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Abstract

Chapter 1 focuses on the developing a cost effective Zn-air battery and the effects of 

different anode additives towards suppressing dendrite growth and hydrogen evolution 

reaction in Zn-air secondary batteries. We revealed interesting findings during an extensive 

study on Zn-air batteries using 3 wt. % BiO as anode additive. In our continual effort to 

develop a cost effective rechargeable Zn-air batteries, herewith we demonstrated Zn anodes

comprising of (i) 30 wt. % Zn : 3 wt. % bismuth oxide : 10 wt. % potassium sulfide (ZBK) (ii) 

30 wt. % Zn : 3 wt. % bismuth oxide : 5 wt. % lead (II) oxide (ZBP) and (iii) 30 wt. % Zn : 3 

wt. % bismuth oxide : 10 wt. % potassium sulfide : 5 wt. % lead (II) oxide additives (ZBKP) 

in 6 M KOH aqueous solutions and 1.88 wt. % polyacrylic acid as the gelling agent. KOH gel 

constituted the remaining mass of the anode wt. %. Results were confirmed via cycle 

voltammetry (CV), Tafel, electrochemical impedance spectroscopy (EIS) etc. measurements. 

Among the various Zn anodes analyzed, ZBKP showed a superior cathodic peak of -1.805

and 1.950 V vs. Hg/HgCl at 5th and 40th cycles during electrochemical cycle voltammetry. 

Tafel fitting on linear polarization test shows that ZBK exhibits the highest corrosion 

behavior follow by ZBP while ZBKP has the lowest corrosion behavior with an estimated 

corrosion inhibition efficiency of 36.06 %. Furthermore, ZBKP display the lowest dendrite 

growth, least corrosion rate and superior capacity even at 60th cycles compared to ZBK and 

ZBP. In view of our finding, ZBKP has a higher positive electrode potential compare to ZBK 

and ZBP electrodes. Thus, ZBKP is the most suitable for aqueous battery due to its low 

minimal side effect. Field emission-scanning electron microscopy/energy dispersive X-ray 

spectroscopy (FE-SEM/EDS) images confirm that the various elemental additives were

evenly deposited on the Zn anode surface. Ex situ spectroscopy and electrochemical 

performance studies also verified that the dendrite-free nature of improved Zn anode and the 

modified interfaces between electrolyte and Zn plays vital roles towards advancing the 

energy storage performance.

In chapter 2, we report the performance and degradation behavior of carbonyl Fe –

MoS2 composite as anode material in Fe-air batteries using half-cell. We identified hydrogen 

evolution reaction (HER) and passivation as the two technical limitations of Fe-air batteries. 

HER account for low charging efficiency while passivation in Fe-air batteries account for its 

inability to fully discharge at a high rate due to the formation of iron hydroxide. As a result of 

this, many studies has been dedicated to inhibit these problems. Just like in recent literatures, 
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the enhancement of Fe-air anode for commercialization is not trivial. With high purity carbo

nyl Fe-MoS2 composites electrode and the influence of 2 mM Na2S additives in 6M KOH 

electrolyte solution and 1.88 wt. % polyacrylic acid as the gelling agent, we have 

demonstrated a high performance carbonyl Fe anodes comprising of 3 wt. % MoS2 (F3M), 5 

wt. % MoS2 (F5M), and 10 wt. % MoS2 (F10M) additives in Fe anodes. The result of the 

various electrodes characterized via field emission scanning electron microscopy (FE-SEM) 

and X-ray diffraction (XRD) reveals a distinct surface morphology that correspond to 

fundamental crystallographic growth patterns. Additionally, Energy dispersive spectroscopy 

(EDS) and SEM mapping affirms that both the Fe and additive (weight (wt. %) and atomic 

percent (at. %)) were well dispersed in the electrode. According to Tafel test, F3M, F5M, and 

F10M exhibit corrosion inhibition efficiency of 51.2 %, 21.1 % and 5.6 % respectively. Thus, 

the corrosion rate decreased in the order of bare Fe > F10M > F5M > F3M. While drastic 

capacity retention drops occur in the bare Fe electrode around 300th cycle, we were able to 

regenerate the battery back to full capacity via our choice of additives (F3M). During 

regeneration at 800th cycles, the capacity retention of F3M, F5M, and F10M electrodes were 

97%, 93%, and 76%, respectively. Therefore, in conjunction with the unique structure an

d synergistic effect that characterizes two excellent anode materials, F3M is best choice 

for a high-performance Fe-air battery due to its excellent performance, low side effects 

(corrosion and passivation), low float current, superior capacity retention and efficiency

during cycling compare to F5M and F10M.
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1.1. Introduction

In recent times, metal air battery has shown significant high energy densities, voltage 

and capacities. This system is considerably cheap and comes with several other advantages 

due to the fact that oxygen is the positive electrode reactant. In addition, Zn metal is suitable 

in aqueous environment and this permits its suitability in aqueous based electrolytes which 

are cheap and safer to use than non-aqueous based electrolytes. Several metals such as 

lithium, calcium, aluminum, magnesium, zinc, and iron have been reported, among which, 

lithium is known to have possess the highest theoretical energy density and an operating 

voltage of 3.4 V [1-5]. However, the metallic form of Li is unstable in aqueous electrolyte 

and oxygen. In the case of Al and Mg-air batteries, considerable energy densities like the Li-

air have proven to be suitable in aqueous electrolyte. Meanwhile, both Al and Mg air batteries 

are characterized with low reduction potentials, which account for their sharp self-discharge 

rate and low columbic efficiency during charging process.

In conjunction with several other literatures, our previous studies highlighted that Fe

and Zn shows stability and reversibility in aqueous based electrolyte. In addition, the 

abundance of these metals, cost effectiveness, environmental benign cannot be over 

emphasized. While both Fe and Zn based batteries present compelling merits for large scale 

energy storage, Zn have received more attention because of its higher cell voltage (1.65 V) 

and energy densities (1300 Wh/g) compare to Fe. However, the commercialization of Zn-air 

batteries is limited due to catalyzing reaction at the air electrode, ZnO formation, internal

resistances and passivation, corrosion of system due to hydrogen gas evolution reaction (HER) 

and dendrite growth during high charging rate, etc. which limit performance of the cell 

drastically. As a result, strategies to limit the above drawbacks cannot be step-sided. 

Recently, we demonstrated a controlled Zn anode dendrite formation during charging 

process by high current densities of 0.1 and 0.2 Acm-2 using bismuth oxide as anode additive. 

The level of performance achieved in our electrode shows an enhanced improvement. 

Alternative measures as to enhancing cell performances using electrode and electrolyte 

additive such as bismuth, cadmium, tin, lead (II) oxide, metal sulfides etc. have been reported 

but seems to provide insufficient information on how dendrite and HER were partially or 

completely inhibited, the performance of the electrode during and after inhibition of this 

harmful effect, the behavior of the electrode upon degradation etc. [6-9].

Notwithstanding, in this current study, we demonstrate more insight into the role of 
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the K2S and PbO additives in mitigating dendrite formation and HER in bismuth oxide-Zn air 

batteries we previously studied. We also report the performance and behavior of the cells

upon degradation and the measures taken to improve the cell’s performances. During full cell

analysis, we prepared air electrode comprising of gas diffusion and reaction layers. Material 

characterization techniques such as X-ray diffraction pattern (XRD), scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS) were adopted to extract the 

phases, morphology and quantities of elemental additives present in the Zn anode. In addition, 

EIS and Tafel test for bare Zn and ZB anodes were not included in our previous study. 

However, in this present study, we report the performance of the electrode during EIS and 

Tafel test analysis for the bare Zn and ZB anodes [8].

Table 1.1 depicts some of the roles of our choice of additives towards improving the 

performances of electrodes in several applications including supercapacitors, metal-air 

batteries (MABs) and LIBs have been reported by several researchers. Hence, Zn anode 

coated with bismuth oxide, potassium sulfide, and lead oxide additives is suitable for 

complete mitigation of HER and elimination of dendrite growth for enhanced rechargeable 

Zn-air batteries.
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Table 1.1. Merits of BiO, K2S, and PbO additives on several applications (MABs, LIBs, and

supercapacitors).

