave and the electrons in atoms within the sample. The constructive interferences 

between the scattered waves formed patterns which could be deciphered to provide 

information on the composition and structure of the specimens [42]. The conditions for 

these constructive interferences are simplified and described by the Bragg’s equation in 

Equation 14.   

 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆      (Bragg’s equation) Equation 14 

 

The Bragg’s equation is derived by treating the layers of atoms in the sample as planes on 

which the incident waves reflect. With reference to Figure 10, the θ in this equation 

describes the angle in which the incident wave approaches the atom layers against the 

surface of the sample, while λ describes the wave length of the incident waves and “d” 

describes the distance between two adjacent parallel planes of atoms. Finally, to satisfy the 

conditions for constructive interferences to occur, “n” is required to be an integer. 

[64] 
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For the examination of the electrode materials in this thesis, the X-ray powder diffraction 

(XRD) was applied to examine their polycrystalline structures and identify their phases and 

compositions. 

 

 

 

 

 

 

 

Figure 10: Bragg’s conditions for constructive interference 

 

The XRD measurements are conducted with a powder diffractometer and a schematic of the 

Bragg-Brentano configuration is shown in Figure 11. The components of the device are the 

X-ray tube, the detector and the sample stage where the samples are attached during the 

measurements. For the measurements, the movements of the X-ray tube and the detector 

are coordinated to collect the interference signals within a range of diffraction angles. The 

incident angle, ω, is defined between the X-ray source and the sample while the diffraction 

angle, 2θ, is defined between the incident beam and the detector. In this Bragg-Brentano 

configuration, the diffraction angle is always double the incident angle. 

 

 

 

 

 

 

 

 

Figure 11: Schematic of a Bragg-Brentano θ-θ diffractometer 
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For XRD, the sample contains ideally a large number of randomly oriented crystallites. As 

the X-ray beam strikes the polycrystalline sample, the interactions between the incident 

X-ray from the tube and the electrons scatter X-rays in all directions. At angles which satisfy 

the Bragg’s equation, the crystallites interfere constructively to produce cones of high 

diffraction intensity, also known as the Debye diffraction cone. An illustration of the Debye 

diffraction cone is shown in the left image of Figure 12. And as described in the images on 

the right of Figure 12, as the detector scans through the 2θ, it passes through the Debye 

diffraction cones and records the diffraction patterns that are formed. 

The number of peaks and their position depend on the sample’s cell parameters and 

wavelength of the incident X-ray. The intensities of the peaks depend on the types of atoms 

present and their positions. The X-ray scattered by the atoms or ions is proportional to the 

number of electrons they possess and the intensities of the measured peaks are 

proportional to the square of the number of electrons. Thus, nearly all solids which are 

crystalline have a unique XRD pattern in terms of diffraction angles and their intensities. 

 

 

                     

Figure 12: Debye diffraction cone (left) and diffraction pattern (right) 

 

The diffractometer used for the measurements in this thesis is the Bruker D8 Advance with 

a copper anode producing copper Kα1 X-rays with wavelengths of 1.54056Å. The diffraction 

patterns obtained from the measurements were then fitted against existing XRD patterns 

from International Center Diffraction Data (ICDD) with the software “DIFFRAC.SUITE EVA”. 

  

3.3.3 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

 

Elemental compositions on the electrode materials are evaluated and quantified by 

inductively coupled plasma – optical emission spectrometry (ICP-OES) [43]. The Instrument 

Two theta / 

° 
[42, 66]  
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used in this thesis is the Spectro Arcos. With this technique, the samples are atomized and 

brought to excited states in order to induce light emission from the electrons in the 

elements within the sample. This light emission occurs as the electrons transit from excite 

states back to lower energy states. The wavelengths of these lights and their intensity would 

then be used to provide further information on the elements present and quantify them. 

The instrument used for this measurement consists of two main parts, namely the plasma 

torch and the spectrometer as shown in Figure 13. Firstly, the materials of interest within 

the sample would have to be dissolved or extracted into a solution. The solution containing 

the sample would then be pumped into a nebulizer where it is vaporized and delivered as 

aerosols with the help of an argon flow into the plasma torch. At the plasma torch, high 

temperature argon plasma between 6 000 K and 10 000 K would be generated inductively 

with a coil at high frequency and high current. As the aerosol containing the sample passes 

through the plasma torch, the high temperatures atomize the sample material and excite 

the electrons in the elements. The energy levels of these electrons transit back to lower 

energy states by emitting lights with wavelengths characteristic to each element. This light 

would then be examined in a spectrometer which is either in axial configuration for high 

sensitivity, or radial configuration for high selectivity. The light entering the spectrometer 

would first be guided through a polychromator where they would be split based on their 

wavelengths (grating), before the signals are picked up by the detector. These signals would 

in turn be processed and evaluated with reference to intensity versus concentration plots of 

each element. 

 

 

Figure 13: Schematic of an ICP-OES instrument with radial detector configuration [69] 
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3.3.4 Electrochemical characterizations  

 

The electrochemical characterizations within this thesis were conducted with the 

Bio-Logic VMP3 potentiostat and the measurements were performed in the three-electrode 

electrochemical cell as shown in Figure 1.  Two techniques were employed to characterize 

the electrode materials, namely chronopotentiometry and cyclic-voltammetry. 

Chronopotentiometry, which is alternatively known as galvanostatic voltammetry, is the 

study of the change in an electrode’s potential when a constant current is applied and 

cyclic-voltammetry is the measure of the electrode’s current as a function of the potential 

applied. 

In this thesis, chronopotentiometry [44] was applied to galvanostatically charge and 

discharge the electrode. Constant current steps were applied through the working and 

counter electrodes during the charging and discharging process, opposite in polarity. A 

scheme of this current profile is shown in Figure 14 [45].   

The current densities applied during these two processes were based on the amount of 

electrode materials on the electrode. In one case, a nominal amount of current can be 

applied to each gram of electrode material on the electrode. Another common charge and 

discharge rate, known as the C-rate, is also used for discussions and comparisons. The C-rate 

describes the number of hours required for the charging and discharging process and the 

general formula to describe it is “1/x”. In this formula, “x” represents the time in hours to 

charge the electrode to its full theoretical capacity, i.e. if a constant current density is 

designated to charge the electrode within two hours, the charging process would then be 

described as ½ C-rate.  The degree of which the electrode would be charge can be either 

based on the charging time, respectively the total amount of electric charges applied, or 

potential limited.  

 

 

 

 

 

 

 

Figure 14: Current steps to charge and discharge a negative electrode  
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As for cyclic-voltammetry [44], a linearly changing potential is applied across the working 

and counter electrode with respect to the reference electrode. Such a scheme is described 

in Figure 15 [45]. The cycling of the electrodes will be performed between the lower and the 

upper vertex potentials and they will be termed Vmax and Vmin in this thesis for ease of 

reference. After the electrochemical cell has been setup, an equilibrium potential is attained 

when the steady state reactions between the electrodes and the electrolyte are reached. In 

this case, an open circuit potential, OCP, between the reference electrode and the working 

electrode is also attained. This OCP forms the starting point for the measurements. The 

working electrode would then be cycled between the Vmin and Vmax.   

 

 

 

 

 

 

 

Figure 15: Potential scheme of cyclic-voltammetry scan 

 

 

As the potentials were linearly ramped from its current point to the Vmin, the electrode 

material on the working electrode is reduced. Vice versa, by increasing the electrode 

potential from the Vmin to Vmax, the electrode material becomes oxidized in the process. 

These reactions can be described with Equation 15 as follows: 

 

𝑂 + 𝑛𝑒−  ⇆  𝑅𝑛𝑒−         Equation 15 

 

Potentials of sufficient magnitude would, however, be required before the reduction or 

oxidation reactions occur. The conditions are described by the Nernst equation in 

Equation 16. 

 

𝐸 =  𝐸𝜃 −
𝑅𝑇

𝑛𝐹
ln

𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
     (Nernst equation) Equation 16 

t 

E / V 

OCP 

E1 

Vmin 

Vmax 

1stcycle 2ndcycle 

derived from [45] 
; 
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In this equation, the reduction potential of the half-cell under the respective conditions, E, is 

described as a function of the standard reduction potential, Eθ, the temperature, T, the 

number of electrons transferred, n, and the chemical activities of both the reduced and 

oxidized forms, ared and aox. R and F are the universal gas constants and the faraday 

constants respectively. 

The cyclic-voltammetry method can also be applied to characterize the electrode processes, 

both, qualitatively and quantitatively. The reversibility of the reduction and oxidation 

processes can firstly be established by comparing the peak currents of the reduction cycle, 

IPC, and the oxidation cycle, IPA, and also the voltage separation, ΔE, between these two 

peaks. Three different cases of reversibility with regards to their voltage separation are 

shown in Figure 16. In a reversible reaction limited only by diffusion, reduction peaks which 

are symmetrical to the oxidation peaks would be obtained and the magnitudes of IPC and IPA 

would also be identical. With respect to their peak positions, the reversibility can be judged 

by Equation 17. In this equation, “n” represents the number of electron transferred in the 

process and the electrode process is deemed reversible if this condition is satisfied. 

 

𝛥𝐸 =  
59 𝑚𝑉

𝑛
         Equation 17  

 

In the ideal case shown in the plot of Figure 16 a) the ΔE of the cathodic and anodic peaks is 

small and this is mostly observed for the reduction and oxidations of insoluble electrode 

material in the electrolyte. The plot in b) also illustrates a reversible redox process of the 

electrode materials; however, the processes showing an increased ΔE are limited by the 

diffusion of the reactants. In such processes, the peaks are also more rounded.  In c), the ΔE 

is seen to be the largest among the three plots and in this case, the electrode process is 

termed “quasi-reversible”.  

                          

 

Figure 16: Reversibility of reduction and oxidation reactions determined by comparing 
voltage separation, ΔE, cathodic and anodic peak currents, IPC and IPA 
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To evaluate the electrochemical performances of the electrode materials, their specific 

discharge capacity and Coulomb efficiency are calculated with Equation 18 and Equation 19 

respectively. 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
   Equation 18  

 

𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
× 100    Equation 19  

 

                                             = 
| 𝑄𝑒𝑛𝑑−𝑄𝑠𝑡𝑎𝑟𝑡 |

3600
     Equation 20 

 

In both Equation 18 and Equation 19, the charge and discharge capacity, in mAh, refers to 

the amount of charges obtained from the electrode during the respective charge or 

discharge cycles of either the galvanostatic or the cyclic-voltammetry measurements. This 

value was calculated with Equation 20 by integrating the amount of charges, Q, from the 

start till the end of the respective charge or discharge process as recorded by the 

electrochemical measurement setup.  The mass of active materials in Equation 18 refers to 

that of the synthesized material which was coated on the electrode. For the determination 

of these materials’ Coulomb efficiency, the respective electrode’s discharge capacity was 

compared to the amount of charges invested to charge that electrode which was also 

obtained from the measurement setup. 
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4. Results and discussions 

 

4.1 Results from electrochemically deposited iron sulfide samples 

 

The results shown in this section are from the cyclic-voltammetry and galvanostatic cycling 

studies of electrochemically deposited iron sulfide on metallic substrates. The current 

density applied during the electrochemical deposition process was 15 mA.cm-1. This current 

density was selected after a series of electrochemical deposition trials on nickel foils and 

copper foils were conducted with 0.15, 1.5 and 15 mA.cm-1. From the trials, the application 

of a 15 mA.cm-1 was determined to be the optimum current density, as the films deposited 

on both nickel and copper substrates were amongst the most homogenous. 

As mentioned in section 3.1.1, a list of metallic foils consisting of copper, nickel, silver, 

titanium, manganese and tin were explored as potential substrates. From this list, the 

results from the initial tests showed that iron sulfide as electrode material demonstrated 

most electrochemical activities when deposited on copper, hence, the results shown in this 

section is focused on the iron sulfide deposited on a copper substrate. For comparison, the 

deposition process and electrochemical characterizations were repeated with nickel foil as 

the substrate and the electrochemical characterization results of these two electrodes are 

shown from Figure 19 to Figure 23. The cyclic-voltammetry characterization results of 

iron sulfide deposited the list of metallic foils in the initial trials can be reviewed in 

Appendix I. 

The analysis herein begins with the cyclic-voltammetry analyses of the bare copper and 

nickel substrates shown in Figure 17 and Figure 18 respectively before proceeding onto the 

characterizations of the electrodes consisting of iron sulfides electrochemically deposited on 

a copper foil and a nickel foil. In these cyclic-voltammograms, the samples were cycled in a 

5.5 M potassium hydroxide, KOH, between the potentials of -1.20 V and -0.40 V with 

regards to the mercury/mercury oxide, Hg/HgO, reference electrode.  

In a general comparison of Figure 17 a) and Figure 18, the various reduction and oxidation 

features from the scan of the copper foil are observed at potentials above -0.95 V, while a 

reduction feature from the scan of nickel foil emerged negative of -1.05 V. Due to the low 

current magnitudes, the result from the copper foil’s scan has been magnified along the 

vertical axis to present a better insight in Figure 17 b). From this magnified plot, it is seen 

that the copper foil demonstrated a reduction feature peaking at -0.81 V in the first forward 

scan and after which the electrochemical activities were mostly limited to the oxidation and 

reduction reactions between metallic copper and cuprous species within the potential range 

of -0.55 V and -0.40 V.  
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Figure 17: Cyclic-voltammogram of a copper foil collector characterized within a potential 
window of -1.20 V and -0.4 V 
 

  

 

Figure 18: Cyclic-voltammogram of a nickel foil collector characterized within a potential 
window of -1.20 V and -0.4 V 
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In Figure 18, the cyclic-voltammogram of the nickel foil showed only one feature with an 

onset potential of -1.10 V. This feature reflects the reduction of protons to hydrogen in the 

hydrogen evolution reaction. As compared to Figure 17, the magnitude of this feature in 

Figure 18 is manifold times higher, and this indicates that nickel possesses lower hydrogen 

over-potential than copper and more hydrogen was produced in the process. 

Following the analyses of the substrates, the cyclic-voltammogram of iron sulfide deposited 

on the copper foil and the nickel foil in the 5.5 M KOH are shown in Figure 19 and Figure 20 

respectively. In a general comparison of these two diagrams, it is seen that the iron sulfide 

deposited on the copper substrate showed more redox features with higher current 

magnitudes over the 10 cycles. In Figure 19, two reduction features emerged in the 1st cycle 

with one peaking at -1.10 V and another with an onset potential of -1.16 V. The former 

peak’s appearance coincided with the observation of a yellow coloration in the electrolyte 

around the electrode indicating the formation of sulfides and polysulfides in the electrolyte. 

Over the cycles, the onset and peak-current potentials of this feature shifted to more 

positive ones and its magnitude also reduced. 

At potentials negative to -1.10 V, the reduction feature with an onset potential of 

approximately -1.16 V is associated to the conversion of ferrous species to metallic iron. The 

reactions leading to the emergence of this feature was firstly determined by comparing its 

intensity over the cycles to the intensities of the features reflecting the oxidation of metallic 

iron to ferrous species at -0.94 V and -0.93 V. In the 2nd cycle, the increase in intensity of 

that oxidation peak in the reverse scan corresponded with the increase in intensity of the 

reduction peak of its forward scan. In the 5th and 10th cycles that are shown, the intensities 

of both the reduction peak and the oxidation peak are then seen to diminish. In addition, by 

comparing the cyclic-voltammogram in Figure 19 to that in Figure 21 where the iron sulfide 

on copper substrate was cycled to a Vmin of -1.15 V, it can be noticed that omission of 

reduction activities between -1.15 V and -1.20 V resulted in much smaller metallic iron to 

ferrous species oxidation peaks. 