Additives Merits References

Bismuth oxide MABs:

Essential for controlling dendrite formation or short cycle, 

inhibit HER, alloy workability, improve reversibility, excellent 

specific capacity etc.

Supercapacitors: Good electrochemical performances, high 

thermal stability (550 ~ 650 °C), good electrical conductivity 

etc.

LIBs: Good cycling, excellent specific capacities, enhance, 

better efficiency etc. 

[8, 22, 25]

Lead(II)oxide MABs: Good corrosion resistance, high temperature range 

(260~340°C), high cell potential, long cycle good reversibility.

Supercapacitors: Enhanced efficiency, improved cell voltage, 

good capacity retention, high cycles, high specific energy and 

power.

LIBs: Mechanical stability and durability, alloy workability.

[9-21]

Potassium 

sulfide 

MABs: offers structure effects by altering the alloys 

microstructure, better cycling, and good cell capacity etc. 

Supercapacitors: high specific capacitance, extended life 

cycles (> 5000 cycling).

LIBs: improves voltage and overall performances of the cell.

[22-24].
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1.2. Experimental

The materials used were Zn metal powder (1 ~ 50 µm), lead (II) oxide (99.99 % 

purity), potassium hydroxide (93 % purity), potassium hydroxide (93% purity), bismuth 

oxide, (99.99% purity), and potassium sulfide (99.9 % purity), purchased from Daejung 

Chemicals, South Korea. Lead (II) oxide (99.5 % purity) was purchased from Junsei 

chemicals, Japan. Also, polyacrylic acid, 2-propanol, polytetrafluoroethylene (60 wt. % in D.I 

H2O), Ni-mesh (99.5 % purity), platinum wire (VS20), and Hg/HgCl reference electrode 

were purchased from Sigma Aldrich, South Korea.

In our previous study, we prepared Zn metal powder with and without bismuth oxide 

additives [8]. In this study, our Zn anodes consist of Zn metal powder with BiO, PbO, and 

K2S additives. In a separate experiment, we prepared anodes comprising of Zn metal powder 

+ bismuth oxide + PbO (ZBP), Zn metal powder + bismuth oxide + K2S (ZBK), and Zn metal 

powder + bismuth oxide + K2S + PbO (ZBKP) as illustrated in Table 1.2, KOH gel 

constituted the remaining mass of the anode wt. %. First, the metal powder was prepared by 

homogenously mixing Zn powder with additives and 15 wt.% PTFE in 2-propanol. The 

homogenously mixed powders were deposited on a pure Ni-mesh (1 cm × 2 cm) and 

subjected to mechanical roll pressing. The total weight of the electrode was 4.25 g and 

average thickness was ~ 320 µm.

Table 1.2. Chemical composition of Zn gel anode samples in 6 M KOH solution.

Sample Zn wt.% BiO wt.% PbO wt.% K2S wt.% PAA wt.%

ZBK 30 3 - 10 1.88

ZBP 30 3 5 - 1.88

ZBPK 30 3 5 10 1.88

*PAA= Polyacrylic acid; KOH gel constituted the remaining mass of the anode wt. %
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XRD of the electrode materials was conducted via Rigaku Ultima IV (D/MAX 2500 

V/PC, Rigaku, Japan) using Cu radiation (λ = 1.5406 Å) with a step size of 0.02°/2θ A over 

the range of 0 ~ 90°, to confirm the phases of the samples before and after several cyclings. 

In addition, FE-SEM (JSM-6500F, JEOL, Japan) integrated with EDS was carried out at an 

accelerating potential of 10 kV on a plot of energy (keV) vs. X-ray counts to study the 

morphology and elemental information of each elements present in the electrode. Each 

energy peaks corresponds to the individual elements present in the sample.

During half-cell study, three electrode electrochemical cell configuration was used for 

all electrodeposition experiments. Nickel foil (1 cm × 2 cm) composing of Zn-BiO with and 

without additives (K2S and PbO) was exposed to 6M KOH electrolyte and used as our 

working electrode while Hg/HgCl electrode and platinum (Pt) wire were adopted as our 

reference and counter electrodes respectively as illustrated in Figure 1.1. Cyclic voltammetry 

(CV) analysis test was carried out at a scan rate of 1 mV/s over a potential range of −2.0 ~ 0.5 

V vs. Hg/HgCl using IVIUM stat (Ivium technologies, Netherlands). Electrochemical 

impedance spectroscopy (EIS) was carried out using a potentiostat/galvanostat with 

impedance measurement unit (SP-300). The EIS measurement was performed at room 

temperature (23 ± 1 °C) with alternate current (AC) amplitude of 5 mV and frequency range 

from 1Hz ~ 100 kHz.

Figure 1.1. Material preparation and three electrodes electrochemical test configuration setup.

* WE = working electrode, CE = counter electrode; RE = reference electrode
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During full cell analysis, Zn gel anode was made by mixing 6 M KOH electrolyte 

solutions with 1.88 wt. % polyacrylic acid as the gelling agent for 2 hours. Thereafter, 30 wt. % 

Zn powder and additives powders were added at varied wt. % and agitated at 1000 rpm for 10 

minutes at room temperature. The homogeneous mixture was employed as our zinc anode 

while liquid porous film was used as our separator as illustrated in Figure 1.2 below.

Galvanostatic cycling test was conducted over a current density of 50 mAcm-2 for 120 

minutes to monitor the electrode performances during charge and discharge process.

Nanostructure potassium sulfide composite size was reduced by grinding under dried 

condition via SPEX SamplePrep 8000M Mixer/Mill. During the milling process, 4 g of 

potassium sulfide pellet (average size of 800 nm, purity of 95%) and 50 g of tungsten carbide 

mill balls (Ø = 5 mm) were dispensed inside the milling jar under nitrogen atmosphere using 

globe box and vacuum packing so as to avoid reaction between oxygen available in the 

atmosphere and the sulfide particles. Potassium sulfide was acquired by controlling the 

operating time from 1 to 2 h.

Figure 1.2. Cathode preparation for full cell test (A=Separator; B= anode (Gel + Zn with 

additives); C= air cathode; D= charge collector; Ci=catalyst; Cii= reaction site; 

Ciii= carbon cloth; Civ=gas diffusion layer)
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1.3. Results and Discussion

The surface morphological structure of the unmilled and dry milled potassium 

sulfide particles gotten after 1 ~ 2 h is shown in Figure 1.3 (a-b). SEM images of the dried 

milled K2S particles shows a well clustered and rough surface morphological structure.  In 

Figure 3b, some of the small bright spots detected by SEM were the tungsten carbide ball 

particles gotten from the milling jar during the dried milling process. In order to ascertain the 

atomic and weight percent of the individual element present in the milled particles, we 

conducted EDS analysis as shown in Figure 1.4. According to EDS, the tungsten carbide balls

from the milling jar contaminated the K2S particles due to the direct collision between the 

milling balls and the surface of the jar during the milling process. However, in respect to 

Table 1.3, it should be noted that contamination increases with the milling operating time.

Figure 1.3. SEM images of (a) unmilled K2S pellet and (b) dried milled K2S powder gotten 

after 2 h of milling process.

Figure 1.4. EDS analysis of dried milled K2S powder gotten after 2 h of milling process.
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Table 1.3. Variation in chemical composition of dried milled potassium sulfide particles at 

different time interval.

Element Un-milled 1 h. 2 h.

wt. % at. % wt. % at. % wt. % at. %

K 60.41 53.53 57.98 49.38 55.68 46.40

S 36.18 39.09 35.18 36.52 33.72 32.90

O 3.41 7.38 6.75 14.05 10.90 20.00

Co 0 0 0.09 0.05 0.15 0.70

Total 100 100 100 100 100 100

The various phases present in the samples were studied via X-ray powder diffraction 

(XRD) pattern. The XRD pattern of Zn:BiO:PbO:K2S composite is shown in Figure 1.5. 