With regards to the oxidation of metallic iron to ferrous species, the peak-current potential 

started at about -0.94 V in the 1st and 2nd cycles and shifted to more positive potentials in 

the 5th and eventually to approximately -0.93 V in the 10th cycle; therein, a positive shift of 

this feature’s onset potential can also be seen. The change in potentials arose as the 

metallic iron on the charged electrode reacted with sulfides in the initial cycles, but reacted 

with hydroxides in the later cycles. This conclusion shall be explained in ensuing paragraphs 

with reference to Figure 20. At a more positive potential of -0.64 V, the oxidation feature 

reflects the conversion of ferrous species on the electrode to ferric species. The peak 

current of this feature can be seen to increase from the 1st to the 2nd and later the 5th cycle 

before a decrease was seen in the 10th cycle. The simultaneous decrease in both oxidation 

peaks at around -0.94 V, and at -0.64 V indicate the drop in discharge capacities over the 

10 cycles.  
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Figure 19: Cyclic-voltammogram of iron sulfide electrochemically deposited on copper foil 
and characterized within a potential window of -1.20 V and -0.4 V 

 

 

Figure 20: Cyclic-voltammogram of iron sulfide electrochemically deposited on nickel foil and 
characterized within a potential window of -1.20 V and -0.4 V  

 

Another oxidation peak just before the Vmax of -0.40 V is also seen in Figure 19. The 

presence of this peak is due to the oxidation of copper to cuprous ions and this can be 

affirmed by referring to the cyclic-voltammogram of the copper substrate in Figure 17. In 

this plot, an oxidation feature with low current magnitude located at the potential just 

before the Vmax of -0.40 V can be seen, and in the presence of iron sulfides its peak current 

value increase significantly; the reason for this increase could be due to copper’s 

interactions with the sulfide ions in the electrochemical cell. From the cycles, the magnitude 

of this peak is seen to increase initially before reducing thereafter. 
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Lastly for Figure 19, a reduction peak emerged over the cycles at about -0.93 V. At this 

potential, the feature reflects the reduction of ferric ions to ferrous ions and its magnitude 

increased over the cycles, indicating the increase in amount of ferric species formed over 

the cycles. It is however noticed from this plot that the magnitude of the oxidation peak 

reflecting its reverse reaction at -0.64 V decreased at the 10th cycle, and this indicates that 

the reactions between the ferrous and ferric species involved are not completely reversible. 

With regards to the electrode consisting of iron sulfide deposited on nickel, the 1st forward 

scan cycle in Figure 20 also began with two prominent reduction features, starting with one 

peaking at -1.10 V as was observed in Figure 19. In this case, the peak was only present in 

the 1st cycle. At more negative potentials, another reduction feature with its onset potential 

at approximately -1.16 V is seen. In this case, the emergence of this feature not only reflects 

the conversion of ferrous ions to metallic iron, but potentially also the hydrogen evolution 

as a crossover occurred [46], in which the reverse scan intersected the forward scan at 

approximately -1.13 V.  

In the ensuing oxidations of metallic iron to ferrous species in the reverse scan, two peaks 

at -0.96 V and -0.93 V emerged. The occurrence of this effect is due to metallic irons 

interaction with both sulfides and hydroxides in the electrolyte. It was identified by 

Shangguan el al in [28] that the peak at the more negative potential emerged when the 

electrochemical cell contained sulfides. At potentials positive to these peaks, the feature 

reflecting the oxidation of ferrous ions to ferric species was not as significant as those 

observed in Figure 19. In the forward scan that followed, however, the reduction of ferric 

ions to ferrous species was reflected in the feature peaking at -0.94 V. In comparison, this 

reduction current’s magnitude is approximately 64 times higher than the current’s 

magnitude of its reverse process in the previous cycle. This could be due to the 

self-discharge of the electrode material through the processes described in Equation 9 and 

Equation 7, leading to the oxidation of ferrous hydroxide to magnetite, as described in 

Equation 21.  

 

2𝐻2𝑂 + 2𝑒−   →  𝐻2 + 2𝑂𝐻−    [EΘ = -0.83 V (vs. S.H.E)]  Equation 9 

 

3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻−   →  𝐹𝑒3𝑂4 + 4𝐻2𝑂 + 2𝑒−  [EΘ = -0.66 V (vs. S.H.E.)]  Equation 7 

 

3𝐹𝑒(𝑂𝐻)2  →  𝐹𝑒3𝑂4 +𝐻2 + 2𝐻2𝑂      Equation 21 
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In the 2nd cycle, the feature reflecting the reduction of ferrous ions to metallic iron was still 

observed, albeit with lower peak-current magnitudes. In its reverse scan, the crossover 

again occurred, intersecting the forward scan at -1.13 V, indicating a repeat of the 

self-discharge reaction which contributed to the low peak current values in the subsequent 

oxidation of metallic iron to ferrous species. In the cycles that followed, the intensities of 

the peaks further diminished demonstrating the decrease in electrochemical activities.  

 

 

Figure 21: Cyclic-voltammogram of iron sulfide electrochemically deposited on copper foil 
and characterized within a potential window of -1.15 V and -0.5 V 

 

On another note worth mentioning, the results in Figure 21 not only aided in elucidating the 

onset potential for the reduction of ferrous ions to metallic iron on the iron sulfide 

electrodes, these results also demonstrated the increase in the intensity of the reduction 

peak at -0.95 V and the oxidation peak at -0.63 V over the 10 potentio-dynamic scan cycles 

when cycled within this narrower potential window. Both of these features indicate the 

redox reactions between ferrous and ferric species. In contrast, they were observed to 

become less prominent over the 10 cycles in Figure 19.  

Following the cyclic-voltammetry scans, the galvanostatic cycling characterizations were 

performed on the electrodes in the same electrochemical cell and the results are shown in 

Figure 22 and Figure 23. The electrodes were charged at a C/5 rate to their theoretical 

capacity and discharged at the same rate to a cutoff potential of -0.50 V. The theoretical 

capacity of the electrode was calculated, based on the two electron transfer process, where 

charge and discharge reactions occur between the metallic iron and ferrous sulfide states. 
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Figure 22: Potential vs. time profiles of iron sulfide electrochemically deposited on nickel and 
copper foils during galvanostatic charge and discharge at C/5-rate 

 

The two electrodes’ potential profiles over the charging and discharging process are plotted 

in Figure 22. Both the electrodes charged and discharged over multiple plateaus with the 

electrode consisting of iron sulfide deposited on the copper foil showing more prominent 

features. It can also be seen that this electrode possessed higher discharge capacity as it 

discharged over a longer period of time, despite being charged at the same current density 

and over the same period of time, and eventually discharged at the same current density. 

 

 

Figure 23: Discharge capacities of iron sulfide electrochemically deposited on nickel and 
copper foil charged and discharged at C/5 rate 
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The specific capacities of these electrodes were then calculated with regards to Equation 18, 

in which the absolute discharge capacities and the theoretical mass of iron sulfide deposited 

on the copper foil and on the nickel foil were considered. These values are displayed in 

Figure 23. The electrode consisting of iron sulfide on a copper foil possessed a discharge 

capacity of approximately 330 mAh.g-1 in the 1st cycle, in which it reduced to 230 mAh.g-1 at 

the 10th cycle. In contrast, the electrode consisting of iron sulfide on a nickel foil only 

maintained discharge capacities that were about 65 mAh.g-1 over the ten cycles. 

 

4.1.1 Summary of findings from electrochemically deposited FeSx electrodes 

 

From the first series of experiments, the potential application of iron sulfide as the negative 

electrode material in the alkaline electrolyte has been affirmed, especially when deposited 

on the copper foil. By comparing the cyclic-voltammogram and the galvanostatic cycling 

results of iron sulfide deposited on the two metallic foils, it can be seen that copper brought 

about beneficial changes to the electrochemical behavior of iron sulfide in the alkaline 

electrolyte, in that the electrode’s Coulomb efficiency increased along with its discharge 

capacity when compared to the electrode with nickel foil as substrate.  

In contrast, nickel as the substrate demonstrated lower hydrogen over-potential as 

compared to copper in potentio-dynamic scan results of the substrates. This intrinsic 

property could have promoted hydrogen reduction reactions and simultaneously, the 

self-discharge of the charged iron sulfide electrode to ferrous species and subsequently 

ferric species as reflected in the cyclic-voltammogram in Figure 20. This could be one of the 

main causes of the low discharge capacity and low Coulomb efficiency demonstrated by iron 

sulfide on nickel substrate electrode during the galvanostatic cycling characterization. 

 

4.2 Iron sulfide/activated carbon composite synthesis by precipitation 

 

With the affirmation of iron sulfide’s feasibility as an electrode material, the immediate 

studies that followed, were to access the viability of precipitating 10 w% of iron sulfide on 

activated carbon (A.C.) under ambient conditions, and thereafter, determine the 

electrochemical characteristics of the composite. 
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4.2.1 Adsorption time and the amount of excess reactants required 

 

The discussion for this section begins with the description of the optimizations involved to 

establish the synthesis steps shown in Figure 2. For the synthesis of an activated carbon 

composite consisting of 10 w% iron sulfide (FeSx), 1.550 g of FeCl2.4H2O was used as the iron 

source. This amount is 23.37% in excess compared to the theoretical amount required, and 

it was determined with reference to the initial synthesis batches. The time required for this 

amount of ferrous chloride to be adsorbed in by five grams of activated carbon, 

Kuraray YP-50F, in 60 milliliters of argon bubbled Millipore water was determined to be 

three hours. This was accomplished by measuring the ferrous chloride solution’s 

conductivity over time in which the five grams of activated carbon was also present. From 

the conductometry measurements, the point of lowest conductivity was deemed to 

correspond to the point of maximum absorption. The results of these measurements are 

shown in Figure 24.  

 

 

Figure 24: Conductivity of FeCl2 solution over time in the presence of commercial activated 
carbon (Kuraray YP-50F) 

 

As the exact amount of sulfur in Na2S.9H2O is difficult to determine due to the varying 

amount of crystal water, the use of conductometry was extended to determine the amount 

sulfide source required to precipitate the aforementioned amount of ferrous chloride. The 

measurements for this optimization were carried out by adding a 0.45 molal Na2S solution 

dropwise to ferrous chloride solutions, without and with the five grams of activated carbon 

and the results are shown in Figure 25 and Figure 26 respectively.  The amount of sulfide 

source was added in high excess and the amount added was plotted against the solution’s 

conductivity.  

14.50

14.70

14.90

15.10

15.30

15.50

15.70

0 50 100 150 200 250

C
o

n
d

u
ct

iv
it

y 
/ 

m
S 

cm
-1

 

Time / mins 

    Solution  conductivity 



50 
 

In these two figures, the red and dotted vertical lines in the plots indicate the amount of 

ferrous chloride present in the solutions and these lines also indicate the theoretical amount 

of Na2S required for stoichiometric reactions with the ferrous ions to form FeS. As the 

sulfide source was added dropwise to high excess, it was observed that the conductivity of 

the solutions increased rapidly after a certain point in the respective solutions. This rapid 

and linear increase in conductivity was deemed to reflect the emergence of unreacted Na2S 

in the solutions. Trend-lines were drawn in the plots to determine the points at which the 

amounts of ferrous ions and sulfide ions were at equilibrium, and these points were used to 

define the amounts of sulfide source required for the precipitation reactions. 

 

 

Figure 25: Amount of excess sulfide source required for iron sulfide precipitation without the 
presence of activated carbon 

 

 

Figure 26: Amount of excess sulfide source required for iron sulfide precipitation with the 
presence of activated carbon 
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From the measurement results plotted in Figure 25, it was determined that an excess of 

9 mole% was required to completely precipitate the ferrous ions. In the presence of 

activated carbon, the data which has been plotted in Figure 26 indicated that the amount of 

excess required increased to 13 mole%. The difference between the two measurements 

could be due to the uptake from the activated carbon. 

 

4.2.2 Effects of calcination on morphology and composition 

 

The results from the next optimization step to be shown and discussed are with regards to 

the heat treatment of the 10 w% FeSx/A.C. composite after the precipitation of iron sulfide. 

The SEM micrographs and XRD patterns of the composites before and after calcination, as 

well as after calcination with sulfur are shown in Figure 27 and Figure 28 respectively.  

In Figure 27, the SEM micrographs showed that the morphologies of the iron compounds on 

the activated carbon scaffold are visibly different with and without the heat treatment. By 

comparing the micrographs in Figure 27 a) and b) to those from c) to f), the surface of the 

activated carbon of the composites which were not calcined are covered by a film, whereas 

after the calcination process, the activated carbon’s surface are decorated with nano-sized 

particulates which are round in shape.  

The effects on the composites’ morphology through the addition of sulfur prior to the heat 

treatment could not be clearly distinguished through the SEM characterizations. However, 

the differences between the morphology and composition of these materials were reflected 

in their XRD patterns.  

In Figure 28, the sample prior to heat treatment did not exhibit the pronounced diffraction 

peaks that appeared after the calcination. This indicated that the precipitate was 

amorphous before the heat treatment process. From this composite the three broad 

features between 2θ angles of 10° and 16°, between 16° and 34°, and between 40° and 50° 

were reflected by the activated carbon. The XRD patterns in Figure 28 also revealed that 

despite the inert atmosphere, this heat treatment in the absence of sulfur produced a 

mixture of iron oxides and iron sulfides. The formation of oxides could be contributed by the 

oxygen-rich functional groups on the activated carbon.  

By calcining the composite in the presence of sulfur, the XRD pattern of this material 

reflected a decrease in the intensity of the iron oxide peaks and an increase in the 

iron sulfide peaks. Through this series of study, it was thus determined that the addition of 

sulfur to the composite prior to the heat treatment process was required to suppress the 

formation of oxides in the product.   
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Figure 27: SEM micrographs of 10 w% FeSx on A.C. with and without calcination    

a) b) 

c) d) 

e) f) 

                                                                                                                                in a) and b) 

the micrographs shown are of the composite without heat treatment while c) and d) show 

the micrographs of these composites calcined at 700°C in nitrogen atmosphere, and in e) and 

f) the composites were pre-mixed with sulfur before they were calcined at 700°C in nitrogen 

atmosphere. For each composite, micrographs were made at different magnifications and 

those on the right column were made at 3 times higher magnification than those on their 

left. 

  

; 
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Figure 28: XRD of FeSx/A.C. composite before and after calcination at 700°C 

 

The cationic contents of the composites, before and after the heat treatment, were 

analyzed through ICP-OES and the results are recorded in Table 4. The results of the samples 

before and after calcination, V056A-tr2 and V056D-tr2 respectively, indicated an increase in 

weight percent of iron after the heat treatment process. This could be due to the presence 

of unidentified compounds, such as water, on the composite before the heat treatment, or 

due to the loss of the activated carbon’s mass as the materials were heated up to 700°C. 

 

Table 4: ICP determined cation contents on activated carbon after FeS deposition 

Sample  Elements Amount / w% Rel. std. deviation / %  
        

V056A-tr2 Fe 5.40 ± 0.98 

(Before calcination)  K 1.30 ± 0.41 

  Na 0.52 ± 0.60 

V056D-tr2 Fe 6.34 ± 0.26 

(After calcination  K 1.51 ± 1.83 

in N2 at 700°C)  Na 0.60 ± 0.80 

V057D-tr2-S Fe 6.82 ± 0.29 

 (Calcined with sulfur K 0.87 ± 0.96 

in N2 at 700°C)   Na 0.36 ± 0.28 
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With regards to the mass loading of iron-based materials on the composite, the 6.34 w% of 

elemental iron, Fe, on V056D-tr2 is translated to possible mass loadings ranging from 

8.76 w% consisting purely of Fe3O4, to 9.98 w% consisting purely of FeS. As for V057D-tr2-S, 

which was calcined with sulfur, the 6.82 w% of Fe is translated to 9.43 w% consisting purely 

of Fe3O4, to 10.73 w% consisting purely of FeS. 

 

4.2.3 Electrochemical characterizations 

 

Electrodes were thereafter fabricated with the materials from the optimized synthesis 

process following the steps described in section “3.2 Electrode preparations” and 

characterized electrochemically. The plots from Figure 29 to Figure 31 are the 

representative results from electrochemical characterizations from an electrode coated with 

materials from batch V057D-tr2-S. The characterization of this electrode began with five 

cycles of potentio-dynamic scans and the results are shown in Figure 29. The scan was 

performed within a potential window of -1.12 V and 0.00 V and the scan rate applied was 

5 mV.s-1. The electrolyte used was again a 5.5 M KOH, and the Hg/HgO reference electrode 

was employed to orientate the potentials.  

 

 

Figure 29: Cyclic-voltammogram of “10 w% FeSx/A.C.” composite before galvanostatic 
cycling 

 

In Figure 29, after the formation of the electrode material in the first cycle, the redox 

features indicate the reaction occurring between the ferrous and ferric states. The reduction 

peak was at -0.97 V in the second cycle and shifted to a more positive -0.96 V thereafter. 

The magnitude of this peak also increased over the cycles. In the discharge cycles, the peak 
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of the oxidation feature was initially at -0.61 V in the second cycle and thereafter shifted to 

a more negative potential by 18 mV in the 5th cycle. The magnitude of this feature also 

increased marginally over the five cycles.  

After the initial five cycles, the same electrode was charged and discharged galvanostatically 

at current densities of 0.5 A.g-1, 1.0 A.g-1 and 0.1 A.g-1. The electrode was cycled ten times at 

each current density. With current densities of 0.5 A.g-1 and 1.0 A.g-1, the electrode was 

cycled between -1.10 V and 0.00 V. With 0.1 A.g-1, the lower cutoff potential was adjusted 

to -1.05 V as it was observed in previous tests this electrode material could not be charged 

to -1.10 V at this current density. 

The results from the galvanostatic cycling are plotted in Figure 30 and Figure 31, with the 

former showing the potential profiles and Figure 31 presenting the specific discharge 

capacities of the electrode calculated with Equation 18. In Figure 30, the potential profile of 

the electrode began by stagnating at approximately 5 mV before -1.10 V for 30 minutes 

before reaching the lower cutoff potential and proceeding with the first discharge cycle. In 

that, a high amount of electric charges was consumed while charging the working electrode 

and only 31% of the electric charges were retrieved in the discharge cycle. At this potential, 

hydrogen could have evolved and evacuated the cell setup and thus could not be 

recuperated during discharge.  

 

 

Figure 30: Potential profile of “10 w% FeS/A.C.” composite galvanostatically charged and 
discharged at current densities of 0.5, 1.0 and 0.1 A.g-1 

 

In the subsequent cycles, the potential profile revealed only one plateau in the charging 

sequences at around -0.9 V, and one plateau in the discharging sequence at around -0.7 V. 
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discharge capacities and the Coulomb efficiency, the plot in Figure 31 indicated minimal 

fluctuations despite the change in charging and discharging current densities. Beyond the 

first cycle, the amounts of electric charges consumed by the working electrode during the 

charging sequence were similar to the amount of charges recuperated during the discharge 

phase. This indicates that the working electrode has high Coulomb efficiency.  

The specific discharge capacity of the electrode was higher in the first cycle than in the 

subsequent cycles and this could be due to the high amounts of over-charging in the first 

cycle. The discharge capacity from the first cycle was 84 mAh.g-1 and the value decreased to 

about 60 mAh.g-1 in the subsequent cycles where the current densities applied during 

cycling was 0.5 A.g-1. The electrode’s specific discharge capacity further reduced to about 

50 mAh.g-1 after the current density was increased to 1.0 A.g-1 in the ten cycles that 

followed. This value remained the same in the final ten cycles despite reducing the current 

density by a factor of ten. 

 

 

Figure 31: Specific capacities of “10 w% FeS/A.C.” composite galvanostatically charged and 
discharged at current densities of 0.5, 1.0 and 0.1 A.g-1 

 

In comparison to the specific discharge capacities reported in Chapter 2, the values reported 

herein are low in comparison. However, it has to be considered that the iron-based 

material’s loading on the composite is only 10 w%. With regards to the Coulomb efficiency, 

only 31% of the charges were recuperated in the first cycle. In the subsequent cycles nine 

cycles, the Coulomb efficiency increased to range between 94 and 96%. In the cycles that 

followed, the Coulomb efficiency further increased to values close to 100%.  

In the final electrochemical characterization of this electrode, the potentio-dynamic scans 

performed prior to galvanostatic cycling were repeated. In Figure 32, it could be seen that 

the reduction and oxidation features overlap one another, however, in comparison to those 

in Figure 29, the magnitude of these features markedly reduced. With regards to the 
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potentials, a shift of about 20 mV to higher potentials was noticed from the ferric to ferrous 

reduction feature when compared to those in Figure 29. In the oxidation cycles, a shift of 

20 mV towards more negative potentials was also observed. The shifts in these potentials 

indicate that the over-potentials for the reduction of ferric species and the oxidation of 

ferrous species on the electrode increased after the galvanostatic cycling process. 

 

Figure 32: Cyclic-voltammogram of “10 w% FeS/A.C.” composite after galvanostatic cycling 

 

4.2.4 Post cycling analysis of “10 w% FeSx/A.C.” electrode 

 

In the post cycling analysis, both the working electrode and the electrolyte were examined 

to uncover the cause of the low discharge capacity and its reduction over the cycles. In the 

ICP-OES analysis of the electrolyte, an elemental iron concentration of 3.5 mg.l-1 was 

identified therein. As the total amount of electrolyte used for the test was 45 milliliters, this 

concentration would translate to 9.0 w% loss of iron from the composite electrode material 

with respect to its initial loading.  

As for the working electrode, SEM and EDS analyses were performed to reveal the changes 

in the composite before and after the electrochemical characterization processes. The SEM 

micrographs of this electrode are shown in Figure 33 and they are compared to the 

electrode material before being processed into electrodes and cycled in Figure 27 e) and f). 

In comparison, the particulates in Figure 27 e) and f) were well distributed over the surface 

of the activated carbon while those seen in Figure 33 are smaller in size and they have also 

formed clusters.  

Concerning their chemical composition, EDS analysis results of the pristine composite in 

Figure 34 identified that the particulates on the activated carbon possess high sulfur to iron 

ratio. These particulates resulted from the precipitation of ferrous ions with sodium sulfide 
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on the activated carbon, which were thereafter mixed with sulfur and heat treated at 700°C 

in a nitrogen atmosphere. In combination with the XRD measurement results in Figure 28, 

these iron-based particulates were deemed to comprise mainly of iron sulfides with traces 

of magnetite present.   

After the electrochemical cycling processes, the EDS analysis of the cluster is shown in 

Figure 35 and it indicates the extensive presence of iron oxides with regards to the 

increased ratio of oxygen to iron. In that same analysis, the ratio of sulfur to irons was also 

seen to have markedly decreased. The formation of these iron oxide clusters could have 

several drawbacks on the composite’s electrochemical performances. Firstly, the active 

reaction sites could have been reduced due to the reduction in surface to volume ratio. 

Secondly, the electronic network between the iron-based particles and the conductive 

scaffold could have deteriorated as the bulk of the particles are no longer in direct contact 

with the conductive scaffold. 

 

      

Figure 33: SEM micrographs of “10 w% FeS/A.C.” electrode after the electrochemical 
characterization processes 

 

 

Figure 34: EDS analysis of “10 w% FeS/A.C.” electrode before being processed into electrodes 
and electrochemically characterized  

a) b) 
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Figure 35: EDS analysis of “10 w% FeS/A.C.” electrode after electrochemical characterization 
processes 

 

4.2.5 Summary of FeSx precipitation on A.C. and the composite’s characterizations 

 

In terms of electrochemical charge and discharge performance, the composite consisting 

mainly of activated carbon did not present appreciable improvements in discharge 

capacities as a whole. Nevertheless, by considering the electrochemical characteristics of 

the commercial activated carbon and the iron-based material as individual entities, the 

latter alone was estimated to contribute a specific discharge capacity of 78 mAh.g-1 as the 

composite electrode was cycled at a current density of 0.5 A.g-1. This value was calculated 

by subtracting the contributions from the commercial activated carbon which possesses a 

specific discharge capacity of 58 mAh.g-1 when cycled within the potential window of -1.10 V 

and 0.00 V at a current density of 0.5 A.g-1*. In this series of studies, it has also been proven 

that this precipitation method to deposit iron sulfides on the commercial activated carbon 

to a loading of 10 w% is feasible. However, to complete the process described in Figure 2 

and synthesize such a composite require four days. Thus the hydrothermal method was 

adopted in the subsequent series for the synthesis of materials. 

 

4.3 Results from hydrothermally synthesized materials 

 

With the change in synthesis methods, the first studies performed were to establish a 

suitable loading of the respective iron-based materials on the commercial activated carbon, 

Kuraray YP-50F. The synthesis process was carried out with reference to the approach in 

[38] and modified to correspond to the requirements for this study mentioned in 

section 3.1.3. 

______________________ 
*
 The evaluation of the commercial activated carbon can be reviewed in Appendix II 
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4.3.1 Iron oxides composites with varying amounts of activated carbon 

 

For the iron oxide series, the SEM micrographs of the syntheses products are shown in 

Figure 36 and their corresponding XRD patterns are shown in Figure 37. With regards to the 

micrographs in Figure 36, those in a) and b) show the products synthesized without 

activated carbon. These two images showed that the products formed were clusters of 

nano-sized particles ranging from between 70 and 90 nanometers. These values were 

estimated digitally during the SEM measurements. From the XRD patterns of this material 

displayed in Figure 37, this material was determined to be magnetite, Fe3O4. 

With the addition of one gram of activated carbon to the synthesis reactants, the 

micrographs of this product in Figure 36 c) and d) showed that the size of these particles 

reduced in comparison to those without activated carbon. Herein, the particles on the 

surface of the activated carbon were estimated to range between 60 and 80 nanometers. 

Concerning this material’s XRD pattern, the peaks produced by this material resembles 

those of the material synthesized without activated carbon and was thus identified also as 

magnetite. In addition, the broad features reflecting the contributions from activated 

carbon were also present at low intensities and the intensity of these features can be 

observed to increase with the increasing ratio of activated carbon.  

A further increase in the amounts of activated carbon added during the synthesis to 

three grams resulted in a change in the products’ morphology. In Figure 36 e) and f), the 

micrographs showed that the activated carbon was decorated with particles with a different 

morphology compared to those from a) to d). These materials were determined to be a 

mixture of hematite, Fe2O3 and goethite, α-FeO(OH), through XRD analyses.  

Lastly, in Figure 36 g) and h) the materials on the activated carbon’s surface again adopted a 

different morphology compared to the materials in Figure 36 a) to f). With the increase in 

ratio of activated carbon to the other reactants, the surface of the activated carbon was 

seen to be only sparingly decorated. Through the XRD analyses, the materials on the 

activated carbon were determined also to be goethite.  

Cyclic-voltammetry scan at a scan rate of 5 mV.s-1 were performed on the electrodes 

prepared with these composites to evaluate their electrochemical performances. This 

electrochemical characterization was performed within six different potential windows, with 

the upper vertex potential, Vmax, fixed at -0.10 V, with respect to the Hg/HgO reference 

electrode in the 5.5 M KOH electrolyte. The lower vertex potential, Vmin, applied for the 

tests were -0.95 V, -1.00 V, -1.05 V, -1.10 V, -1.15 V and -1.20 V, and the electrodes were 

first reduced to the Vmin before they were oxidized to the Vmax. For the tests, a fresh 

electrode was used for the characterization within each potential window.  
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Figure 36: SEM micrographs of materials from synthesis of iron oxides with different 
amounts of activated carbon 

a) b) 

c) d) 

e) f) 

g) h) 

                                           ; a) and b) show the products synthesized without A.C. while c) 

and d) show those in which 1 g of A.C. was added into the reactants, in e) and f) the amount 

of A.C. added was increased to 3 g, and in g) and h) 9 g of A.C. was added. For each 

composite, micrographs were made at different magnifications and those in the right column 

were made at 3 times higher magnification than those on their left. 
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Figure 37: XRD patterns of materials from synthesis of iron oxides with different amounts of 
activated carbon 

 

Due to the large amount of data, only representative results were shown from Figure 38 to 

Figure 42. The first sets of results shown are from the characterization of the iron oxide 

synthesized without activated carbon. Figure 38 shows the results of first and third 

cyclic-voltammetry scan cycles where the electrodes were reduced and oxidized within the 

six potential windows, while Figure 39 shows the tenth and thirtieth cycles.  

In the 1st and the 3rd cycles, the electrodes reduced to vertex potentials between -0.95 V 

and -1.15 V did not show any appreciable electrochemical activities. As for the electrode 

reduced to -1.20 V, a reduction feature encompassing both the conversion of ferrous 

species to metallic iron and the reduction of protons to hydrogen was present. The latter 

reaction was deemed to be present as bubble formations were observed on the electrode’s 

surface as the scan reached the onset potentials. The onset potential for this feature began 

at -1.13 V in the 1st cycle and shifted to a more positive potential of -1.09 V in the 3rd cycle. 

Coinciding with an increase in the magnitude of the metallic iron to ferrous ion peak in the 

3rd cycle, this shift indicated in a reduction of over-potential required for the reduction of 

the ferrous species.  

The reverse scans of both the 1st and 3rd reduction cycles began with crossovers indicating 

the occurrence of the electrode’s self-discharge. In the 1st reverse scan, the intersection was 

at -1.11 V and the 3rd at -1.09 V. Besides that, two oxidation peaks with onset potentials at 

approximately -1.00 V and -0.90 V were observed in the 1st cycle. The latter peak is ascribed 

to the oxidation of metallic iron to ferrous species with respect to its onset potential. In the 

3rd oxidation cycle, an oxidation feature at -0.64 V and at this potential, the peak can be 

ascribed to the oxidation of ferrous to ferric species. In this cycle, the magnitude of the peak 
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at -0.81 V increased, indicating a higher amount of metallic iron’s oxidation, and 

respectively, an increase in discharge capacity as compared to the 1st cycle.   

 

Figure 38: Cyclic-voltammogram of “Pristine iron oxide” cycled at 5 mV.s-1 to different lower 
vertex potentials (1st cycle and 3rd cycle) 

 

From the 3rd to the 10th cycle, the feature reflecting the reduction of ferrous species and 

hydrogen evolution reaction decreased in magnitude and the crossover did not occur. In 

connection to that, the magnitude of the feature reflecting metallic iron’s oxidation to 

ferrous species also diminished. Comparatively, the magnitude of the feature reflecting the 

oxidation of ferrous to ferric species increased. The increase in activity of the latter reaction 

was also reflected in the 10th reduction cycle with the increase in magnitude of the 

reduction peak at -0.97 V.  

In the 30th cycle, the magnitude of both features indicates the reduction and oxidation 

between the ferrous and ferric species decayed with the electrode cycled to Vmin of -1.20 V. 

In contrast, these features emerged from the electrode cycled to a Vmin of -1.15 V and it 
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displayed higher magnitudes than the former. In spite of the difference in the magnitudes, 

the reduction and oxidation reactions of the two electrodes cycled to lower vertex 

potentials of -1.15 V and -1.20 V occurred at the same onset potentials.  

 

Figure 39: Cyclic-voltammogram of “Pristine iron oxide” cycled at 5 mV.s-1 to different lower 
vertex potentials (10th cycle and 30th cycle) 

 

This observation affirms that reaction products formed during the electrochemical 

processes were the same. In addition, the results also indicate that the number of cycles 

required for the electrode’s formation is dependent on the potential it is reduced to. From 

the cyclic-voltammograms in Figure 38 and Figure 39, the results point out that the charge 

and discharge reactions between the ferrous and ferric states were favored over those 

between the metallic and ferrous states of iron. The intensity of the feature ascribed to the 

reduction ferrous species reduced over the cycles, demonstrating the requirements for 

higher over-potentials to reduce the ferrous products that were formed. 
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Figure 40: Specific discharge capacity of iron oxide/activated carbon composites cycled to 
Vmin of -1.05 V and -1.10 V 

 

The discharge capacities of the electrodes were obtained from the oxidation cycles of their 

cyclic-voltammetry scans for their specific discharge capacities calculation with Equation 18. 