According to XRD result, the Zn:BiO:PbO:K2S crystals reflect in various orientations. We 

observed that the Zn peaks occurred at different intensities, implying different direction of 

crystal growth (each additives produces a distinct crystalline surface structure). Among the 

various diffraction peaks observed were the presence of Zn ( ), lead (II) oxide ( ), bismuth 

oxide ( ), and potassium sulfide ( ) along 26.65° ~ 86.23° 2-theta axis respectively. Other 

than this peaks was the presence of Zn oxide ( ) situated around 70.03° ~ 77.84°. All 

diffraction peaks were matched with JCPDS card No. 00-004-0831 (Zn), 00-038-1477 (PbO), 

00-014-0699 (BiO), 00-3030-0944 (K2S), and 01-071-3830 (ZnO), respectively. The narrow, 

sharp and symmetrical diffraction peaks shows a well crystallized sample with a stable and 

low baseline. The highest peak had a height (cps) of 55044 (958) around 42.28°. The highest 

peak is also seen in the XRD pattern of a typical commercial zinc metal. It is worthy to note 

that the variation in the preferential growth imply that the additives successfully modify the 

electroplated zinc anode.
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Figure 1.5. Powder X-ray diffraction pattern of ZBKP.

In our previous study, we illustrated the CV for bare Zn and bare Zn : 3wt. % bismuth 

oxide (ZB) anode [8]. In this present study, we shows CV analysis of ZBK, ZBP, and ZBKP

in 6M KOH solution between potential range of -2.0 V vs. Hg/HgCl to -0.5 V vs. Hg/HgCl at 

a scan rate of 1 mV/s Figure 1.6 (a-c). In order to understand the role of the various additives 

on the zinc anode’s surface, CV measurement was conducted for 40 cycles. Throughout the 

scanning process, our test analysis displays a single couple redox peak for all the three anodes 

(ZBK, ZBP and ZBKP). The various samples could sustain redox peaks up to 30th cycles. 

However, at 40th cycle, no cathodic peak was noticeable in ZBP and ZBK anodes during 

scanning thereby making it impossible for further reversible reaction to occur. Surprisingly, 

ZBKP electrode showed cathodic peak of -1.950 V vs. Hg/HgCl at 40th cycle. The fact that 

reduction peaks was observed at 30th cycle shows that all the Zn anodes were well covered by 

the various additives employed. This explained to us that a certain quantity of the coated 

additives is essential for the enhancement of performance in the anode. In this case, 

cyclability was improved by reduced Zn as in the case of the Zn anodes coated with our 

choice of additives (BiO, PbO, and K2S - ZBKP). The 1st, 5th, 15th, 20th, 30th, and 40th

reduction peaks of the individual Zn anodes coated with additives are illustrated in Table 1.4.
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Figure 1.6. Cycle voltammetry analysis of (a) ZBKP, (b) ZBP, and (c) ZBK electrodes after 

40th cycles at 1 mV/s scan rate.

(a)

(c)
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Table 1.4. Cathodic peaks of various Zn anodes employed during CV analysis.

Cathodic peaks (V vs. Hg/HgCl)

Samples 1st 5th 15th       20th       30th      40th

ZBK -1.880 -1.850 -1.780    -1.625     -1.638      -

ZBP -1.800 -1.789 -1.738    -1.655     -1.619      -

ZBPK -1.950 -1.905 -1.880    -1.845    -1.805  -1.756

The plot of current density as a function of time conducted at 2.0 V vs. Hg/HgCl for 

2000 seconds for ZBK, ZBP, and ZBKP anodes is shown in Figure 1.7. In order to avoid 

duplication of report, refer to our previous study for information about the linear polarization 

behavior of bare zinc and ZB anodes [8]. In this case, superior rise in current was clearly 

observed in the ZBKP compare to ZBK and ZBP respectively. Generally, polarization 

resistance is favored by high current density. The sudden increase in current in ZBKP implied 

a larger polarization resistance compare to ZBK and ZBP. In addition to our findings, the 

response-time plot was more flattened and constant current was best maintained in ZBKP 

anode.

Figure 1.7. Linear polarization of the various Zn anodes at 2.0 V vs. Hg/HgCl.
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To understand the effects of our anode additives on the corrosion and polarization 

behavior of the Zn anode, we conducted Tafel test as shown in Figure 1.8 below. Table 1.5 

shows the electrochemical kinetics parameter as well as the current density (jcorr), corrosion 

potential (Ecorr), and efficiency of inhibition (E.I %) gotten from Tafel test. Both Ecorr and jcorr 

were estimated from the fitting linear equations of current density as a function of potential 

while the efficiency of inhibition was estimated using the formula in equation 1.1 below [25, 

29]:

                E. I % = (j0
corr – j corr) / (j0

corr × 100)           [1.1]

From equation (1.1) above, j0corr and j corr represent the current density when corrosion 

was taking place at the various electrodes (ZBK, ZBP, and ZBPK). Ostensibly, Ecorr of ZBPK 

is positively shifted at varying proportion compared to ZBK and ZBP electrodes. The Ecorr of 

ZBK, ZBP, and ZBPK occurred at -1.37 V vs. Hg/HgCl, -1.36 V vs. Hg/HgCl, -1.34 V vs. 

Hg/HgCl. Likewise, jcorr of ZBPK are lower than ZBK and ZBP respectively. This implied 

that ZBKP exhibited the lowest current density and thus highest corrosion inhibition 

efficiency. Hence, ZBKP has a more positive electrode potential compare to ZBK and ZBP 

electrodes, respectively.

Figure 1.8. Tafel polarization of (a) ZBK, (b) ZBP, and (c) ZBKP electrodes.
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Table 1.5. Electrochemical kinetics parameters of Tafel curves.

Samples jcorr (mA cm-2) Ecorr (Vvs. Hg/HgCl) E.I %

ZBK 2.0 × 10-2 – 1.3823 –

ZBP 1.62 × 10-2 – 1.3624 19.0

ZBPK 1.47 × 10-2 – 1.3235 36.06

Electrochemical impedance spectroscopy (EIS) measurements are carried out to 

investigate the role (behavior and charge transport kinetics) of various anode additives on the 

impedance via AC amplitude of 5.0mV and frequency range of 1Hz ~ 100 kHz. Figure 1.9 (a-

b) depicts the Nyquist plot and Bode plot of impedance spectra of ZBK, ZBP, and ZBKP 

anodes. All Nyquist plots comprises of a low frequency (LF) straight line and a semicircular 

loop of high frequency (HF) capacitive. The double layer capacitance parallel to the charge 

transfer resistance (CTR) accounts for the semicircular loop of HF capacitive, while the 

gradient of the LF region is due to the diffusion of electrolyte solution in the zinc electrode 

[30]. The equivalent circle adopted to fit the EIS is also shown in Figure 1.9a, where Rct 

designates the CTR and Rs designates total ohmic resistance (resistance of the electrode 

materials, current collector, and electrolyte). LF straight line is known to reveal the diffusion 

process of electrolyte in the zinc anode equivalent to constant phase angle element 1 (CPE1) 

while the constant phase angle element comprising of the layer capacitance designates

(CPE2). Based on the equivalent circuit, the fitted Rs of the bare Zn, ZBK, ZBP and ZBKP 

anodes were 1.0185 Ω, 0.5483 Ω, 0.4495 Ω, and 0.3614 Ω respectively. It is worthy to note 

that a smaller the Rs will yield a superior electrical conduction. Thus, a superior conductive 

network was established within the whole active materials of ZBKP due to the decrease in Rs. 

Likewise, the fitted Rct of the bare Zn, ZBK and ZBP anodes are 4.6858 Ω, 2.9863 Ω, and 

2.1507 Ω respectively while that of ZBKP anode is 1.5020 Ω. Generally speaking, a larger 

Rct displays a complex electrochemical reaction which will consequently result to a high 

electrochemical polarization. Meanwhile, our analyses clearly reveal how ZBKP anode 

displays the least Rct among others which imply that ZBKP could be more suitable to lower 

the impedance during the reaction process. 
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Figure 1.9. EIS conducted at 0 V (vs. OCV) with AC amplitude of 5 mV and frequency range 

of 1Hz ~100Hz: (a) Nyquist Plot and (b) Bode plot of logㅣZㅣvs. log(f).