These results are plotted in Figure 40 and Figure 41. In all the four plots, the specific 

discharge capacities observed from the pristine iron oxide and the composite synthesised 

with one gram of activated carbon appear to have the same trend over the two hundred 

cycles. The higher discharge capacity of the composite are adjudged to be the contribution 

from the activated carbon. At less negative cutoff potentials of -1.05 V and -1.10 V, the 

specific discharge capacities of these two electrode materials are almost stagnant 

throughout. With the extension of the cutoff potentials to more negative values, it is 

observed in the two plots of Figure 41 that the discharge capacities of these two materials 

increased initially and decayed thereafter.   

 

0

25

50

75

100

125

150

0 20 40 60 80 100 120 140 160 180 200

C
Sp

ec
 (

d
is

ch
ar

ge
) 

/ 
m

A
h

 g
-1

 

Cycle number 

Vmin: -1,05 V (vs. Hg/HgO) 

Pristine iron oxide

With 1 g A.C.

With 3 g A.C.

With 9 g A.C.

0

25

50

75

100

125

150

0 20 40 60 80 100 120 140 160 180 200

C
Sp

ec
 (

d
is

ch
ar

ge
) 

/ 
m

A
h

 g
-1

 

Cycle number 

Vmin: -1,10 V (vs. Hg/HgO) 

Pristine iron oxide

With 1 g A.C.

With 3 g A.C.

With 9 g A.C.



66 
 

 

Figure 41: Specific discharge capacity of iron oxide/activated carbon composites cycled to 
Vmin of -1.15 V and -1.20 V 

 

With the Vmin set at -1.15 V, the specific discharge capacities of the two electrode materials 

containing these two highest iron loading started to increase after about 10 cycles and 

peaked at around the 30th cycle. The contribution from the iron-based materials thereafter 

faded over the next 100 cycles. By shifting the Vmin to -1.20 V, the iron-based materials on 

the electrodes were activated earlier and this was reflected in the increase of the specific 

discharge capacities right from the 2nd cycle. These values peaked at around the 10th cycle 

and again faded over the following cycles.  

In the case of the iron oxide synthesized without activated carbon, the absolute discharge 

capacity of its electrode cycled to -1.20 V faded to lower values than when cycled to less 

negative Vmin. Besides the potential degradation of this material’s electrochemical 

characteristics, such as formation of passivation layer, another contribution factor could be 

the exfoliation of electrode materials from the electrode due to the increase in hydrogen 

generated at this lower vertex potential which is more negative. 
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With regards to the two composites synthesized with three and nine grams of activated 

carbon, the iron-based materials on the composite were activated right from the 1st cycle, 

even at the cutoff potential of -1.05 V. Among these two composites, the higher iron loading 

on the material synthesized with three grams of activated carbon demonstrated higher 

specific discharge capacities at the various cutoff potentials. The initially higher values 

showed by these two materials faded within the first 30 cycles. 

In addition to the discharge capacities, the Coulomb efficiencies of the electrodes were also 

analyzed. The Coulomb efficiencies were calculated with regards to Equation 19, in which 

the amount of charges, Q, consumed to charge the electrode during the reduction cycles are 

compared to the amount of charges retrieved as the electrode was discharged over the 

oxidation cycle. The three plots in Figure 42 show the specific charge and discharge 

capacities of the electrodes prepared with pristine iron oxides and they show the trends in 

Coulomb efficiency when the electrodes are charged to different cutoff potentials.  

The Coulomb efficiency of the electrode material cycled to -1.10 V began with a low value of 

about 46% and increased to over 90% since the 19th cycle. This efficiency further increased 

to values around 99%. The initial low efficiencies could be due to the reaction between the 

electrode material and the electrolyte during the formation cycles. After which, the specific 

capacities of the electrode material also increased over the cycles, albeit below 20 mAh.g-1. 

By shifting the cutoff potential to -1.15 V, the Coulomb efficiency over the cycles decreased 

in general. The Coulomb efficiency of this electrode also began at a low value. Its increase 

thereafter coincided with the activation of the iron-based material. As the electrode’s 

specific discharge capacity was at its peak, its Coulomb efficiency also peaked at 96%. Both 

values dropped gradually, with the Coulomb efficiency reducing to 83% at the 200th cycle. 

In the final plot of Figure 42, the initial Coulomb efficiency also began with low values in the 

1st cycle. The value rapidly increased to 93% in the 3rd cycle and this coincided with the 

appearance of the redox features reflecting the reaction between metallic iron and ferrous 

species as shown in Figure 38. The Coulomb efficiency reduced in the following four cycles 

as the aforementioned feature faded. In the cycles that followed, the electrode’s Coulomb 

efficiency further diminished. This could be caused firstly by the higher amount of parasitic 

hydrogen evolution at this negative cutoff potential. On top of that, the hydrogen produced 

while charging the electrode could have exfoliated the charged electrode materials from the 

electrode as they evacuate as bubbles. This could have caused the irreversible loss of 

charges. 
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Figure 42: Coulomb efficiency of pristine iron oxide electrodes cycled to Vmin 
of -1.10 V, -1.15 V and -1.20 V 
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4.3.2 Iron disulfide composites with varying amounts of activated carbon 

 

From the hydrothermal synthesis of iron disulfide and its composites with activated carbon, 

SEM micrographs of the materials are shown in Figure 43 and their respective XRD patterns 

are shown in Figure 44. In Figure 43, the micrographs in a) and b) show the images of 

materials synthesized without activated carbon. In Figure 43 c) and d) the materials seen are 

those synthesized with one gram of activated carbon included in the reactants. In Figure 43 

e) and f), the amount of activated carbon was increased to three grams during the synthesis 

and finally in g) and h), the materials seen were produced with nine grams of activated 

carbon in the reactants.  

These micrographs reveal that the iron-based materials produced were micrometer sized 

particles. Without the presence of activated carbon, these materials formed clusters as seen 

in Figure 43 a) and b). With the addition of one gram of activated carbon to the reactants, 

individual micrometer sized particles attached to the activated carbon were seen in Figure 

43 c) and d) instead. In Figure 43 f) and h), the increase in amount of activated carbon in the 

reactants to three grams and nine grams respectively changed the morphology of these iron 

based materials, in that the micrometer sized particles were seen to be more angular.  

The XRD patterns in Figure 44 indicated that these materials consist of FeS2 with a mixture 

of pyrite and marcasite phases. From its XRD pattern, the sample “pristine FeS2” was 

determined to consist mainly of pyrite and along with that, low intensities peaks of 

marcasite and elemental sulfur were also determined. By compositing the iron disulfide with 

activated carbon, the intensity of the peaks emerging from marcasite’s presence increased 

with respect to those from pyrites. The ratios between the two FeS2 phases remained 

similar for the three composites despite the change in rations of activated carbon to FeS2. 

These results have thus shown that, while the presence of activated carbon promoted the 

growth of FeS2 with orthorhombic phase, marcasite, the increase in amounts of activated 

carbon did not further induce changes to the chemical composition of the iron-based 

material.  

 



70 
 

   

   

   

    

Figure 43: SEM micrographs of iron disulfides on varying amounts of activated carbon  

 

 

a) b) 

c) d) 

e) f) 

g) h) 

b) show the products synthesized without A.C. while c) and d) show those in which 1 g of A.C. 

was added into the reactants, in e) and f) the amount of A.C. added was increased to 3 g, 

and in g) and h) 9 g of A.C. was added. The micrographs in the right column were made at 3 

times higher magnification than those on their left.  

         ; 

; a) and 
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Figure 44: XRD patterns of iron disulfides with different amounts of activated carbon  

 

The electrochemical characterization performed on iron disulfide and its activated carbon 

composites herein were identical to the procedures carried on the iron oxide and its 

composites. The cyclic-voltammograms in Figure 45 and Figure 46 are the results from 

iron disulfide synthesized without activated carbon. In the cyclic-voltammograms of the 

electrodes cycled to different Vmin, two reduction features peaking at approximately -0.44 V 

and -0.69 V could be seen in the 1st cycle. The emergence of these two features coincided 

with the appearance of a yellow hue, indicating the potential formation of polysulfides [47] 

in the normally clear electrolyte as shown in Figure 47a). The reactions leading to the advent 

of these peaks could be the reduction of disulfide on the electrode material converting it 

from iron disulfide to iron sulfide, simultaneously emitting a sulfide into the electrolyte for 

the formation of polysulfides. This yellow hue was observed in all the electrochemical cells 

with iron disulfide containing electrode materials as seen in Figure 47 b). The coloration of 

the electrolyte started within a few minutes after the electrode was immersed in the 

electrolyte and it intensified with increasing number of cycles. 

In the reverse cycle, only a peak with small magnitude at -0.65 V was seen in the electrodes 

cycled to lower vertex potentials of -1.15 V and -1.20 V. This indicated that the reduction 

reaction that occurred in the first cycle is irreversible. 

In the 3rd cycle, the two features reflecting the reduction of sulfur at -0.44 V and -0.69 V 

were no longer present. At more negative potentials, the ferric to ferrous specie’s reduction 

features appeared at -0.96 V as the electrodes were cycled to -1.10 V, -1.15 V and -1.20 V. In 

the discharge cycle of these three electrodes, the peaks from the oxidation of ferrous 

specious to ferric species were also observed. 
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Figure 45: Cyclic-voltammogram of “Pristine FeS2” cycled at 5 mV.s-1 to different lower vertex 
potentials (1st cycle and 3rd cycle) 

 

In the 10th scan cycle, the magnitude of the peaks stemming from both the reduction and 

oxidation reactions between the ferrous and ferric species increased. The electrodes cycled 

to different lower vertex potentials also demonstrated different onset and peak-current 

potentials. In the forward scan, the onset and peak-current potentials were more negative 

when cycled to more negative Vmin, while in the reverse scans, the potentials were more 

positive with increasingly negative Vmin. Further changes in the positions of the potentials 

and the shape of the cyclic-voltammograms were observed in the 30th cycle. With regards to 

the electrode cycled to Vmin of -1.20 V, the onset potential of ferric species’ reduction peak 

was approximately 27 mV more positive than in the 10th cycle, and in the reverse scan, the 

oxidation of ferrous species occurred over a feature with two plateaus. This suggests that 

different reaction products were formed over the previous formation cycles after the 

electrode materials were reduced to metallic iron. 
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Besides the aforementioned observations, the electrode cycled to a Vmin of -1.20 V also 

demonstrated the oxidation of metallic iron to ferrous species at -0.95 V in the 10th cycle. 

Unlike the case of the iron oxides, this peak remained present at the 30th cycle with the 

iron disulfide electrode. By comparing these results with those of the iron oxides, it can be 

deemed that iron disulfide reduced to metallic iron at more positive potentials.  

 

 

Figure 46: Cyclic-voltammogram of “Pristine FeS2” cycled at 5 mV.s-1 to different lower vertex 
potentials (10th cycle and 30th cycle) 
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Figure 47: Emergence of polysulfides in the electrolyte after the iron disulfide electrodes 
were immersed therein and cycled 

 

 

Figure 48: Precipitate formation at the bottom of the cell after 200 cycles 

 

The specific discharge capacities of the electrodes were again determined with Equation 18, 

in which the amount of charges retrieved from the electrodes over the oxidation cycles and 

with respect to the active materials’ mass on the electrodes. These results are plotted in 

Figure 49 and Figure 50. It is observed from these plots that the composites synthesized 

with three and nine grams of activated carbons respectively, demonstrated specific 

discharge capacities similar to their iron oxide counterparts in section 4.3.1. Conversely, 

with regards to the electrode materials containing higher loadings of iron disulfides, the 

pristine iron disulfide and its composite synthesized with one gram of activated carbon 

already demonstrated appreciable capacity contributions from the iron-based materials 

when cycled to a Vmin of -1.05 V. 

In general, the electrodes containing pristine iron disulfide demonstrated gradual increase 

in its specific discharge capacities starting from the 1st cycle. The plot in Figure 49 illustrated 

that with a Vmin of -1.05 V, the specific discharge capacity of the iron disulfide peaked at the 

51st cycle with a value of 91 mAh.g-1. Its discharge capacity declined gradually thereafter to 

about 33 mAh.g-1 at the 200th cycle.  

One of the causes for the decline in its discharge capacity was the loss of electrode materials 

from the electrode over the cycles. An image of the cells in this series was taken after the 
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200th cyclic-voltammetry scan cycle and shown in Figure 48. The image showed that the 

bottom of the compartment containing the working electrode was covered with particles. 

These particles are exfoliated and precipitated from the electrode and they were observed 

in all the cells from this series after the characterization process. These precipitates are 

thought to be iron sulfides. The amount of material at the bottom of the cell observed 

visually increased with increasing amounts of iron disulfide on the electrodes, and also 

when cycled to increasingly negative lower vertex potentials.  

With the shift of the Vmin from -1.05 V to -1.10 V, the increase in the electrode material’s 

specific discharge capacity occurred at a higher pace. With Vmin at -1.10 V, the electrode’s 

capacity peaked at the 43rd cycle displaying a specific discharge capacity of 109 mAh.g-1. This 

trend continued with each shift of the lower vertex potential to more negative potentials. 

The electrode material’s specific discharge capacity peaked at around the 33rd cycle with 

122 mAh.g-1 as the Vmin was at -1.15 V. And with a Vmin of -1.20 V, the discharge capacity 

peaked at the 24th cycle with 125 mAh.g-1. 

 

Figure 49: Specific discharge capacity of iron disulfides/activated carbon composites cycled 
to Vmin of -1.05 V and -1.10 V  
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The general trend perceived from the composite synthesized with one gram of activated 

carbon is that its discharge capacities begin with a decrease and thereafter gradual increase 

to remain at a stable value above the composites with lower iron disulfide loadings. The 

number of cycles required for this electrode material to attain its peak discharge capacity 

again shortened as Vmin was shifted to more negative potentials. With a Vmin of -1.05 V, this 

electrode material was able to maintain a stable specific discharge capacity of 54 mAh.g-1 

after 54 cycles and the shift of the Vmin to -1.10 V resulted in the increase of the specific 

discharge capacity to 66 mAh.g-1 within 33 cycles. 

 

 

Figure 50: Specific discharge capacity of iron disulfides/activated carbon composites cycled 
to Vmin of -1.15 V and -1.20 V 
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maximum discharge capacity reduced to 19 as the cut off potential was set at -1.20 V. Its 

specific discharge capacity however did not increase with the change in Vmin. A maximum 

value of 75 mAh.g-1 was recorded, from which it reduced to 63 mAh.g-1 within the next 20 

cycles, followed by a further decline to 50 mAh.g-1 in the 200th cycle. This higher rate in 

decline as compared to other cutoff potentials could again be contributed in part by the loss 

of electrode materials during cycling as higher amounts of hydrogen were produced at the 

more negative lower vertex potential. 

The Coulomb efficiency of the pristine iron disulfide and its composites with activated 

carbon in this series are again evaluated, with Equation 19, by comparing their specific 

discharge capacities to the specific amount of charges consumed to charge the electrode in 

the reduction cycle and the results from these calculations are plotted in Figure 51 and 

Figure 52 for discussion. The plots in Figure 51 illustrate the specific charge and discharge 

capacity behaviors of the pristine iron disulfide cycled to the lower vertex potentials of -1.10 

V, -1.15 V and -1.20 V. The trends observed in these plots are explained with high amounts 

of electric charge consumed to reduce disulfide contents on electrode materials to sulfide 

anions in the 1st cycle. In the subsequent cycles, the amount of electric charges required to 

reduce the electrode decreased to amounts less than the electrodes’ discharged when Vmin 

were set to -1.10 V and -1.15 V. In the case where the lower vertex potential was at -1.20 V, 

the electrode’s specific discharge capacities remained lower than the specific charge 

capacities in the 2nd and 3rd cycles before exceeding it in the 4th cycle. 

In terms of Coulomb efficiency, the behavior observed in the 1st cycle was translated to 21%, 

18% and 0.8% with Vmin at -1.10 V, -1.15 V and -1.20 V respectively. The low Coulomb 

efficiencies in the 1st cycle is due to the reduction of the disulfide contents on the electrodes 

to sulfides, which in turn form soluble polysulfides in the electrolyte as seen in Figure 47. In 

the cycles that followed, the electrodes demonstrated specific discharge capacities higher 

than their specific charge capacities, indicating that their Coulomb efficiencies surpassed 

100%. The exceedingly high efficiencies demonstrated by the electrodes are due to the iron-

based material’s reaction with the polysulfide contents in the electrolyte. This finding will be 

verified with the experiments in the chapters that follow.  

Concerning the electrodes cycled to a Vmin of -1.20 V, the Coulomb efficiency it displayed 

was lower in comparison to those cycled to less negative Vmin. This is due to the higher 

amount of hydrogen evolution during the charging cycle, and in conjunction, higher 

amounts of electrode materials displaced from the electrode by the increase in volume flow 

of hydrogen bubbles evacuating the electrode.  
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Figure 51: Coulomb efficiency of “Pristine FeS2” electrodes cycled to Vmin of -1.10 V, -1.15 V 
and -1.20 V 
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Figure 52: Coulomb efficiencies of iron disulfides and its composites cycled to different lower 
vertex potentials 
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each plot decreased with the increasing amount of iron disulfide on the electrode. Their 

efficiencies increased in the immediate cycle that followed, with the pristine iron sulfide 

electrodes showing the most drastic increments. For the other activated carbon containing 

electrodes which were cycled to Vmin between -0.95 V and -1.10 V, their efficiencies 

maintained at values close to 100% over the 200 cycles. 

At more negative lower vertex potentials, the electrode materials demonstrated lower 

Coulomb efficiencies due to the evolution of hydrogen on the electrodes. With Vmin set 

at -1.15 V and -1.20 V, the electrode with the lowest amount of iron disulfide loading also 

demonstrated the lowest Coulomb efficiency. These results have come to show the 

advantages of compositing activated carbon and iron disulfide. The presence of activated 

stabilized the Coulomb efficiency of the composites, and while the electrode materials were 

cycled to more negative Vmin, composites with higher iron disulfide loadings demonstrated 

higher Coulomb efficiencies.  

 

4.3.3 Summary of findings from hydrothermally synthesized electrode materials 

 

In the synthesis of the iron-based materials and their composites, it was recognized in the 

iron oxide composite series that the ratio of activated carbon to other reactants influenced 

the chemical composition of the reaction products formed. In the case of iron disulfides, 

their crystallographic phases and morphologies changed. 

By reducing the electrode materials to different lower vertex potentials, it was observed 

that the materials were charged to different degrees and also presented different features 

in the discharge cycles. In conjunction, the Coulomb efficiency of the electrode materials 

were also affected due to either the evolution of hydrogen on the working electrode at 

more negative lower vertex potentials or their under-charging at insufficiently negative 

lower vertex potentials.  

From the characterization of the pristine iron oxide and its composites, it was observed that 

the pristine iron oxide only contributed specific discharge capacities less than 45 mAh.g-1 

and the increase in specific discharge capacity of its composite is contributed by the 

activated carbon. Nevertheless, the pristine iron oxide cycled to a Vmin of -1.20 V 

demonstrated in its third cycle that the discharge reaction from the metallic iron to ferrous 

species presented the electrode with high Coulomb efficiency.  

The presence of sulfides in the electrode material, and respectively, in the electrochemical 

cell lowered the over-potential for the reduction of the electrode materials to its metallic 

state. By charging the electrode materials to its metallic state with a Vmin of -1.20 V, the 

reaction products that were formed during discharge were different to those cycled to less 

negative lower vertex potentials and this was affirmed by the different onset potential, 
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peak-current potential and the different features in the cyclic-voltammogram of 

“pristine FeS2”. Sulfide’s inclusion in the electrochemical cell also enabled the electrode 

material to discharge from its metallic state to ferrous state over an increased number of 

cycles and its presence induced other reaction which contributed drastic increase in the 

electrodes’ discharge capacities and improvements in their Coulomb efficiencies.  

Lastly, by comparing the results in Figure 49 and Figure 50, the composite “with 1 g A.C.” 

exhibited stable discharge capacity and its values are higher than the composites 

“with 3 g A.C.” and “with 9 g A.C.” It can thus be determined that the increase in iron 

disulfide loading on the activated carbon scaffold improved the electrode material’s 

discharge capacity, and Coulomb efficiency at more negative Vmin. The presence of activated 

carbon also enhanced the electrode material’s cycling stability which is reflected in the 

composite’s Coulomb efficiency.  

 

4.4 Influence of copper on the composites 

  

In this section, the experiments were performed with consideration of the ameliorating 

effects copper presented to the iron sulfide electrodes perceived from the results in 

section 4.1. Herein, the commercial activated carbon was again decorated with iron oxides 

and iron disulfides. In these cases, varying amounts of iron were substituted with copper to 

produce Fe1-xCux –oxides and –disulfides on the activated carbon. The molar ratio of copper 

used to substitute iron range from x = 0.00, 0.05, 0.10, 0.25 and 0.50. In terms of loading, 

the amount of Fe1-xCux was increased to 16.64 millimoles with respect to each gram of 

activated carbon for both oxide and disulfide composite samples. This value was established 

with regards to synthesis yields of “Pristine FeS2” in section 4.3.2, for the synthesis of the 

sample corresponding to 50 w% of FeS2 and 50 w% of activated carbon in this section.  

For ease of reference, the samples in both oxide and disulfide composite series shall be 

referred to with respect to the amount of copper substitution. Thus for the oxide composite 

series, the samples for x = 0.00, 0.05, 0.10, 0.25 and 0.50 in the Fe1-xCux shall be abbreviated 

as “0 n% Cu(O)”, “5 n% Cu(O)”, “10 n% Cu(O)”, “25 n% Cu(O)” and “50 n% Cu(O)” 

respectively. In the same sequence for the amount of copper substitution, the disulfide 

composites will be abbreviated as “0 n% Cu(S)”, “5 n% Cu(S)”, “10 n% Cu(S)”, “25 n% Cu(S)” 

and “50 n% Cu(S)” respectively. 
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4.4.1 Fe1-xCux –oxide/activated carbon composites 

 

The SEM micrographs of the Fe1-xCux-oxide composites are presented in Figure 53 and 

Figure 54, with those in Figure 53 showing the iron oxide composite with activated carbon 

and those in Figure 54 showing the composites where different amounts of iron were 

substituted with copper. The five pairs of micrographs show that the surface of the 

activated carbon has been decorated with nano-sized Fe1-xCux-oxide particles. However, the 

morphology of these particles could not be differentiated. 

The differences between the products with varying amounts of copper were nevertheless 

reflected in their XRD patterns in Figure 55. Without copper substitution, magnetite was 

formed on the surface of the activated carbon. In substituting 5 mole % of iron with copper, 

the XRD pattern of this composite resemble that of the composite without copper but with 

broader peaks. Along with that, the presence of copper sulfide (Cu2-xS), was also identified 

at low intensities. 

With the further increase in the amount of copper substitution, the sample consisting of 

10 mole % of copper resulted in the formation of goethite, α-FeO(OH). Despite the amounts 

of copper included in the reactants, no copper containing phases were identified in this 

sample. The explanations could be that the copper containing phases are amorphous or that 

the copper ions were introduced into the iron lattice. The further increase of copper content 

to 25 mole % resulted in material which consisted mainly also of goethite, and in addition to 

that, small amounts of cuprite, Cu2O, were also identified. In the sample in which the copper 

content was increased to 50 mole %, another iron containing phase hematite, Fe2O3, was 

formed. Along with that, a higher amount of cuprite, Cu2O, in comparison to the previous 

sample, was also identified. 

 

    

Figure 53: SEM micrographs of FeOy/A.C. composite at different magnifications 

 

a) b) 
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Figure 54: SEM micrographs of Fe1-xCuxOy/A.C. composites with different amounts of copper 

 

 

a) b) 

c) d) 

e) f) 

g) h) 

; 
a) and b) show the micrographs of the composite where 5 mole % of the iron content was 

substituted with copper, c) and d) show those with 10 mole % substituted, in e) and f) the 

amount substituted was increased to 25 mole %, and in g) and h) 50 mole %. The 

micrographs in the right column are made at 3 times higher magnification those on their left. 
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Figure 55: XRD patterns of Fe1-xCuxOy/A.C. composites with different amounts of copper  

 

Table 5: ICP-OES determination of Fe/Cu molar percentage and loading on Fe1-xCuxOy/A.C. 
composite 

Sample Elements 

ICP-OES determined 
molar percentage of  

Fe: Cu / mole % 

ICP-OES determined mass 
percentage of elements  
on the composites / w% 

  

  

FeOy /A.C. Cu 0 ≤ 0.001 

“0 n% Cu(O)” Fe 100 23.70 
    

Fe0.95Cu0.05Oy /A.C. Cu 5 1.20 

“5 n% Cu(O)” Fe 95 21.20 
    

Fe0.90Cu0.10Oy /A.C. Cu 9 2.10 

“10 n% Cu(O)” Fe 91 19.80 
    

Fe0.75Cu0.25Oy /A.C. Cu 24 6.06 

“25 n% Cu(O)” Fe 76 17.30 
    

Fe0.50Cu0.50Oy /A.C. Cu 44 12.50 

“50 n% Cu(O)” Fe 56 14.30 
    

 

Chemical analyses in the form of ICP-OES were performed on the samples to determine the 

active material’s loading on the composite and also the molar ratio of copper to the amount 
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of iron, and these results are presented in Table 5. Through this measurement, it was 

established that the desired molar ratio of copper substitution for the composite 

“5 n% Cu(O)” was achieved. However, that was not the case with the increase in copper 

substitution with the largest difference of 6 mole % deviation identified in “50 n% Cu(O)”. To 

provide an estimate with regards to the iron-based materials loading on the activated 

carbon, the 23.70 w% of elemental iron, Fe, on the composite “0 n% Cu(O)” was translated 

to 32.67 w% of Fe3O4. 

Electrochemically, these electrodes were characterized over 200 cycles and the 

representative cyclic-voltammograms are shown from Figure 56, to Figure 58. The four plots 

in Figure 56 are the cyclic-voltammetry scan results between Vmax of -0.1 V and Vmin 

of -1.10 V. The general observation made was that the composites “0 n% Cu(O)” and 

“5 n% Cu(O)”, did not show appreciable redox features within this potential window. In the 

composites where the copper desired substitution was 10 mole % or higher, redox features 

can be seen between -0.40 V and -0.10 V along with a reduction feature with an onset 

potential at around -0.60 V. These features were not observed from the previous 

composites within the same potential ranges and are ascribed to the contribution from the 

copper contents within the composites. In the cyclic-voltammograms, these redox features 

from copper can also be noticed to be more prominent with increasing amounts of copper. 

With regards to the features at potentials negative of -0.40 V, the composites 

“10 n% Cu(O)”, “25 n% Cu(O)” and “50 n% Cu(O)” started demonstrating the presence of 

redox activities from the 1st cycle. The composites with 10 and 25 mole % of copper 

substitution share a reduction feature between -1.00 V and -1.10 V. In the discharge cycle 

that followed, these two electrodes demonstrated the presence of ferrous to ferric species 

oxidation reactions peaking at the potential of -0.67 V. In addition to that, the latter 

composite exhibited a reduction feature that peaked at around -0.63 V and this feature is 

attributed to the reduction of cuprous species to metallic copper.  

As for the composite “50 n% Cu(O)”, the reduction of cuprous species to metallic copper 

again emerged at the onset potential of -0.60 V. In this case, the reduction feature extended 

to the next features at -1.00 V and at -1.10 V which could be indicating the reduction of 

ferric to ferrous species and subsequently to metallic iron. In its reverse cycle, this 

composite displayed a peak with small magnitude at around -0.93 V which indicates the 

oxidation of metallic iron to ferrous species. 

In the 3rd cycle, the reduction peak at -0.97 V and the oxidation peak at -0.65 V increased in 

magnitude for the composites with at least 10 mole % of copper. The magnitude of these 

two peaks which reflect the conversions between the ferrous and ferric species further 

increased at the tenth cycle which then diminished in the 13th cycle’s plot. The results 

indicate that by substituting 10 mole % or more iron for copper, the electrode materials 

became more readily reduced. This could be due to the iron oxide phases formed in the 

presence of the respective amounts of copper. 
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Figure 56: Cyclic-voltammogram of Fe1-xCuxOy/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.10 V 
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The iron phases that were formed with 10 and 25 mole % of copper substitution were the 

same, and the difference in the magnitude of their redox feature can be explained with the 

difference in amounts of iron content on the respective electrode material. In the composite 

containing 50 mole % of copper, its iron content is the lowest among the list of electrode 

materials, however iron’s redox features from this composite are higher in magnitude than 

the sample with only 25 mole % of copper. This could indicate that the iron phases being 

formed therein are the readiest amongst to be reduced and respectively oxidized. The same 

trends were noticed from the plots in Figure 57 where the Vmin was extended to -1.15 V. 

Between the potentials -1.15 V and -0.40 V, the electrode with the composite containing the 

least amount of iron, “50 n% Cu(O)”, demonstrated the highest amount of oxidation of 

metallic iron to ferrous species in the 1st cycle. In the forward cycle, the over-potential for 

the reduction of ferrous species to metallic iron was also lower with increasing amounts of 

copper in the electrode materials. 

Up to the 3rd cycle, appreciable electrochemical activities could only be observed from the 

copper containing electrode materials. The intensity of the peak reflecting the oxidation of 

metallic iron to ferrous species decreased for the composites containing 10, 25 and 

50 mole % of copper, while their peaks reflecting their oxidation from ferrous to ferric 

species intensified. As for the composite with 5 mole % of copper substitution, both the 

features were seen to be increasing in magnitude. In the 10th cycle, the reduction and 

oxidation features emerging from the reactions between ferrous and ferric species were 

observed from all the electrode materials. While the metallic iron to ferrous species 

oxidation was low for all the composites, their redox features between the ferrous and 

ferric species further intensified. In the last plot of Figure 57, the redox features of all the 

electrode materials declined. From these results, it was witnessed that the redox features of 

the composite without copper emerged later than those with copper. It was thus perceived 

that the copper contents in the electrode materials assisted in the activation of the 

iron-based material. 

In the plots of Figure 58, faradic charge and discharge reactions was observed from all the 

composites from the 1st cycle as the Vmin was shifted to a more negative potential of -1.20 V. 

From the four plots, the same trend involving the increase in the various iron species’ 

electrochemical activities with increasing copper contents could be seen. The magnitudes of 

their metallic iron to ferrous species oxidation feature in the 1st cycle are also higher than 

those reduced to -1.15 V as the initially oxidized iron species were reduced to a higher 

extent at this more negative Vmin. In addition to exhibiting reduction at less negative 

potentials, the onset potentials of the oxidation features demonstrated by the copper 

containing electrode materials are also more negative than the composite without copper. 

This indicates that the over-potential required for the charging and discharging process of 

the copper containing composites are lower than the composite without copper. This, in 

turn, can be translated to the copper containing electrode materials possessing higher 

energy efficiencies. 
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Figure 57: Cyclic-voltammogram of Fe1-xCuxOy/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.15 V 
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Figure 58: Cyclic-voltammogram of Fe1-xCuxOy/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.20 V 
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The specific discharge capacities of the composite electrode materials has been calculated 

with Equation 18 and are compared in Figure 59 and these results will be discussed along 

with their respective Coulomb efficiencies which were calculated with Equation 19 and 

shown in Figure 60. In general, the composites containing copper demonstrated higher 

specific discharge capacities in the initial cycles, despite containing less amounts of iron. 

After the initial cycles, the specific discharge capacities of the composites with 10 mole % or 

more copper declined to values below those demonstrated by the composite without 

copper. In the electrode material with 5 mole % of copper, its specific discharge capacity 

was higher than the composite without copper, despite the former possessing more iron for 

the charge and discharge processes. Unlike the composites containing higher amounts of 

copper, this observation could be made almost throughout the three plots in Figure 59.  

By further increasing the amount of copper substitution to 10 mole %, the increase in this 

electrode material’s specific discharge capacity in the initial cycles further increased. Its 

specific discharge capacity however faded over the cycles to eventual value below the other 

two materials with higher iron contents. This material’s specific discharge capacity peaked 

within fewer cycles with the shift of Vmin to more negative potentials. The same trend was 

observed by the composite with 25 mole % of its iron content substituted with copper. 