As shown in Figure 1.9a, the imperfect semi-circle of ZBK in Nyquist plot was as a 

result of the breakdown and formation of passivation films that keeps occurring at the surface 

of the anode. By introducing PbO to the anode’s surface, the diameter of the semi-circular 

capacitance loop increased further. In addition, Bode plots of log |Z| as a function of log(f)

was conducted to study the impedance variation as a function of frequency as depicted in 

Figure 1.9b. In the case of Bode plot, LF region designates the CTR (Rct) [31]. Bare Zn 

anode exhibited the least CTR showing a charge transfer kinetic reactions that has to do with 

the redox process. ZBP and ZBKP revealed higher CTR implying that the anode’s surface 

was occupied by our various elemental additives. We observed that ZBK displayed highest 

resistance due to formation of passive layer at the surface of the anode. Thus, our result 

suggested that ZBP and ZBKP exhibited lower impedance compared to ZBP. Also, our result 

was consistent with the result of potentiodynamic polarization and CV analysis.

For Zn air batteries, we investigated reversibility by using air catalyst as cathode 

while ZBK, ZBP, and ZBKP were adopted as anode. In Figure 1.10 (a-c), the Zn electrodes 

were galvanostatically charged and discharged for a period of 2-h at 50 mAcm-2 current 

densities, the cell discharge voltage ranges from 1.0 ~ 1.2 V vs. Hg/HgCl for the various 

electrodes. No noticeable voltage drop was observed due to the stability the Zn electrodes. In 

ZBK and ZBP electrodes, continuous discharge occurs until when the Zn metal was 

completely exhausted in the electrode. From our previous study, ZB could sustain 20 cycles. 

However, in this present study, we discover that replacing the consumed ZB by simple 
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combination of PbO and K2S as in ZBPK electrode gave rise to a regenerated battery that 

could survive several cycles in Figure 1.10(a-c). The number of cycles sustained by the 

various electrodes were 40 (ZBK), 50 (ZBP), and 60 (ZBKP), respectively at 100% depth of 

discharge.

Figure 1.11 (a-b) shows the specific capacity as a function of cycle number. During 

discharge, we found out that the capacity of ZBP was lower in the first cycle due to partial 

activation of active materials. Upon further cycling, active material is more and more 

activated completely. And as a result of this, there was a gradual increase in capacity for ZBP 

electrode in the initial C/10. The initial formation capacity of the ZBP electrode was (C/1) of 

120 mAh/g-Zn and 375 mAh/g-Zn respectively during discharge and charging process. As it can 

be grasp, the discharge capacity of the ZBP electrode started decreasing after C/10 and was 

able to maintain a steady charge capacity of 130 mAh/g-Zn at around C/30 ~ C/40 before 

capacity faded out. Such loss was due to the formation of ZnO, an electrically insulating layer 

noticed during discharge process which gave rise to passivation [28, 29, 32]. In the case of 

ZBK electrode, the initial capacity of ZBK was around 100 mAh/g-Zn and 280 mAh/g-Zn

during charge and discharge process respectively. Upon further cycling at C/10, capacity 

decreases to 145 mAh/g during charging process before it eventually remained stable (C/20 ~ 

C/30) at 125 mAh/g-Zn prior to capacity fade out (C/40). Such drop may be due to the 

formation of extended dendrite on the surface of the anode. The high surface area of ZBK 

possibly increases the chance of the dendrite and leads to the failure of the battery. When 

dendrites grow, the surface of zinc anode increased, and thus the corrosion effect will be more 

severe. This may explain the good battery performance of ZBKP anode due to absent of 

dendrite formation and low corrosion currents [30, 31].  Despite the fact that no dendrite 

was formed in ZBP, passivation occurred. A longer life cycle with superior capacity was 

obtained through the addition of PbO additives to the ZBK anode which gave rise to the 

ZBPK. Surprisingly, the ZBPK electrode showed a longer life cycle (C/60) compare to the 

previously analyzed electrodes as well as higher initial specific capacity (C/1) of 150 mAh/g-

Zn and 400 mAh/g-Zn during discharge and charging process. During charging process, the 

electrode was able to maintain a long stable capacity of 115 mAh/g-Zn at C40 ~ C/60 before 

capacity faded out. 
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Figure 1.10. Cycling data of (a) ZBK (b) ZBP, and (c) ZBPK electrodes at 50 mAcm-2.
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In addition to our findings, no dendrite or passivation was formed in ZBKP electrode.

Thus, the presence of bismuth additive mitigates dendrite formation. While sulfides forms a

conductive pathways to inhibit passivation of the electrode during discharge. Moreover, there 

need to further elucidate on the mechanism of de-passivation. Likewise, the presence of PbO 

additive inhibits hydrogen gas evolution and further suppresses the formation of ZnO to 

extend the cell’s cycle life of cells [33, 34]. Among the various anodes, ZBKP is the most 

preferred because it was able to solve the problems associated with commercialized zinc 

anode by improved the capacity of the battery and reduces the side reactions (dendrite 

formation and corrosion).
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number at 50 mAcm-2.
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The morphology of the ZBKP is shown in Figure 1.12 (a-b). The SEM image shows a 

smooth hexa-lamella with needle like surface structure. This imply that an exact proportion of 

the elemental additives do not alter the lattice structure of the active materials. The atomic % 

and weight % of the elemental additives present in the various electrodes before and after 

cycling confirmed via EDS analysis (Figure c-d) is shown in Table 1.6. In addition to the 

various elemental additives presents in the anode, we observed that one of the peaks below 

3eV corresponds to oxygen which was present in the electrode. The amount of oxygen found 

was 6.55 wt. % and 5.42 wt. % before and after cycling respectively. It is clear enough that 

the percentage of our elemental additives (Bio, PbO, and K2S) deposited on the Zn electrodes 

before and after cycling was slightly more than what we expected. In addition, EDS could not 

detect the Co impurity that was present in the drilled milled K2S as earlier detected. This 

could be due to imprecision made by our EDS analyzer but nevertheless, the various 

additives remained in the Zn anode after cycling.

Figure 1.12. FE-SEM (a & b) and EDS (c & d) analysis of ZBPK before cycling.
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Table 1.6. Weight and atomic percentages of ZBPK anode before and after cycling

Samples          Before        After

wt. % at. % wt. % at. %

Zn 70.85 60.02 71.33 62.43

Pb 5.18 1.38 5.21 1.44

O 6.55 22.52 5.42 19.27

K 10.0 7.05 10.18 7.42

S

Bi

4.78

2.94

8.26

0.77

4.85

3.01

8.62

0.82

Total 100 100 100 100
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1. 4. Conclusion

Our past study shows ZB anode with traces of dendrite formation around the Zn 

anode. CV test analysis revealed an excellent performance ZB anode that could maintain 20 

cycles during scanning process. In our continual effort to develop a high performance and 

cost effective rechargeable Zn air batteries, we investigated ZBK, ZBP, and ZBPK electrodes 

respectively in 6 M KOH solution. Results were confirmed via CV, EIS, and impedance etc. 

measurements. During CV analysis, the ZBK and ZBP exhibited noticeable cathodic peak up 

till 30th cycle. For the first time, we have shown that ZBPK anode had superior 

electrochemical performance with cathodic peak -1.805 and 1.950 V vs. Hg/HgCl at 5th and 

40th cycle at a potential range of -2.0 ~ 0.5 V vs. Hg/HgCl and scan rate of 1 mV/s. During 

cycling study, the number of cycles sustained by the various electrodes were 40 (ZBK), and 

50 (ZBP) and 60 (ZBKP), respectively at 100% depth of discharge before capacity loss. By 

the combination of additives to the surface of the Zn anode, capacity was regenerated. 

Concurrently, gradual capacity loss persists even upon the addition of additives. We have 

ascertained that the capacity fade out in Zn electrode was as a result of dendrite growth on the 

surface of the Zn electrode during discharge. Tafel polarization test revealed that ZBK has the 

highest corrosion behavior followed by ZBP while ZBKP has the lowest corrosion behavior 

with an estimated corrosion inhibition efficiency of 36.06 %. Thus, it is worth noting that 

ZBKP anode shows superior electrochemical performance when compared to ZBK and ZBP 

electrode in terms of cell capacity and impedance. Ex situ spectroscopy and electrochemical 

performance studies also verified that the dendrite-free nature of improved Zn anode and the 

modified interfaces between electrolyte and Zn plays vital roles towards advancing the 

energy storage performance. Hence, the level of improvement we demonstrated in this 

current study is attractive for the design of an advanced secondary zinc-air batteries.
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Chapter 2

Performance and degradation behavior of 

carbonyl Fe – MoS2 composite as anode 

material in Fe-air batteries
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2.1. Introduction

Compare to several other types of metal air batteries, considerable interest has been 

dedicated to the iron air batteries owing to their undeniable characteristics such as long life, 

absence of dendrite formation at the anode, and high theoretical capacity [1-2]. However, the 

two technical limitations of iron-air batteries are (1) Hydrogen evolution reaction (HER) (2) 

Passivation. HER account for the low charging efficiency of a typical iron electrode. For 

example, the iron electrodes of a conventional commercial alkaline Ni-iron battery have a 

charging efficiency of not more than 60%. In order to achieve full capacity, iron electrodes 

need to undergo an overcharged rate. This low charging efficiency has been a continual issue 

since the earlier report on Fe electrode and it uses was received. Therefore, an overcharged 

rate of 100% or total mitigation of HER during charging is crucial for the implementation of 

commercial scale iron-air batteries [3-4]. Secondly, commercial scale batteries must also be 

able to fully discharge their capacity within the shortest possible time. For example, some 

grid scale services require batteries of high discharge rate within a concise time interval [5]. 

However, in order to achieve a high electrode utilization of ≥ 0.2 Ah/g, a typical commercial 

Fe electrode takes ≥ 4h to fully discharge its capacity [6-7]. This discharge process is 

accompanied by the formation of an insulating layer of iron (II) hydroxide responsible for the 

cell voltage drop of iron electrodes. Therefore, the inability of iron electrode to fully 

discharge at a high rate due to the formation of iron hydroxide is known as passivation.

Recently, HER on metals like magnesium, iron, and aluminum has gained significant 

attention owing to their technological and fundamental relevance [8]. However, more 

attention is focused on the behavior of the metals in solution during HER while lesser 

attention is channel on how to depassivate the Fe(OH)2 at the surface of the electrode during 

reduction process. As previously reported, the HER occurring in metals is generated during 

the active corrosion that is associated to the local passivation − that emerges from the 

formation of a poorly protected film or direct exposure of the metal surface to the solution. 

During this process, a large potential is initially produced across the affected regions. Next, 

HER will occur to make the affected region to act as current amplifier. The aftermath is the 

production of current at a region far away from corrosion site (anodic region) [9-12].

Apart from the HER occurring at the cathodic region during corrosion, there is also

an occurrence known as “cathodic activation” which is more evident in metals such as 

aluminum, iron, magnesium, etc. Cathodic activation occurs when the cathodic activity of 

uncorroded sites is remarkably less than the cathodic activity of corroded sites. In this case, 
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the metal surface changes from gray to dark before and after undergoing corrosion. As a 

result of this, cell degradation progresses at higher rate at the dark surface than on the gray 

surface [13-16]. Therefore, during cathodic activation process, the increase in HER occurring 

at the cathodically activated sites is associated with the increase in overall rate of HER at free 

corrosion potential. This will later lead to a local HER associated to an increased anodic 

current that is available during corrosion. For clearer comprehension, it is crucial that we 

remind ourselves of the electrochemical reaction of Fe electrodes during cycling process. For 

Fe electrode, the discharge process occurs in the following steps as illustrated below: 

Fe(OH)2 + 2e− ⇌ Fe + 2OH−         [2.1]

Fe3O4 + 4H2O + 8e− ⇌ 3Fe + 8OH−            [2.2]

During discharge process in equation (1), Fe is converted to Fe(OH)2. The high kinetic redox 

reaction in equation 2.1 favors the formation of Fe3O4 in equation 2.2. It is worthy to note 

that the major product during discharge process is Fe(OH)2 while Fe3O4 would only occur at 

high anodic potential. However during the charging process of Fe electrode, Fe(OH)2 is 

reduced to Fe in equation 1. Also, H2O is decomposed to produce H2 as shown in equation 

2.3. When this process occur, the energy that is stored in the cell is dissipated in the HER 

thereby leading to the rapid reduction of the over performance of the Fe electrode.

2H2O + 2e− ⇌ H2 + 2OH−          [2.3]

However, the roles of impurities in passivation and HER of iron electrodes have been 

revealed since the earliest reports on Fe–air batteries. Iron metal consists of impurities such 

as calcium, magnesium, phosphorus, and manganese which favor HER. Based on recent 

studies, high purity materials like carbonyl Fe have been reported to mitigate HER 

significantly. Also, several researchers reported that sulfides as electrode additive (such as 

FeS, Bi, BiS, K2S, etc.) or electrolyte additive would improve the discharge rate by inhibiting

the formation of iron hydroxide insulating materials [17]. However, in this study, MoS2 is our 

choice of additive in carbonyl Fe. For Fe-MoS2 composites, the experimental study is not 

trivial since it is possible to determine the performance and behavior of the electrode. The 

advantages of our choice of additive have been documented for different alkaline and metal-

air batteries electrodes [18]. Yufei et al., Limin and Shinjun reported a reasonably high 

charge transfer and sharp discharge rate for Li-ion batteries coated with MoS2 [19-20]. Tan et 

al., revealed how the sulfide ions in MoS2 increased the ionic conductivity of the passive film 

[21]. Honglin et al., channeled their perspective toward the dynamic electron transfer in 

connection with conductivity and HER [22]. According to Jue et al., HER in MoS2 is
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kinetically retarded in alkaline solution with a low Tafel slope of 76 mV/dec and very low 

HER over potential of 76 mV at 10 mAcm-2 [23]. Bin et al. stated that MoS2 supported the 

electrode with a long cycle life without decay and high capacity. Also, the electrode with 

MoS2 is capable of delivering an initial capacity higher than the theoretical value [24-25]. 

Yongqiang et al., postulated that doping of metal electrode with MoS2 would reduce 

compressive stress, increase conductivity and improved charge and discharge rate capability 

[26]. Thus, with efficiencies of 96, 35 and 40% for charge, energy and voltage respectively, 

specific charge capacity of <300 Ahkg-1 and an OCV of 1.28V, the iron/air system could 

find its operation in a range of technologies, including automotive [27-28].

2.2. Experimental

2.2.1. Chemicals

The materials used were: Carbonyl iron powder (≥ 99.5 %), molybdenum (IV) sulfide 

(90 nm, 99 % purity), sodium sulfide (99.5 % purity), polyacrylic acid, 2-propanol, 

polytetrafluoroethylene (60 wt.% in D.I H2O), Ni-mesh (99.5 % purity), platinum wire 

(VS20), and mercury - mercury chloride (3 M KCl), silver nitrate (99.99 % purity), graphite 

(USGS24), were purchased from Sigma Aldrich, South Korea. Potassium hydroxide (93 % 

purity) was purchased from Daejung Chemicals, South Korea. Also, Carbon cloth (ELAT 

LT1400W) was purchased from FuelCell, USA.

2.2.2. Half-cell material preparation and characterization

2-propanol and polytetrafluoroethylene (PTFE) served as solvent and binder 

respectively. 15 wt.% PTFE was added to 85 wt.% of carbonyl Fe powder. Among the 

carbonyl Fe electrodes studied, MoS2 was added at about 3, 5 and 10 wt.% of the powder 

mixture. Upon the addition of PTFE to the powder mixture, a dough was formed which was 

used to fabricate the anodes. The iron anodes were fabricated by depositing the dough 

(powdered mixture) on a pure Ni-mesh followed by mechanical roll pressing at 475 Kg cm-2. 

The pressed electrodes were further sintered under nitrogen atmosphere at 300 ºC. About 2.25 

g of carbonyl Fe powder was distributed over an area of 16.2 cm2 providing an active mass 

loading of 139 mg cm-2 in the electrode. Electrodes testing were carried out in a three-

electrode cell system. Previous study revealed that Hg/HgCl exhibited a stable potential for 

our kind of electrolyte [29], so Hg/HgCl (3 M KCl) was used as reference electrode and Pt 
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mesh (2 cm × 2 cm) as counter electrode. 6 M KOH was used as our aqueous solution. Cycle 

voltammetry and potentiostatic polarization were carried out via IVIUMSTAT Tech. on a 

completely charged electrodes over at a scan rate of 0.17 mV s-1 over a potential range -1.4 ~ 

0.3 V. On a separate experiment, we carried out the same study using 2 mM Na2S as 

additives to the 6 M KOH electrolyte solution at a scan rate of 10 mV s-1 over a potential 

range -1.4 ~ 0.3 V.  X-ray diffraction (XRD) of the electrode material was conducted via 

Rigaku Ultima IV (Cu Kα source) to confirm the crystallographical pattern of the samples.