However, with even less iron content, the “25 n% Cu(O)” composite presented less specific 

discharge capacities. In the sample with the least amount of iron, its initial specific discharge 

capacity was the highest amongst. This is due to the redox contributions from its copper 

content as seen from its cyclic-voltammograms in Figure 56, Figure 57 and Figure 58. As its 

specific discharge capacity fade over the cycles, it maintained at values above the 

“25 n% Cu(O)” composite despite possessing less iron, owing to the contributions from its 

copper content at more positive potentials. 

With regards to the various composites’ Coulomb efficiency cycled to different Vmin, a 

majority of their values overlap each other with cutoff potentials set at -1.10 V and -1.15 V. 

At the Vmin of -1.10 V, their Coulomb efficiencies maintained at values above 98 %. In the 

initial cycles, the composites containing 10 mole % or more copper showed higher 

efficiencies than the composites with less copper content and at the same time higher 

electrochemical activities. This indicates that the charge and discharge process observed 

from “10 n% Cu(O)” “25 n% Cu(O)” and “50 n% Cu(O)” in Figure 56 have high efficiencies. 

Besides the 4% reduction in efficiency, these electrode materials demonstrated the same 

trend when the Vmin was shifted to -1.15 V. 

The electrode materials’ Coulomb efficiencies further reduced as the Vmin was shifted 

further to -1.20 V. With the exception of “50 n% Cu(O)”, it is seen from the bottom most 

plot in Figure 60 that the efficiencies of the materials were lower with the increase in 

copper content. Besides accrediting the higher efficiency of “50 n% Cu(O)” to the efficient 

redox reactions between its copper species, further investigations are required to pinpoint 

the lower efficiencies of the other copper containing composites. 



91 
 

 

Figure 59: Specific discharge capacity of Fe1-xCuxOy/A.C. composites cycled to different lower 
vertex potentials 
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Figure 60: Coulomb efficiency of Fe1-xCuxOy/A.C. composites cycled to different lower vertex 
potentials 
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4.4.2 Summary of findings of copper’s effects on iron oxide composites  

 

The specific discharge capacity contributions presented by the Fe1-xCuxOy are estimated with 

Equation 22. This is accomplished firstly by subtracting the interpolated specific discharge 

capacity contributions of the activated carbon within the potential window from the specific 

discharge capacity of the composite calculated with Equation 18 and thereafter normalizing 

the values with regards to 32 w% of Fe1-xCuxOy on the composite. 

 

             = 
𝐶𝑆𝑝𝑒𝑐 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − 

𝐶𝑆𝑝𝑒𝑐 𝑜𝑓 𝐴.𝐶.

𝑀𝑎𝑠𝑠 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝐴.𝐶.

𝑀𝑎𝑠𝑠 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓  𝐹𝑒1−𝑥𝐶𝑢𝑥𝑂𝑦 
   Equation 22 

 

These results are plotted in Figure 61 and the calculations indicate that the copper’s 

inclusion appreciably increased the Fe1-xCuxOy’s specific discharge capacity. The most 

significant enhancement of iron’s discharge capability was presented when 10 mole % of it 

was substituted with copper. With Vmin at -1.10 V, -1.15 V and -1.20 V, Fe0.90Cu0.10Oy was 

calculated to present higher specific discharge capacity than the activated carbon within the 

first 30 cycles. Regarding the comparatively higher specific discharge capacity of 

Fe0.50Cu0.50Oy to the other composites in this series, a significant amount of discharge 

capacity was contributed by copper as witnessed from the plots from Figure 56 to Figure 58.  

The inclusion of copper in this series of iron oxide/activated carbon composite has 

presented the electrode material with several advantages. Firstly, it was witnessed from the 

cyclic-voltammetry scans that all the copper containing composites reduced at less negative 

potentials. This essentially allows the electrode to be charged more readily. On top of that, 

the cyclic-voltammograms with Vmin at -1.20 V also illustrated that these copper containing 

electrode materials discharge at more negative potentials when compared to that without 

copper. This effect presents the electrode material simultaneously with higher energy and 

power densities and enhanced energy efficiency. Kao et al accredited this observation to the 

improved conductivity in [48], however, the decrease in iron’s reduction over-potential 

cannot be limited to the enhancement in electronic conductivity.  

By referring to the cyclic-voltammograms from the series of electrochemically deposited 

samples in Figure AI-2, the electrode with copper as substrate presented more pronounced 

redox features of iron than the electrode with silver as substrate, despite the latter 

possessing higher electrical conductivity. In addition, the electrochemical characterization 

results herein are correlated with the respective material’s XRD patterns. In the sample 

without copper, the hydrothermal synthesis product was magnetite. In increasing amounts 

of copper, the ironed-based products formed were goethite and hematite. By comparing 

these different phases, magnetite is the most stable amongst them with a standard 

enthalpy of formation of -1120.9 kJ.mol-1 [49]. In comparison, goethite’s and hematite’s 

Specific discharge capacity 

contributions from Fe1-xCuxOy 
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enthalpies of formation are -562.9 kJ.mol-1 [50] and -825.5 kJ.mol-1 [51] respectively. Being 

thermodynamically less stable, the other iron phases could be reduced more readily than 

magnetite. However, after the initial formation cycles, the electrochemical reactivity of 

these materials diminished. This could be caused by the formation of more stable products 

over the cycles. 

 

 

Figure 61: Comparison of specific discharge capacity contributions from the Fe1-xCuxOy and 
from the activated carbon scaffold within different potential windows 
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4.4.3 Fe1-xCux –disulfide/activated carbon composites 

 

The last series of electrode materials synthesized for this thesis, the Fe1-xCuxS2/activated 

carbon composites and their SEM micrographs, are shown in Figure 62 and Figure 63. Unlike 

the Fe1-xCux-oxide composite series, the change in morphology of these iron-copper 

disulfides could be observed through their SEM micrographs as their copper contents were 

varied. In Figure 62 a) and b) where no substitution between iron and copper was made, the 

morphology of those composite resembles those seen in Figure 43 c) and d).  

With the substitution 5 mole % of the iron content for copper, the resulting size of the 

Fe1-xCuxS2 particulates in Figure 63 a) and b) reduced. This trend could also be observed in 

the following micrographs from Figure 63 c) through j) with each increment in the copper 

substitution. In addition, the grains of the particulates in Figure 63 e) through h) appear to 

be less angular than those particulates with less copper contents. 

By comparing the XRD pattern of the composites herein in Figure 64 with those in Figure 44, 

it is established that the products formed in both cases comprise of pyrite and marcasite, 

FeS2. These results thus affirm the reproducibility of the synthesis process. With reference 

to the XRD patterns in Figure 64, it is seen that the substitution of iron with copper resulted 

in the formation of chalcopyrite, CuFeS2. The intensity of the chalcopyrite peaks increased 

with the increasing amounts of copper in the composite, while the peaks reflecting the 

marcasite phase reduced. In the “50 n% Cu(S)” composite, its XRD pattern indicated that the 

particulates seen on the activated comprise mainly of chalcopyrite. 

 

    

Figure 62: SEM micrographs of FeS2/A.C. composite at different magnifications 
 

a) b) 
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Figure 63: SEM micrographs of Fe1-xCuxS2/A.C. composites with different amount of copper 

 

 

a) b) 

c) 

e) f) 

g) h) 

a) and b) show the micrographs of the composite where 5 mole % of the iron content was 

substituted with copper, c) and d) show those with 10 mole % substituted, in e) and f) the 

amount substituted therein was increased to 25 mole %, and in g) and h) 50 mole %. The 

micrographs in the right column are made at 3 times higher magnification those on their left. 

; 

d) 
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Figure 64: XRD patterns of Fe1-xCuxS2/A.C. composites with different amounts of copper 
 

The amounts of iron and copper in the composites and the molar fraction of these two 

metals were determined with ICP-OES and the results are listed in Table 6. These results 

show that the desired molar ratios between iron and copper have been achieved in the 

samples. With reference to its XRD pattern in Figure 64, the 15 w% of elemental “Fe” in “0 

n% Cu(S)” was used to estimate a “FeS2” loading on the composite to be 32.15 w%. 

 

Table 6: ICP-OES determination of iron loading and copper ratio of Fe1-xCuxS2/A.C. samples 

Sample Elements 

ICP-OES determined 
molar percentage of  

Fe: Cu / mol % 

ICP-OES determined mass 
percent of elements  

on the composites / w% 
    

FeS2/A.C. Cu 0 ≤ 0.001 

“0 n% Cu(S)” Fe 100 15.00 

 
   

Fe0.95Cu0.05 S2/A.C. Cu 5 0.79 

“5 n% Cu(S)” Fe 95 14.40 

 
   

Fe0.90Cu0.10 S2/A.C. Cu 10 1.67 

“10 n% Cu(S)” Fe 90 12.60 

 
   

Fe0.75Cu0.25 S2/A.C. Cu 24 4.37 

“25 n% Cu(S)” Fe 76 12.30 

 
   

Fe0.50Cu0.50 S2/A.C. Cu 50 9.10 

“50 n% Cu(S)” Fe 50 7.92 

0

5000

10000

15000

20000

25000

30000

10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 /

 a
.u

 

2 Theta / ° 

50 n% Cu

25n% Cu

10 n% Cu

5 n% Cu

0 n% Cu

      

       Chalcopyrite 
       (CuFeS2) 
 

       Marcasit 
       (FeS2) 
 

        Pyrite (FeS2) 



98 
 

The results from electrochemical characterizations and evaluation of these composites 

electrode materials are plotted in Figure 65, to Figure 69.  As it was also observed in 

previous disulfide containing electrode materials, the first cyclic-voltammetry scan cycles 

comprise of the irreversible reduction features with significant current magnitudes while 

features which are less significant were observed from the oxidation cycle that followed.  

In Figure 65, the 1st cycle of “25 n% Cu(S)” showed results which did not follow the trends 

displayed by the other composites. This is due to the poor electrical connections on the 

reference electrode which disrupted the measurements. This technical issue was resolved 

before the 2nd cycle.  

With regards to the other electrodes, the magnitude of their reduction features increase 

with the increase in their copper content. As these reduction reactions occur, the yellow 

hue indicating polysulfide’s presence, as described with reference to Figure 47, again 

emerged and intensified. In the electrodes where at least 10 mole % of iron was substituted 

with copper, oxidation features were seen at potentials higher than -0.40 V and with 

regards to this potential, these features are accredited to the oxidation of copper species. 

While no significant features contributed by iron can be observed in the 3rd cycle, features in 

the potential range of ferric and ferrous species’ redox reaction emerged in the 10th cycle 

from the composites with at least 10 mole % of copper. In the 30th cycle, these features 

intensified in all the composites herein, with the electrode material without copper 

displaying the most prominent features.  

By referring to their corresponding specific discharge capacities calculated with Equation 18 

in Figure 68, at a Vmin of -1.10 V, the materials containing copper showed higher values in 

the initial cycles. This is due to the contributions from copper’s oxidation reactions. Their 

specific capacities were seen to first decline within the first 20 cycles before increasing to 

stable values again thereafter. For this process, it was witnessed that the composite without 

copper, “0 n% Cu(S)”, required less cycles to attain stable discharge capacities.  

After attaining stable discharge capacities, the two composites containing the highest 

amount of copper, and respectively the least amount of iron, displayed the lowest discharge 

capacities. However, with 5 and 10 mole % of copper substituted into the composites, their 

specific discharge capacities are higher than or equal to that of the composite without 

copper.  

By comparing the specific discharge capacities over the 200 cycles in Figure 68, it can be 

deemed that the presence of copper delayed the formation of these composites in the 

initial cycles when Vmin was at -1.10 V. Thereafter, the presence of up to 10 mole % of 

copper assisted in utilization of the iron contents on the composites. 
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Figure 65: Cyclic-voltammogram of Fe1-xCuxS2/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.10 V 
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Figure 66: Cyclic-voltammogram of Fe1-xCuxS2/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.15 V 
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Some of the aforementioned trends with Vmin at -1.10 V remained for the electrodes after 

the lower vertex potential was shifted to -1.15 V. In Figure 66, the 1st reduction cycle again 

involved large reduction features with their magnitude in increasing sequences with respect 

to the increasing amounts of copper content. In the 30th cycle, however, “10 n% Cu(S)” 

demonstrated the highest magnitudes in its features indicating ferrous species’ oxidation to 

ferric species. This was also reflected in its specific discharge capacities in Figure 68. Therein, 

with Vmin at -1.15 V, its specific discharge capacity was the highest amongst the initial 

37 cycles. Thereafter, it declined to values comparable to those demonstrated by 

“0 n% Cu(S)” and “5 n% Cu(S)”.  

The specific discharge capacities of all the electrode materials were seen to decline after the 

initial phase where their values fluctuated. One of the reasons for this gradual decline could 

be the higher amounts of material loss from the electrode. As the Vmin was shifted 

from -1.10 V to -1.15 V, more hydrogen bubbles were produced on the respective 

electrodes during the reduction cycle, causing more electrode materials to be exfoliated 

from the electrodes. 

By further shifting the lower vertex potential to -1.20 V, features from the oxidation of 

ferrous to ferric species emerged in their 1st cycle before diminishing thereafter. The 

cyclic-voltammogram of their 3rd cycle showed that while the oxidation feature 

between -0.70 V and -0.50 V reduced in magnitude, another oxidation feature reflecting the 

oxidation of metallic iron to ferrous species, at potentials between -1.00 V and -0.80 V, 

emerged from the electrode materials containing copper. 

In the subsequent cycles, the reduction and oxidation reactions between the ferrous and 

ferric species increased in the composites containing copper. This was perceived as the 

features reflecting these reactions intensified in the 10th cycle. It was also observed from 

plot of the 10th and 30th cycle, the reduction of ferric to ferrous species of the composite 

“10 n% Cu(S)” occurred at less negative potentials than the composites with higher copper 

content.  

Contrary to the formation of the electrode materials by cycling them to a Vmin of -1.10 V, the 

increase in copper contents on the composites expedited the formation process when the 

Vmin was shifted to -1.15 V and -1.20 V. Redox features of the copper containing electrode 

materials emerged within less cycles and demonstrated higher peak magnitudes than those 

without copper. By substituting 10 mole % of iron with copper, the composite showed 

through its cyclic-voltammogram in Figure 67 that the iron-based materials formed on the 

electrode after cycling to Vmin of -1.20 V possessed lower over-potentials for both its 

reduction and oxidation reaction between the ferrous and ferric species. With this lower 

vertex potential, “10 n% Cu(S)” also showed redox features with magnitudes that were 

among the highest between this series of composites and its specific discharge capacity was 

also the highest. 
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Figure 67: Cyclic-voltammogram of Fe1-xCuxS2/A.C. composites cycled at 5 mV.s-1 to Vmin 
of -1.20 V 
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Figure 68: Specific discharge capacity of Fe1-xCuxS2/A.C. composites cycled to different lower 
vertex potentials 
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materials were removed from the electrodes, adding to the amount of charges 

unrecoverable during the electrode’s discharge process. 

 

 

Figure 69: Coulomb efficiency of Fe1-xCuxS2/A.C. composites cycled to different lower vertex 
potentials 
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4.4.4 Summary of findings of copper’s effects on iron disulfide composites 
 

In this section the results have again demonstrated that the dissolved sulfide contents in the 

electrolyte supplemented the electrode material with additional discharge capacity. It was 

also observed that the presence of copper in the electrode material assisted in the 

utilization of iron contents during the discharge process. Despite possessing less iron 

contents, composites “5 n% Cu(S)” and “10 n% Cu(S)” demonstrated discharge capacities 

comparable or higher than the electrode material without copper. The specific discharge 

contributions of the Fe1-xCuxS2 are calculated with regards to Equation 22 and plotted in 

Figure 70. This is accomplished by subtracting activated carbon’s contribution from the 

respective composites specific discharge capacity, and then normalizing the remaining 

discharge capacities with respect to amount of Fe1-xCuxS2 on the composite.  