Field emission scanning electron microscopy and Energy dispersive spectroscopy mapping 

(FE-SEM / EDS, Carl Zeiss Supra 40) analysis were carried out to study the morphological 

structure and relative abundance of individual elements present in the compound.

2.2.3. Full cell material preparation and characterization (Air cathode & Iron gel anode)

The air cathode (Gas diffusion electrode - GDE) was prepared using catalyst ink (CI) 

and gas diffusion ink (GDI), graphite (KS44) and carbon cloth. At first, GDI was prepared via 

ultrasonic dispersion of graphite, dispersing agent and water. Next, PTFE dispersion was 

introduced into the mixture. In the same way, CI consisted of 10 mg/cm2 silver catalyst, 

dispersion agent, 15 wt. % PTFE, graphite powder and water. The prepared GDI and CI were 

continuously deposited uniformly on the surface of the carbon cloth until the required amount 

was achieved. Then the electrode was calcined for 3.5 h at a temperature of 80°C (around 353 

K). Our study utilizes oxygen present in the air as cathode, the diffusion layer, current 

collecting layer, and a catalytic active layer stacked in this order, made-up the air-cathode 

membrane.

Likewise, the Iron gel anode was made by mixing 60.4 wt. % 6 M KOH electrolyte 

solutions with 1.88 wt. % Polyacrylic acid as the gelling agent for 24 hours. Thereafter, 37.7 

wt. % Fe powder and MoS2 additive were added at varied wt.% (F3M, F5M, and F10M) and 

agitated at 1000 rpm for 10 minutes at room temperature. The resulted homogeneous mixture 

and liquid porous film were used as anode and separator respectively. Galvanostatic cycling 

test was conducted over a current density of 50 mAcm-2 for 120 minutes to monitor the 

electrode performances during charge and discharge process. Table 1. depicts the roles of 

various materials employed during this study.
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Table 2.1. Roles of materials tested in this work.

ID Materials Roles

01 Graphite Increase conductivity and permeability.

02 Current collector Reduces hydrogen evolution reaction (HER).

03 Saturated caromel electrode (Hg

/HgCl) – Reference electrode

Shown to be effective with our choice of ele

ctrode.

04 Platinum wire Permit current migration.

05 KOH and Na2S electrolyte solut

ion

Permits reversibility and stability of our choi

ce of electrodes.

06 Anode + 15 wt.% PTFE binder

(60% in D.I H2O).

Improve cycle life at high DoD, high redox 

peak, and increase wettability.

07 Carbon cloth Same as ID-01 (supply channel for reaction site).

08 Teflon film (air side) Permeability.

09 Silver powder (ca. < 1 µm 

diameter)

As catalyst.

10 Screwed component Provides adequate pressure and contact for the 

cell.

11 Wrapped electrode in cellophane Reduce zinc migration.

12 Separator Retain zinc anode and permits free migration of 

electrolytes.

13 Deep cycle test Deeper depth of cycling.

2.3. Results and Discussion

2.3.1. Characterization and Morphological Study of Fe electrodes

The X-ray diffraction (XRD) results of the Carbonyl Fe with and without the MoS2

additives are represented in Figure 2.1. According to the XRD results, the Fe crystals grow in 

several orientations. For the commercial Fe, the highest peak intensity for the XRD pattern is

situated at 44.73°. This imply that the Fe growth occur majorly in (110) orientation. Other 

notable orientations are (002), (020), (103), (110), (105), (200), and (211). These peaks show 
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similarity with the literature [6]. The combination of our additives also support the high 

orientation at (110) peak. Using the intensity of plane (110) as reference, the peak intensities

ratio (IR) of the various orientations is normalized. According to Figure 1, the IR between 

XRD peaks at 44.73° and 65.22° is 4.72. This depicts that Fe (110) peak differs amidst other 

patterns and Fe is the major constituent of the peaks situated at 44.73°. Due to the different 

intensities that characterizes a fundamental crystallographic growth peak, the Fe-MoS2

additive displays a distinct growth along the crystalline surface structure. However, the 

disparity in the surface structure ascribes to the tendency of MoS2 additive to transform the 

surface energy of the composite. Thus, at lower surface energy, the crystal growth is 

favorable. In addition, the experimental approach may be another reason for the intensity 

disparity in XRD peaks [31-32]. The transformation in the preferential growth of F3M and 

F5M crystals from (200) to (110) reveals that both 3 wt. % and 5 wt. % MoS2 improves the 

surface structure of the Fe anode thereby leaving the probable crystallographic surface to the 

Fe metal anode. Also, the preferential Fe growth in (110) reveals the possibility of high 

current efficiency upon deposition of Fe ions.

Specifically, in the XRD pattern of F3M, the Fe crystal is predominantly produced in 

(110) even though the preferential intensity of F10M shows similarity with the commercial 

Fe metal. It is worth noting that F3M appreciably reduced the peak intensity (200) which is 

the succeeding peak to Fe (110) plane. According to Jorge and Peter, the current efficiency at 

(110) plane is lower than the current efficiency at (200) plane [2]. Of course we also observed 

and affirmed this fact at the surface of F3M crystal. As a result of this, the growth at (110) is 

almost parallel to the surface of the electrode, while (200) favors the growth at 44.73° to the 

electrode surface. This suggest to us that the orientation along (200) plane is less inert 

compare to the orientation at (110). Therefore, the probability of HER to occur at the (200) 

plane is less. To further affirm this fact, F3M displays superior peaks at (002) and (110) 

which correspond to the fundamental crystal growth pattern. Thus, HER is very unlikely to 

occur at the surface of the Fe electrode with this composition of our choice of additive [31]. 

In F10M, the intensities of the peak (002) and (211) reveal low intensities while (103) and 

(105) peaks were not found. In this case, HER is very likely to occur because the crystal 

growth is perpendicularly aligned to the sample’s surface. The Fe-MoS2 5 wt.% has high (200) 

but does not display (105) planes. Hence, an insignificant HER that is less than that of F10M

will occur. According to XRD pattern, the likelihood of HER occur in F10M >> F5M >> 

F3M crystals.
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Figure 2.1. XRD pattern for Fe-MoS2 composite.

The morphology of the Fe electrode in Figure 2.2(a) is uniform and regular but looks 

slightly scratchy. Figure 2.2(b-d) shows the morphology of the F3M, F5M and F10M 

respectively. For F3M, SEM image also shows uniform and regularly distributed morphology 

which depicts that the Fe growth occurs perpendicularly along the various directions of the 

substrate. This nature of morphology is achievable when the nucleation rate and active sites 

are reduced during absorption of the 3wt. % MoS2 additives on the substrate’s surface. The 

F5M surface looks compacted while F10M is less compacted compare to F5M. However, 

some parts have hollows surface which suggests that HER obstructed the deposition of MoS2

additive on the surface of the electrode [30]. The SEM mapping in Figure 2.2(e-g) indicated 

that the Fe and MoS2 additive were uniformly dispersed in the electrode.
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Figure 2.2. Fe-SEM images of (a) pure carbonyl Fe (b) F3M (c) F5M (d) F10M composite, 
and (e-g) SEM mapping of Fe and additive distribution in the compound at 
20,000x magnification.
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2.3.2. Cycle voltammetry (CV) analysis of Fe electrodes

Figure 2.3 shows the cycle voltammetry (CV) test conducted at ambient temperature 

for carbonyl Fe with and without MoS2 additives at a scan rate of 0.17 mV s-1 over a potential 

range of -1.4 ~ 0.3 V against 6 M KOH electrolyte solution. During the slow scan rate, 

several redox peaks that are associated to the reduction of Fe (II)/Fe and Fe (III)/Fe were 

observed during the cycling process. The observation of several peaks as reported in this 

present study show similarity with previous literatures. However, the fact that not all past 

studies reported the presence of the number of peaks we report in this present study is worth 

noting [1, 5, 33]. These peaks are associated to the presence of Fe at various sites in MoS2 to 

form FexMoS2. Most of the oxidation peaks lie within potential range of -1.17 V to -0.5 V as 

summarized in Table 2.2. As a result of the reaction taking place between the Fe and MoS2

phases, four different peaks were observed during the anodic cycling. However, we observed 

that when potential was applied, there was no concentration gradient around the layers which 

remained even at several sweeps. Thus, redox process does not occur throughout the surface 

of the electrode.