 

Figure 70: Comparison of specific discharge capacity contributions from the Fe1-xCuxS2 and 
the activated carbon scaffold within different potential windows 
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formation cycles, and the values remained constant until the 200th cycle. Of these three 

iron-based materials, the two copper containing ones possessed higher specific discharge 

capacities. In the case of Fe0.95Cu0.05S2, the material maintained a stable specific discharge 

capacity of 113 mAh.g-1, which is approximately 50% of the theoretical specific capacity of 

FeS2, 223.5 mAh.g-1, when it is discharged from ferrous and ferric oxidation state. The shift 

of Vmin to -1.15 V reduced the number of formation cycles required for the iron-based 

materials and the discharge capacities of FeS2, Fe0.95Cu0.05S2 and Fe0.90Cu0.10S2 were also 

higher than the activated-carbon’s within that potential window. Albeit, their specific 

discharge capacities after the formation cycles were lower than that with Vmin at -1.10 V. 

The further shift of Vmin to -1.20 V resulted in a rapid decrease of discharge capacity after an 

initial increase and the Coulomb efficiency of these materials were comparatively lower 

when cycled at this Vmin. This is due to the increase in loss of the iron-based materials during 

cycling as more hydrogen was generated at this potential to exfoliate the materials from the 

electrodes. In comparison to the iron oxides in Figure 61, the calculated peak specific 

discharge capacity contributions of these three iron disulfides are lower. However, with Vmin 

at -1.10 V and -1.15 V, these three iron disulfides were able to maintain stable discharge 

processes with specific discharge capacities approximately 50% of FeS2’s and with Coulomb 

efficiencies above 97% over the 200 cycles.  

 

4.5 Na2S additive in electrolyte 

 

The experiments conducted in this section were to affirm the interactions between the 

soluble sulfides in the electrolyte and iron-based electrode materials. The characterization 

procedures include the cycling of electrodes from the Fe1-xCuxOy/activated carbon series, 

specifically with x = 0.00, 0.05 and 0.10.  Theses samples were cycled in an electrolyte 

containing 5.5 M KOH and 0.1 M Na2S. To avoid undesired reactions between the sulfide 

additives in the electrolyte and the reference electrode, the reversible hydrogen electrode, 

R.H.E, was used to orientate the potentials; as a potential difference of 0.91 V was 

measured between the R.H.E and the Hg/HgO reference electrode in a 5.5 M KOH, the 

vertex potentials were thus shifted accordingly to replicate measurements between -1.15 V 

and -0.10 V in a 5.5 M KOH with respect to the Hg/HgO reference electrode. 

The cyclic-voltammograms of the scans under the above-mentioned conditions are plotted 

in Figure 71. In the 1st cycle, the two composites containing copper reduced first. The onset 

reduction potential of the composite “5 n% Cu(O)” is established to be less negative than 

that of the composite without copper, and the composite “10 n% Cu(O)”, reduced at an 

onset potential of -0.06 V, which is at least 100 mV less negative than the two composites 

with lower copper contents. With lower copper contents, the discharge of the electrodes 

containing “0 n% Cu(O)” and “5 n% Cu(O)” began with crossovers in the ensuing reverse 

scan. These results again showed that the presence of copper in the electrode materials 



107 
 

reduced the over-potential for the reduction of ferrous species and simultaneously 

increased its over-potential for hydrogen evolution.  

 

 

Figure 71: Cyclic-voltammogram of “0 n% Cu(O)”, “5 n% Cu(O)” and “10 n% Cu(O)” cycled at 
5 mV.s-1 in an electrolyte containing 5.5 M KOH and 0.1 M Na2S  
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Within the first 10 cycles, the oxidation of metallic iron to ferrous species intensified initially 

for all three composites before diminishing. In contrast, the reduction and oxidation 

features between ferrous and ferric species increased in magnitude. Despite the addition of 

0.1 M Na2S in the electrolyte solution, the over-potential for the reduction of ferrous 

species increased over the cycle as was the observed in Figure 57. In the 30th cycle, besides 

the presence of ferrous and ferric redox activities, two pairs of features as indicated by the 

dotted arrow emerged, these peaks could be reflecting the reduction and oxidation of 

polysulfides due to the addition of Na2S in the electrolyte. However, the exact reactions 

leading to their appearance will require further investigations. 

The specific capacities and Coulomb efficiencies of these three composites were calculated 

with their respective cyclic-voltammetry characterization data and the initial mass of active 

materials on the electrodes with regards to Equation 18 and Equation 19 respectively. These 

results are plotted in Figure 72 and compared to those of the same composites in Figure 59 

and Figure 60, where they were cycled in the electrolyte without Na2S. Due to a hydrogen 

bubble build-up at the reference electrode during the measurements for “0 n% Cu(O)”, the 

process was disrupted and stopped at the 88th cycle instead of the 100th.  

In the three plots in Figure 72, it could be seen that the specific capacities demonstrated by 

the composite electrode materials peaked before declining to lower values. Besides the 

possible degradation of material’s electrochemical properties, electrode materials were 

witnessed to exfoliate from the electrode over the cycles. The pictures of the cell before and 

after cycling are shown in Figure 73 a) and b) respectively and the precipitates at the bottom 

of Figure 73 b) were analyzed through SEM and EDS. 

When cycled without Na2S in the electrolyte, the specific capacities of “0 n% Cu(O)” 

“5 n% Cu(O)” and “10 n% Cu(O)” peaked at 62 mAh.g-1, 77 mAh.g-1 and 88 mAh.g-1 

respectively. With the addition of Na2S in the electrolyte, the respective values increased to 

128 mAh.g-1, 132 mAh.g-1 and 134 mAh.g-1. The specific discharge capacity for “0 n% Cu(O)” 

at the 88th cycle was 94 mAh.g-1 herein, as compared to 53 mAh.g-1 while being cycled in the 

electrolyte without Na2S. At the 100th cycle, “5 n% Cu(O)” also exhibited a specific discharge 

capacity of 94 mAh.g-1, while without Na2S the value was 51 mAh.g-1. The most drastic 

improvement seen was from “10 n% Cu(O)”, its specific discharge capacity cycled in the 

electrolyte with and without Na2S are 99 mAh.g-1 and 44 mAh.g-1 respectively. 

When cycled in the electrolyte without Na2S, the Coulomb efficiencies of these materials 

were calculated to be between 95% and 97%. With the addition of Na2S in the electrolyte, 

these electrode materials exhibited Coulomb efficiencies exceeding 110%. Thus, besides the 

reported improved utilization of iron contents on the electrode materials through the 

inhibition of passivation film formation [27], the exceedingly high Coulomb efficiency 

indicates the occurrence of other ameliorating reactions with the presence of soluble sulfide 

contents. Some of the possible reactions that could have contributed to this effect are the 

oxidation of sulfides to sulfur in Equation 23, or through the oxidation of sulfides to 
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polysulfides in Equation 24, respectively the further oxidation of polysulfides in Equation 25 

and also further oxidation to oxygen containing species such as the sulfate anion. 

 

𝑆2− → 𝑆 + 2𝑒−        Equation 23 

 

𝑛𝑆2− → 𝑆𝑛
2− + (𝑛 − 2)2𝑒− + 2𝑒−      Equation 24 

 

𝑆𝑛1
2− + 𝑆𝑛2

2− → 𝑆𝑛3
2− + 2𝑒−       Equation 25 

 

 

 

Figure 72: Specific capacities and Coulomb efficiencies of “0 n% Cu(O)”, “5 n% Cu(O)” and 
“10 n% Cu(O)” cycled in an electrolyte containing 5.5 M KOH and 0.1 M Na2S 
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Figure 73: Images of electrochemical cell before and after cycling in electrolyte containing 
5.5 M KOH and 0.1 M Na2S 

 

After the cyclic-voltammetry scans, both the electrodes and the precipitates exfoliated 

during cycling from all three composites were further investigated through SEM and EDS. 

The micrographs of the three electrodes after cycling are shown in Figure 74 while its EDS 

analysis results are shown in Figure 75, Figure 76 and Figure 77.  

By comparing these six micrographs, it could be noticed that micrometer-sized 

agglomerates were formed after cycling of the electrode material without copper. In 

contrast, those formed from cycling “5 n% Cu(O)” and “10 n% Cu(O)” were much finer and 

more homogenously distributed over the surface of the electrode. Through this finding, it 

can be concluded that the effects of copper is besides its limiting of the electrode material’s 

over-potentials, rather its presence changed the recrystallization behavior of the iron-based 

compounds. 

The formation of such agglomerates on “0 n% cu(O)” reduced the iron compound’s surface 

to volume ratio. This could in turn inhibit the iron compound’s interaction with the 

electrolyte during the charging and discharging processes, and increase the over-potentials 

required for the reactions. These particles were determined to be iron-based through EDS 

analysis results shown in Figure 75, Figure 76 and Figure 77. In Figure 75, a significant 

amount of characteristic X-ray signals from iron was detected along with those of oxygen 

from the agglomerate of the cycled “0 n% cu(O)”.   

From the cycled “5 n% Cu(O)”, the micrograph in Figure 76 showed the presence of particles 

that were one order of magnitude different in size. Representative EDS analyses were 

performed on a finer particle and a portion of the larger particle. The EDS spectrum on the 

left revealed that the smaller particle contained copper, while from the spectrum on the 

right, no characteristic X-ray signals from copper was detected from the portion of the 

larger particle analyzed. In Figure 77, the presence of copper was also detected along with 

iron and oxygen in the fine particles of the cycled “10 n% Cu(O)”.  

a) b) 

5.5 MKOH and 0.1 M Na2S; with a) showing the cell before cycling and b) after cycling 
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These results indicate that the presence of copper promoted the formation of iron-based 

particles with higher surface to volume ratios which were better distributed over the 

activated carbon’s surface during cycling compared to those without. In that, the presence 

of copper could have provided favorable nucleation sites which were distributed over the 

activated carbon’s surface for the nucleation of these particles, or that copper introduced 

defects in the crystal structures of the iron-based materials, causing the growth of smaller 

grains. 

 

 

Figure 74: SEM micrographs of electrodes after cycling in electrolyte containing 5.5 M KOH 
and 0.1 M Na2S  

a) b) 

c) d) 

e) f) 

; a) and b) are of the electrode with “0 n% Cu(O)”, c) and d) are of the electrode 
with “5 n% Cu(O)”, and e) and f) with “10 n% Cu(O) 
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Figure 75: EDS analysis of “0 n% Cu(O) electrodes after cycling in electrolyte containing 
5.5 M KOH and 0.1 M Na2S 

 

 
 

Figure 76: EDS results of “5 n% Cu(O) electrodes after cycling in electrolyte containing 
5.5 M KOH and 0.1 M Na2S 

 
 

Figure 77: EDS results of “10 n% Cu(O) electrodes after cycling in electrolyte containing 
5.5 M KOH and 0.1 M Na2S  
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The materials exfoliated from the electrode over the cycles were analyzed and the results 

are shown in Figure 78 and Figure 79. The micrographs in Figure 78 are those taken from the 

bottom of the glass cell of the three electrode materials after cycling in the electrolyte 

containing KOH and Na2S.  

 

 

Figure 78: SEM micrograph of exfoliated materials from cycling in the electrolyte containing 
5.5 M KOH and 0.1 M Na2S 

 

It could be seen in the micrographs in Figure 78 that the exfoliated materials are 

micrometer–sized agglomerates with surface morphology resembling flakes. And in Figure 

78 e) and f), the surface of these exfoliated materials from “10 n% Cu(O)” are also decorated 

a) b) 

c) d) 

e) f) 

; a)  and  b)  are  precipitates  from  “0 n% Cu(O)”,  c)  and  d)  are  

precipitates from “5 n% Cu(O)”, and e) and f) from “10 n% Cu(O)”  
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with smaller particles possessing a different morphology. In combination with the EDS 

analysis in Figure 79, these exfoliates were determined to contain appreciable amounts of 

iron and oxygen along with carbon and sulfur.  

 

 

Figure 79: SEM micrographs and EDS analysis of precipitates from electrodes after cycling in 
electrolyte with 5.5 M KOH and 0.1 M Na2S 

 

0 n% Cu(O) 

5 n% Cu(O) 

10 n% Cu(O) 
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4.5.1 Summary of findings of sulfides as electrolyte additive 

 

The discharge capacity enhancement effect of soluble sulfides in the electrolyte has been 

affirmed in this series of experiments. Herein, it was observed that the addition of 

0.1 M Na2S in the electrolyte doubled the discharge capacity of the various iron oxide 

containing electrode materials in spite of the constant loss of electrode materials over the 

cycles. The same calculation to estimate specific discharge capacity contributions from 

faradic reactions, such as that in Figure 61, was carried out with regards to with 

Equation 22. Again, the contributions from activated carbon was subtracted from the 

specific discharge capacity calculated with Equation 18 and thereafter normalized with 

respect to the 32 w% of Fe1-xCuxOy. These calculated results are plotted in Figure 80. The 

comparison of this plot to the results with Vmin at -1.15 V in Figure 61 showed that the 

discharge capacity contributions apart from the activated carbon’s increased manifold with 

the presence of sulfides in the electrolyte. In addition, the presence of these sulfides also 

increased the electrode’s Coulomb efficiency to above 100%. Besides the inhibition of 

passivation layer’s formation, the exceedingly high Coulomb efficiency indicates that these 

sulfides oxidize to supplement the iron oxide composites’ discharge capacity.  

The disadvantage of the presence of sulfides in this measurement setup is that it promotes 

the loss of electrode materials from the electrode. By comparing the images of the 

electrochemical cell before and after cycling, it could be determined that a substantial 

amount of electrode materials have been detached from the electrode. And by comparing 

the SEM micrographs of the electrodes after being cycled in the Na2S containing electrolyte 

to the micrographs of exfoliated materials, it can estimated that the exfoliated materials 

consist of higher amounts of the iron-based materials.  

 

 

Figure 80: Comparison of specific discharge capacity contributions from the Fe1-xCuxOy to the 
activated carbon scaffold within different potential windows in a 5.5 M KOH + 0.1 M Na2S 

electrolyte 
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The advantage of copper’s presence in the iron-based compounds was also unveiled in this 

section. Through the SEM and EDS analyses of the cycled electrode, the presence of copper 

was shown to promote finer and more homogenous distribution of the latter over the 

activated carbon scaffold. This effect enhanced the utilization of the iron contents on the 

three composites by improving the charge and mass transport as the iron-based 

compounds’ contact with the conductive activated carbon scaffold was increased along with 

their surface to volume ratios. 
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5. Conclusions  

 

With the possibility to be charged and discharged between its metallic, ferrous and ferric 

oxidation states, iron offers high theoretical specific capacities on top of economic 

advantages owing to its abundance. The extensive realization of iron’s potential as negative 

electrode material in aqueous alkaline batteries has been impeded, for example, by its 1) 

low Coulomb efficiency, due to the evolution of hydrogen during charging, 2) low power 

density, due to iron’s low solubility in the electrolyte and the formation of passivation layer, 

and 3) high self-discharge, due to iron’s low hydrogen reduction over-potential. The 

research in this thesis was thus set out to address these challenges. 

In commercial nickel-iron batteries, the iron negative electrodes are charged and discharged 

between its metallic and ferrous oxidation states, and the utilization of this two electron 

transfer process requires the electrode to be charged to potentials more negative than that 

required for hydrogen evolution in the aqueous electrolyte. To avert the undesired 

production of hydrogen during charging, the electrode materials studied within this thesis 

were reduced to less negative potentials and the focus was thus mainly on enhancing the 

charge and discharge performances of the one electron transfer process between iron’s 

ferrous and ferric states. 