Figure 2.3. Cyclic voltammograms of various anodes in 6 M KOH electrolyte solutions at a 

scan rate of 0.17 mV s-1 over a potential range of -1.4 V to - 0.3 V (vs. Hg/HgCl).
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Table 2.2. Anodes behavior in 6 M KOH solution.

Anodic peaks (V vs. Hg / HgCl) 

Sample/peaks 1st 2nd 3rd 4th 5th 6th

Bare Fe -1.17 -1.03 -0.75 -0.50 - -

F3M -1.15 -1.08 -0.98 -0.75 0.14 0.25

F5M -1.16 -1.05 -0.75 -0.52 - -

F10M -1.14 0.26 - - - -

Cathodic peaks (V vs. Hg / HgCl) 

Bare Fe -1.12 -1.13 - - - -

F3M -1.05 -1.18 -1.30 -1.35 - -

F5M -1.18 -1.30 -1.35 - - -

F10M -1.38 - - - - -

In comparison with other electrodes, F3M anode shows superior redox peaks in 6 M 

KOH electrolyte solution. As the potentials of the anodic peaks were shifted to a more 

positive region the cathodic peaks were shifted to a more negative region as the current 

decreases. Overall, the number of cathodic peaks observed during reduction was less than the 

peaks during oxidation. Most of these peaks were evidently observed within a potential range 

of -1.0 V to -1.38 V. The anodic peak observed at around 0.1 V in F3M and F5M is associated 

to a thicker formation of Fe (II) and Fe (III) oxide films in KOH electrolyte solution. As 

current increases, passivation was formed within the electrode while HER was been inhibited 

[24, 25, 34]. CV test reveals that F5M was not cathodically active in 6 M KOH electrolyte 

solution. Similar behavior is seen in F10M within a potential range of 0.3 V to -1.18 V in 

Figure 2.3. Due to the incomplete reduction process, there was an increased over-potential 

associated to the irreversibility of the reactions, which appears to be the oxidation of Mo4+ to 

Mo6+ occurring at the edge and basal regions. However, beyond a potential range of -1.18 V, 

reduction could occur.

Out of curiosity, special interest was devoted to further study the behavior of the various 

electrodes with MoS2 additive in 6 M KOH solution with 2 mM Na2S as electrolyte additive. 

Likewise, in order to ensure a stable electrolyte pathway without altering the structure of the 

electrode, we raised the scan rate from 0.17 mV s-1 to 10 mV s-1 for 50 cycles. Figure 2.4(a-c) 

shows the behavior of the electrodes in 6 M KOH with Na2S electrolyte additive during the 
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1st, 15th, 30th and 50th scans respectively. It is interesting to note that the electrodes show 

similar reversibility pattern throughout the scanning process. This suggests that a stable 

electrolyte pathway was maintained within the electrodes. The lowering of the onset potential 

of HER is associated with the electron transfer kinetics supporting the electrode [34, 35]. 

Thus, CV analysis could reveal single redox peak throughout the scanning process as 

summarized in Table 2.3. Recognition of such peaks like the ones we reported here may be 

associated to the responsiveness of the electrochemical analysis, reduction of MoO3 to Mo3+

or breaking down of MoO3 into solution. This is illustrated in equation 2.4 below:

MoS2 + 7H2O ⇌ MoO3 + SO4
2- + 

�

�
S2

2- + 14H+ + 11e-         [2.4]

Upon further scanning, similar potential was observed without significant shift towards 

the positive or negative region. Thus, the reaction maintained a long-range reversibility 

behavior.

Figure 2.4. (a-c) Cyclic voltammograms of (a) F3M, (b) F5M, and (c) F10M composites in 6 

M KOH solution with 2 mM Na2S electrolyte additive over potential range of -

1.4 V to - 0.3 V (vs. Hg / HgCl) at a scan rate of 10 mV s-1.
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Table 2.3. Behavior of various anodes in 6 M KOH with 2 mM Na2S electrolyte additive.

Anodic peaks (V vs. Hg/HgCl)

Sample/cycles    1st       15th         30th           50th

F3M   -0.58       -0.64      -0.63          -0.63   

F5M    -0.63           -0.64      -0.65          -0.64

F10M    -0.63          -0.63      -0.63          -0.63 

Cathodic peaks (V vs. Hg/HgCl)
Sample/cycles    1st        15th       30th          50th

F3M -1.20       -1.20      -1.21         -1.23   

F5M    -1.00           -1.11      -1.00         -1.05

F10M   -1.12          -1.12      -1.23         -1.23 

2.3.3. Cathodic activation of Fe electrodes 

Cathodic activation occurs in the F10M electrode. This side reaction was observed 

after the F10M electrode undergoes passivation at the anodic region due to the relatively high 

current associated to HER. Among the entire electrolyte solutions that were prepared, 

cathodic activation was only observable in the 6 M KOH electrolyte containing Na2S additive.

Irrespective of the mechanism that induced the preferential oxidation and the passive film 

rupture of the electrode, an accumulation of the cathodically active material (MoS2) during 

the oxidation process exposed the F10M composites to the formation of stable pits around the 

surface of the electrode as illustrated in Figure 2.5(a-d).

Figure 2.5. (a-d) Performance behavior of F10M anode (a-b) in 6 M KOH, and (c-d) 6 M 

KOH + Na2S electrolyte solution upon cathodic activation after anodic and 

cathodic polarization.
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Figure 2.5(a-b) shows the state of the F10M electrode in 6M KOH electrolyte 

solution after anodic and cathodic polarization process took place. In this case, cathodic 

activation did not occur at the surface of the electrode. However, significant electrode 

passivation was observed. Out of curiosity to mitigate the passivation effect, we investigate 

the performance behavior of the F10M anode using 6M KOH with 2mM Na2S as additive in 

the electrolyte solution. According to Figure 2.5(c-d), F10M electrode exhibits dark regions 

around the surface of the electrodes. This dark region represents the cathodic activation site 

[17]. At cathodic activation region, a relatively high cathodic current is said to be capable of 

maintaining the corrosion site where HER is taking place. As time progresses, the active 

corrosion region formed during anodic polarization competes for the available current at the 

surface of the electrode. As soon as current becomes lower in some region, electrode 

passivity will be reestablished [12, 14]. In view of this, there is a gradual reduction in current 

associated to HER as part of the regions stops propagating.

2.3.4. Tafel polarization analysis of Fe electrodes

The Tafel polarization curves of the commercialized Fe with and without MoS2

additives are displayed in Figure 2.6 while Table 2.4 shows the corrosion potentials (Ecorr)

and the corrosion currents (Icorr) gotten from the linear equation fittings of current density as a 

function of potential, while the inhibition efficiency (IE) was estimated via the formula in 

equation 2.5 below [36, 37]:

E. I % = (j0
corr – j corr) / (j0

corr × 100)         [2.5]

Interestingly, as potential shift to a more positive region, the bare Fe electrode exhibits a 

transient behavior from anodic to cathodic reaction around a potential of -0.93 V to -0.96 V 

and a current of 1.5 A to 1.3 A. Thus, the electrode is said to exhibit both HER and 

passivation effect at this point. It is worthy to note that as polarization was interrupted due to 

HER, there was a progressive drop in potential which was later accompanied by a sudden rise 

in current prior to the occurrence of trans-passive dissolution. In the case of F10M, a sudden 

rise in current from -1.9 A to -1.6 A determined by potentiostat was related to passivation. As 

potential shift to the more positive region, more passivation occurred as the current 

determined by potentiostat increases progressively. However, current drop associated to HER 

was observed around -1.6 A and -1.8 A. From Table 2.4, both F10M battery and the bare Fe

electrode show higher corrosion currents, which may be ascribed to their crystalline 
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structures. According to XRD, both samples have two highest peaks intensity at (020) and 

(200) facets. Hence, the corrosion current at these two planes may be high. The F3M and 

F5M also display high peaks intensity at (110) and (002) with low reactive (200) plane on the 

surface, which may be responsible for the low corrosion rate in F3M and F5M. Thus, the 

corrosion rate decreased in the order bare Fe> F10M > F5M> F3M. This result is not 

surprising to us because of the increased surface area revealed in the SEM images (Figure

2.2), because the rate of corrosion perceived on a material surface is relative to its surface 

area.