The studies began by affirming the applicability of iron sulfide as an alternative electrode 

material to the iron oxides employed in commercial iron electrodes. This holds true 

especially when iron sulfide was electrochemically deposited onto copper as a substrate. In 

the subsequent researches, the investigations proceeded to reveal that the iron disulfides 

are more readily reduced from ferrous species to metallic iron, and also permitted the 

sustenance of discharge reactions from metallic iron to ferrous states over an increased 

number of cycles. In addition, soluble sulfides and polysulfides were emitted into the 

electrolyte as the iron disulfides were reduced in the initial charging cycles, and these 

sulfides oxidized on the electrode materials as the electrode material further discharge from 

its ferrous to its ferric oxidation state. These reactions delivered supplementary discharge 

capacities to the electrode materials and contributed to their Coulomb efficiency surpassing 

100% in the following cycles. This effect could be observed from the iron disulfide 

containing electrodes that were charged to potentials not lower than -1.15 V vs Hg/HgO. 

Although researches have been conducted with soluble sulfides as electrolyte additives, 

such as [29-31], the exceedingly high Coulomb efficiency has not been reported. Firstly, the 

iron-based electrode materials within these articles were charged to more negative 

potentials than those in this thesis, and the supplementary discharge capacity from the 

oxidation of sulfides could have been masked by the parasitic production of hydrogen, 

which in turn lowers the overall Coulomb efficiency. Secondly, it could be also due to the 

lower concentration of sulfides present in the electrolyte tested in the aforementioned 

studies. 
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The introduction of the commercial activated carbon as a conductive scaffold for the iron 

oxides and the iron disulfides assisted in improving the latter two’s cycling stability. 

However, iron-based compounds were still observed to precipitate from the electrode, 

especially in the presence of sulfides. Thus, further developments on the scaffold’s 

properties are required to prevent the loss of these iron-based active materials and to 

further exploit the benefits of employing a conductive scaffold.  

Copper and its compounds are among the less researched electrode additives for iron-based 

negative electrode material. In one study, Abdalla et al claimed that the presence of copper 

potentially increased the over-potential for hydrogen evolution reactions by increasing the 

activation of barrier for electrolyte decomposition [52]. While Kao et al demonstrated in 

[48] that the over-potentials during charging and discharging processes can be reduced by 

improving the electronic conducting network between the iron nanoparticles synthesized, 

and this was achieved by enveloping the electrode material within copper shells. In 

recognition of iron sulfide’s higher discharge capacity and cycling stability on copper than on 

nickel in the initial feasibility tests, copper’s effects on the iron-based electrode materials 

were also further explored herein.  

Through the partial substitution of iron contents with copper on iron oxide’s composite with 

activated carbon, it was observed that copper’s presence increased the over-potential for 

hydrogen evolution reactions and this observation coincide with the finding reported in 

[52]. By cycling the electrode material to a lower vertex potential of -1.20 V, the samples 

with at least 10 mole % of their iron contents substituted with copper circumvented the 

hydrogen evolution through self-discharge reactions occurring in the initial cycles. This 

effect is also affirmed by comparing the cyclic-voltammograms of the iron sulfide 

electrochemically deposited on nickel and copper substrates; in that, the electrode with 

nickel as substrate demonstrated a crossover between the charge and discharge profile, 

indicating the occurrence of self-discharge through the above-mentioned hydrogen 

evolution process, while the crossover was not observed with copper as substrate. The 

addition of copper ions as reactants in the hydrothermal synthesis of the iron oxides also 

brought about the formation of ferric species which are more readily reduced than 

magnetite, and this allows the electrode to be charged more efficiently. This finding hints 

that further research could be carried out to promote the formation of thermodynamically 

less stable phases during the discharge process.  

In combination with polysulfides in the electrolyte, copper as an electrode material additive 

also increased the utilization of the iron contents present on the electrode materials, given 

that the composites with lower specific iron loading were able to demonstrate equal or 

higher specific discharge capacities. This was achieved as the presence of copper altered the 

recrystallization behavior of the iron-based compounds and promoted the formation of 

iron-based particles with manifold increased surface-to-volume ratio, which were more 

homogenously distributed over the surface of the activated carbon scaffold over the charge 
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and discharge cycles. In that process, copper and its compound could have provided 

favorable nucleation cores over the dissolution and deposition processes during charging 

and discharging [53].  

By cycling the electrode materials between iron’s ferrous and ferric oxidation states, the 

challenges such as parasitic hydrogen evolution and high self-discharge have been 

circumvented. In this thesis, it was seen under these conditions that the peak specific 

discharge capacity contribution of the iron oxide on activated was calculated to have 

increased from 60 mAh.g-1 to 160 mAh.g-1 when 10 mole % of the iron content was 

substituted with copper. In the process, they demonstrated Coulomb efficiencies of ca. 95%. 

However, in both cases, rapid decays in the specific capacity were observed after repeated 

cycling. Through the addition of Na2S additives in the electrolyte, Fe0.90Cu0.10Oy’s peak 

specific discharge capacity contribution was calculated to further increase to 290 mAh.g-1, 

and decrease by about 100 mAh.g-1 within 100 cycles. Therein, the electrode material 

seemingly demonstrated Coulomb efficiencies between 110% and 120%. This exceedingly 

high Coulomb efficiency was possible due to the supplementary discharge capacity provided 

by the sulfide additive’s oxidation. This supplementary discharge capacity could be 

sustained over 100 cycles as the sulfides were in high excess due to the high amount of 

electrolyte used relative to amount of electrode material characterized.  

In a recent publication by Lei et al [54], an iron oxide/activated carbon composite was also 

characterized. Therein, their composite consisted of an in-house synthesized activated 

carbon impregnated with a mixture of metallic iron and iron oxides to ca. 60 w%. the iron-

based particles were less than 5 nm in size. With the use of these finely distributed iron 

nanoparticles and indium(III) acetylacetonate as electrode additive, the composite 

demonstrated a high initial specific discharge capacity of 700 mAh.g-1. The values gradually 

faded to a ca. 420mAh.g-1 within 40 cycles and maintained at this level over the next 30 

cycles. Comparatively, this value is 120 mAh.g-1 higher than the commercial 

activated carbon/iron-nanoparticles composite they used as a benchmark. The loss of 

discharge capacity from the composite synthesized by Lei et al was partly accredited to the 

dissolution of iron-based materials over the charge and discharge cycles which were also 

reported over the course of this thesis work. Although these values are promising, the high 

discharge capacities were achieved at the expense of low Coulomb efficiencies, with values 

between 40% and 50% for the research composite, and between 55% and 65% for the 

commercial material. Besides demonstrating improvements in discharge capacities, this 

study from Lei et al again highlighted the challenges in simultaneously improving the 

utilization of iron-based electrode material and its cycling stability, and last but not least the 

challenges in efficiently charging the iron-based electrode material. 

Currently lithium ion batteries and lead acid batteries for example are among those 

preferred over the nickel-iron battery. This is due the former twos’ performance and their 

cost effectiveness [55, 56]. In order to fully exploit iron’s advantages and potential as a 
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negative electrode material, researches are required to extend into the two electron 

transfer charging and discharging process between iron’s ferrous and metallic iron states. 

Besides investigations to decrease the over-potential for the reduction of ferrous species, 

and the simultaneous increase in over-potential for hydrogen reduction reaction, the 

reversibility of cycling the electrode material between iron’s metallic and ferric oxidation 

states, the stable and higher utilization of the iron, and the development of economical 

electrode material synthesis methods would also of paramount importance to improve 

nickel-iron battery’s market competitiveness. 
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Appendix 

 

Appendix I – Cyclic-voltammograms of iron sulfide electrochemically deposited on 

different metallic substrates 

 

This appendix section shows a series of cyclic-voltammetry analysis results from which FeSx 

was electrochemically deposited on substrates consisting of various transition metals and 

post-transition metals. The goal of this series is to uncover the potential influence and 

enhancement effects these metals could present to the electrode material. The respective 

electrodes were cycled between a potential window of -1.15 V and -0.10 V, with respect to 

the Hg/HgO reference electrode, and in a 5.5 M KOH aqueous electrolyte. These results are 

shown from Figure AI-1 to Figure AI-3.  

 

Figure AI-1: Cyclic-voltammogram of FeSx electrochemically deposited on copper foil and 

cycled within a potential window of -1.15 V and -0.10 V 

 

The cyclic-voltammogram of the electrode with FeSx electrochemically deposited on a 

copper substrate is shown in Figure AI-1. This plot reveals the oxidation of the copper 

substrate at potentials greater than -0.40 V. Owing to the interactions between the oxidized 

copper and iron species several reduction peaks emerged between -0.65 V and -1.10 V in 

addition to that reflecting ferric species’ reduction to ferrous species at 

approximately -0.95 V, and these features intensify over the cycles. Due to the 

overwhelmingly high peak-current magnitude contributed by the copper species, this plot is 

scaled along the vertical axis and plotted in Figure AI-2 to compare its features arising from 

iron’s redox activities with electrodes consisting of FeSx deposited on other metals. 
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Figure AI-2: Cyclic-voltammogram of FeSx electrochemically deposited on various substrates 

and cycled at 5 mV.s-1 within a potential window of -1.15 V and -0.10 V; please note the 

different scale on the vertical axis of a) 
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The plots in Figure AI-2 compare the cyclic-voltammetry results of the electrodes consisting 

of FeSx electrochemically deposited on a) copper, b) nickel, c) silver, d) titanium and 

e) manganese. With the electrode material deposited on copper, the features contributed 

by the oxidation of metallic iron to ferrous species, at approximately -0.95 V, and ferrous to 

ferric species, at approximately -0.63 V, are more prominent than those of the electrodes 

with other metals as the substrate.  

With the electrode material on nickel, in b), and on silver, in c), the oxidation peaks of 

ferrous to ferric species at approximately -0.63 V became more defined from the 2nd cycle 

onwards and in both plots the oxidation feature extended to more positive potentials over a 

flat plateau. Though, their peak currents are at considerably lower comparing to that in a) 

and they decreased further over the cycles.  

In Figure AI-2 d) and e), where the electrode material was deposited on titanium and 

manganese respectively, the magnitude of these electrodes’ oxidation current are also 

significantly smaller than the peak current of the oxidation features seen in a), and they also 

diminished over the cycles. Nevertheless, it can be seen that onset potential of the 

oxidation process began at more negative potentials and extended to more positive 

potentials than observed in a).  

With copper as substrate, it is adjudged that the over-potential for the reduction of ferrous 

species lowered and this allowed the reverse reaction seen in the oxidation peak at -0.95 V 

to sustain over the 10 cycles. In addition to that, the oxidation of ferrous species at -0.63 V 

was also manifold more intensive than those measures from the other electrodes in 

Figure AI-2. With these reasons, the ameliorating effects of copper on iron-based electrode 

materials were further investigated and incorporated in the composites synthesized. 

In this series, an electrode consisting of FeSx electrochemically on a tin foil was also 

characterized and the cyclic-voltammogram of this electrode is shown in Figure AI-3. It is 

seen in this plot that both the magnitudes of the oxidation and reduction features are much 

larger than the features present in Figure AI-1 and Figure AI-2. These features are however 

contributed by the oxidation of substrate. In the plot of Figure AI-3, oxidation features 

emerged in the reductive cycle at onset potentials of -0.67 V and -0.78 V due to the 

spontaneous oxidation of metallic tin to stannous species in the concentrated strong 

alkaline electrolyte [57, 58]. At the above-mentioned potentials, metallic tin surfaces are 

exposed to the electrolyte after the passive oxides layers are reduced. This led to the 

formation of soluble stannous species and the dissolution of the collector over the cycles. 

Due to soluble reaction products formed in the potential range of interest, tin as an additive 

was not further investigated. 
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Figure AI-3: Cyclic-voltammogram of FeSx electrochemically deposited on tin foil and cycled 

within a potential window of -1.15 V and -0.10 V 
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Appendix II – Galvanostatic charge and discharge of Kuraray YP-50F 

 

In this thesis, the commercial activated carbon from Kuraray, YP-50F, was utilised as the 

conductive scaffold for deposition of iron-based compounds. To analyse its electrochemical 

characteristics and capacity contributions, the activated carbon was charged to different 

cutoff potentials and these results are shown from Figure AII-1 to Figure AII-5. For the 

characterisation process, the three-electroded cell was used, with the 5.5 M KOH as 

electrolyte and Hg/HgO reference electrode was used to orientate the potentials. 

 

 

Figure AII-1: Galvanostatic charge/discharge profile of commercial activated carbon 

(kuraray YP 50F) with lower vertex of -1.00 V and -1.05V vs. Hg/HgO and current density of 

0.1 A.g-1 

 

Figure AII-2: Galvanostatic charge/discharge profile of commercial activated carbon 

(kuraray YP 50F) with lower vertex of -1.07 V vs. Hg/HgO and current density of 0.1 A.g-1 
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The plot in Figure AII-1, shows the characteristics of the electrode material when charged to 

cutoff potentials of -1.00 V and -1.05 V, and discharged to 0.00 V. The measurements were 

carried out at a current density of 0.10 A.g-1. With the same current density, the potential 

window was further extended by charging the electrode material to -1.07 V and the results 

are plotted in Figure AII-2. Through the linear charge and discharge characteristics seen in 

these two plots, it is determined that the prevailing charge storage mechanism within these 

potential windows is through the formation of helmholtz double layer. 

In Figure AII-3, the results shown are from the measurements carried out at 0.5 A.g-1. The 

current densities were increased to mimick the characterization process of the composites 

as the electrode materials containing iron were unable to attain -1.10 V with a current 

density of 0.1 A.g-1. At the current density of 0.5 A.g-1, the activated carbon was charged 

to -1.10 V, -1.15 V and -1.20 V, while being discharged to 0.00 V. 

The linear charge and discharge characteristics were again demonstrated by the electrode 

material as it was charged to -1.10 V. As the electrode materials were charged to more 

negative potentials of -1.15 V and -1.20 V, its charging characteristics became non-linear 

beyond approximately -1.12 V, indicating the presence of faradic reactions. With 

consideration to the potential at which the charge profile became non-linear and also to the 

low Coulomb efficiency determined in Figure AII-4 and Figure AII-5, hydrogen evolution 

reaction was deemed to have occurred.  

 

 

Figure AII-3: Galvanostatic charge/discharge profile of commercial activated carbon  

(kuraray YP 50F) with lower vertex of -1.10 V, -1.15 V and -1.20V vs. Hg/HgO and current 

density of 0.5 A.g-1 
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The specific charge and discharge capacities of the electrode materials were determined 

with the data from the galvanostatic characterization processes and plotted in Figure AII-4 

and Figure AII-5. With a current density of 0.1 A.g-1, the results indicate the increase in 

discharge capacities as the electrode material was charged to increasingly negative cutoff 

potentials, simultaneously, the Coulomb efficeincy decreased.  

The increase in the charge and discharge current density brought about a decrease in 

specific capacities despite the further shift of cutoff potentials from -1.07 V to -1.10 V. 

Despite the further increase in its specific discharge capacities by fruther entending the 

cutoff potentials, the Coulomb efficiency of the electrode material markedly reduced as the 

activated carbon was charged to -1.15 V and -1.20 V. With the cutoff potential at -1.20 V, 

the Coulomb efficiency of the electrode material decreased from 36.8% in the 70th cycle to 

18.9% in the 80th cycle in Figure AII-5. Despite the low Coulomb efficiency, the commercial 

activated carbon remained stable when charged to -1.20 V in the 5.5 M KOH as it 

demonstrated a constant specific discharge capacity of approximately 90 mAh.g-1 over the 

10 cycles 

By correlating the non-linear charging characteristics demonstrated at cutoff potentials 

of -1.15 V and -1.20 V to their specific charge and discharge capacities in Figure AII-4 and 

Figure AII-5, it could be affirmed that the faradic reactions that occurred negative of -1.12 V 

are irreversible. A potential reaction that took place was the reduction of protons to 

hydrogen which evacuated the system, leading to the electric charges not being recovered 

during the discharge of the electrode. 

 

 

Figure AII-4: Specific charge and discharge capacity of commercial activated carbon 

(kuraray YP 50F) at different lower vertex and current density; the cutoff potentials for the 

charging process are indicated in the plot above the specific capacity values  
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Figure AII-5: Specific charge and discharge capacity of commercial activated carbon 

(kuraray YP 50F) with lower vertex of -1.20 V and current density of 0.5 A.g-1
) 
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