Figure 2.6. Tafel plots of (a) bare Fe, (b) F3M, (c) F5M, and (d) F10M.

Table 2.4. Electrochemical kinetics parameters of Tafel curves.

      Sample jcorr (mA cm-2) Ecorr (Vvs. Hg/HgCl) E.I %
      Bare Fe    2.0128 × 10-

2
           – 1.0543                 – 

      F3M    0.9826 × 10-

2
– 0.9796 51.2

      F5M
      F10M

1.5877 × 10-2

1.8941 × 10-2
           – 1.0219

–1.0906
21.1
5.6
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2.3.5. Linear polarization resistance analysis of Fe electrodes

Figure 2.7(a-b) depicts the current change during cathodic deposition of the various 

samples for 5500 seconds at 1.0 V in 6 M KOH solution with and without 2 mM Na2S 

electrolyte additive. In Figure 2.7(a), a dramatic rise in current due to passivation was formed 

on the surface of the bare Fe electrode compare to Figure 2.7(b) where almost 50 % current 

drop was observed. Upon the addition of MoS2 composites to the electrode (ie. F3M, F5M, 

and F10M), the current-time response was more flattened. Among them, a constant current 

was best maintain in the F3M and F5M anodes in the 6M KOH solution containing 2mM 

Na2S electrolyte additive as shown in Figure 2.7b. In the case of F10M electrode, the 

response was more linear in the presence of Na2S than in 6 M KOH electrolyte solution. Thus, 

Fe-MoS2 composite has a more positive electrode potential than bare Fe. We affirmed this by 

increasing the MoS2 in the electrode (F5M and F10M) which gave rise to rise in current.

Figure 2.7. Current as a function of time of various anodes in (a) 6 M KOH, and (b) 6 M 

KOH solution with Na2S electrolyte additive.
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2.3.6. Capacity Retention / Efficiency study of Fe electrodes

Figure 2.8 shows the performances after assembling the full cell batteries. At the 

800th cycle, the capacities of the batteries were 290 mAh/g-F3M, 280 mAh/g-F5M, and 230 

mAh/g-F10M respectively. Except for the bare Fe battery, all the assembled cells show 

drastically enhanced cyclability up to 800th cycles. From the Fe batteries with F3M, F5M, and 

F10M, the mean capacity retention (%) gotten after 800th cycles were 97 %, 92 %, and 77 % 

respectively. This excellent performance affirms to the unique structure of MoS2 additives on 

the Fe surface. After 300th cycles, we saw a drastic capacity drop below 65% in the case of 

the bare Fe batteries arising as a result of hydrogen gas effect, high dissolution of Fe, and 

shape change at the Fe anode. At this junction, dramatic fluctuation occurs in the coulombic 

efficiency.

The recovery of this drastic capacity drop happened in just 6 cycles upon addition of 

3wt.% MoS2 additive to the bare Fe electrode (ie. F3M). These results confirm the role of 

sulfide towards maintaining long life cycle of Fe secondary batteries. About 23% of the 

original capacity was loss during battery failure in the case of F10M. This loss was due to the 

large surface area of the F10M battery which leads to the generation of hydrogen gas bubbles 

(HER) at the surface of the electrode. Likewise, the XRD peaks at (020) and (200) planes are 

high. According to Sun et al., HER is most likely to take place at this crystal surface while 

the (110) peak is less affected by HER effect [25]. While this effect increases, the F10M 

anode surface increase and as a result, the failure of the battery rapidly occurs. This account 

for the enhanced battery performance of F3M and F5M due to low corrosion and passivation 

effects. Apart from the F10M, all the battery samples can reduce the side effect of Fe metal-

air batteries among which, the F3M batteries show superior performance.
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Figure 2.8. Batteries cyclability of various electrodes in 6 M KOH + 2 mM Na2S electrolyte.

To maintain full capacity, the batteries were charged at a constant current for 7 

consecutive days until the float voltage 1.0 V was attained. This approach has been 

extensively adopted in literature to assess batteries performance at 100 % state-of-charge

(SOC) [38-40]. The set current is known as the “float charge current (FCC)” needed to assess

the current that is meant to maintain the cells at 100 % SOC. Lower current implies that less 

energy is needed for the purpose. Figure 2.9 shows the plot of FCC of the batteries using the 

bare Fe, F3M, F5M, and F10M, respectively. Among the various anodes, F3M displayed the 

lowest float currents while the bare Fe anode displayed the highest float currents. This result 

suggests that the batteries side reactions (such as HER) are mitigated successfully within the 

F3M cell compare to others. The F5M battery anode displays the next lowest float current 

after the F3M battery anode. Because of the higher surface area of F10M battery anode, we 

observed that the float current was higher than the F5M battery anode but lower than the bare 

Fe anode. Hence, the surface refinement of Fe with F10M is not as functional as with F3M 

and F5M electrodes.
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Figure 2.9. Float current of Fe batteries with different composition of MoS2 additives.

2.3.7. Energy dispersive X-ray spectroscopy of F3M battery

We carried out FE-EDS analysis to verify the quantity of MoS2 present in the anode. 

Figure 2.10(a-b) elucidated on the relative abundance of the individual chemical element 

present in the various electrodes EDS analysis detected the presence of C, Fe, Mo, S, and O

in the electrode. In accordance to images, the exact quantities of MoS2 deposited in the F3M, 

F5M, and F10M electrodes were 3.02 wt.%, 5.0 wt.%, and 10.01 wt.% respectively, as shown 

in Table 2.5. We also observed that one of the peaks below 2 keV corresponds to oxygen 

present in the electrodes. The exact quantity of oxygen present was found to be 2.01 wt.%, 

1.06 wt.%, 1.01 wt.% and 0.98 wt.% in the bare Fe, F3M, F5M, and F10M electrodes 

respectively. Apart from this, EDS could not trace the presence of any other elements.



56

Figure 2.10. EDS images of (a) bare Fe, (b) F3M, (c) F5M, and (d) F10M composites after 

cycling.

Table 2.5. Relative abundance of individual chemical element content present in the 

electrodes.

Samples Bare Fe F3M F5M F10M

wt. % at. % wt. % at. % wt. % at. % wt. % at.%

Fe 89.56 65.96 87.91 66.29 85.67 63.86 80.54 59.17

C 8.43 28.87 8.01 28.09 8.32 28.84 8.47 28.93

Mo - - 1.30 0.57 2.11 0.92 4.01 1.71

S - - 1.72 2.26 2.89 3.75 6.00 7.68

O 2.01 5.17 1.06 2.79 1.01 2.63 0.98 2.51

Total 100 100 100 100 100 100 100 100
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2.4. Conclusions

A cost effective and facile strategy was used to investigate the performance and b

ehavior of high purity carbonyl Fe-MoS2 composites (bare Fe, F3M, F5M, and F10M). In 

conjunction with the unique structure and synergistic effect that characterizes two exce

llent anode materials, the carbonyl Fe-MoS2 shows excellent electrochemical properties.

X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM) reveals 

that the various additives produce distinct morphological surface structure that corresponds to 

the fundamental crystallographic growth patterns. SEM mapping shows a well distributed 

MoS2 and Fe in the composite mixture. Additionally, energy dispersive spectroscopy (EDS) 

affirms the relative abundance of the individual elements deposited in the electrode. During 

CV analysis, F3M shows superior redox peak associated to the stable pathway of our ch

oice of electrolyte additive within the electrode. It is worth noting that MoS2 function

ed as both anodically and cathodically active material. As a result, HER and passivati

on effect occurring during cathodic and anodic polarization were mitigated successfully 

in the bare Fe. According to Tafel test, the corrosion rate decreased in the order of bare Fe 

> F10M > F5M > F3M. Thus, this finding affirms to us that an excess amount of MoS2

beyond 3wt. % is not advisable for an excellent rechargeable Fe-air battery. With all this 

indices and yardstick, high purity F3M composite electrode via 6M KOH (with Na2S additive) 

solution may pave a pathway for the development of a cost-effective anode electrode ma

terial for Fe-air batteries.
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