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Chapter 1 
Introduction 

1.1 Background  
Energy storage systems are used to store electricity from renewable 

resources, such as solar energy, water energy, wind energy, and biomass [1]. Energy 
storage technologies can greatly enhance the efficiency of electrical supply which 
leads to further progress in development of sustainable energy. Battery, one of the 
most popular types of electrical energy storage, is an essential component in various 
applications, such as portable electronic devices and electric vehicles [2, 3]. 
Battery can be classified into two different types, primary battery and secondary 
battery [4]. For primary battery, the electrochemical reaction cannot be reversed and 
so it cannot be recharged. The secondary battery uses electrochemical cells whose 
chemical reactions can be reversed and recharged. The charge and discharge process 
can be performed many times depending on the type of battery. Various types of 
rechargeable batteries are nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), lead 
acid (LAB), lithium-ion batteries (LIBs), and zinc ion batteries (ZIBs). 
  Although many battery types are already commercial, they still have 
limitations. Lithium ion battery (LIBs), the most successful secondary battery 
technology up to date, is widely used for electrical energy storage due to its high 
energy density and long lifespan. However, in grid-scale electrochemical energy 
storage, lithium ion battery has many problems such as high cost, poisonous 
chemical and limited supplies of materials [5]. These lead to the development of 
battery technology which were able to reduce the mentioned disadvantage but also 
maintain or further improve the benefits of current Lithium ion battery. 

Alternative battery has been developed recently. Zinc ion batteries (ZIBs) is a 
system which consists of zinc anode and an intercalation cathode in aqueous 
electrolytes. ZIBs has Zn2+ that is a multivalent in aqueous electrolytes.  

Among various types of battery, the batteries that use zinc electrode are very 
interesting as zinc is abundant, non-toxic, stable, environmental friendly and 
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recyclable [3]. These can solve the limitation of LIBs. Zinc electrodes have good 
theoretical capacity, 820 mAh/g [6], suitable as LIBs alternative. It also has a unique 
good reversibility property, the plating and stripping cycle at anode, which should 
lead to longer lifespan [7]. However, zinc, from its metallurgical properties, always 
has a corrosion resistant problem. This will reduce the lifespan of ZIBs because there 
is an increasing chance of short circuit as dendrite grows on the surface of the 
electrode [8]. 

 
Figure  1 Operating voltage versus specific capacity for Zn anode 

and various cathode materials. 
 

The studies of ZIBs emphasize on the development of new intercalation 
cathodes and anode. Figure1 shown among various cathodes for ZIBs, manganese 
dioxide (MnO2) is one of the most promising cathodes for ZIBs because it has high 
theoretical specific capacity of 616 mAh/g [2]. 

Although manganese-based oxides are abundant, non-toxic and environment 
friendly, this does not solve the main problem of ZIBs, dendrite growth. In order to 
improve the lifespan of ZIBs, further improvement of anode must be done. 

The recent work shows that synthesis of novel zinc anodes via electroplating 
mitigates issues of corrosion, dendrite growth, and hydrogen evolution [8].  
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In many cases, metal matrix composite coatings can be prepared by co- 
electrodepositing of microparticle and nanoparticle metal as secondary phase,  
such as SiO2, AlO2, ZrO2, and TiO2 particles. The combination of zinc and secondary 
phase material will form a zinc protective layers with superior corrosion resistance 
property [9, 10]. Therefore, this research will synthesize zinc anodes via 
electrodeposition incorporation of titanium dioxide (TiO2) to mitigate issues of 
corrosion and dendrite formation, resulting in better battery performance of ZIBs. 
 
1.2 Objectives 

1.2.1 To prepare zinc with titanium dioxide (TiO2) particles for anode of zinc 
ion batteries via electrodeposition 

1.2.2 To study the effect of electrodeposition parameters on the 
microstructure of zinc anode and battery performance. 

  
1.3 Scopes 

This research focuses on preparation of zinc anode via electrodeposition by 
adding titanium dioxide nanoparticle (TiO2) in zinc electroplating solution.  The effect 
of concentration of titanium dioxide (0, 1, 3, 5, and 10 g/L), the current density (0.01, 
0.02, 0.03, and 0.04 A/cm2) and time (30 mins) were studied. The morphology and 
phase composition were analyzed by scanning electron microscope (SEM) and X-ray 
diffraction (XRD), respectively. The coin cell (CR2032) was assembled for 
electrochemical properties (The electrochemical impedance spectroscopy, EIS and 
cyclic voltammetry, CV) and battery performance (specific capacitance and  
cycle stability). 
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Chapter 2 
Literature Review 

2.1 Energy Storage Technology 
Energy storage systems are used to store various forms of energy. Energy 

storage works by capturing electricity produced from renewable and non-renewable 
sources such as solar power, wind power, and tidal power [2]. Grid energy storage or 
large-scale energy storage is a collection of methods used to store electrical energy 
on a large scale within an electrical power grid [6]. Energy storage methods may be 
classified into different groups as shown in Figure 2 [11].  

 

 
Figure  2 Types of energy storage system 

 

Electrochemical energy storage devices, such as rechargeable batteries, are 
critical for overcoming the worldwide energy challenge because of their high energy 
density and long cycle life. Aqueous rechargeable batteries are a promising class of 
batteries for grid-scale electrochemical energy storage because of their low-cost, high 
operational safety, and environmental friendly [7].  
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2.2 Battery Technology  
The battery technology is an alternative use for energy storage. Generally, 

batteries can be classified into different types.  
2.2.1 Primary Battery 
Primary battery is a battery that can be used once and cannot be recharged. 

The electrochemical reaction is irreversible. Chemical energy is converted into 
electrical energy when current is drawn from it [12]. In general, primary batteries 
always have high specific energy but low load current. Examples of primary battery 
are zinc-carbon batteries and alkaline batteries. The cross section of a zinc-carbon 
dry cell and alkaline batteries are shown in Figure 3. 

 

 
Figure  3 (left) Cross section of a zinc-carbon dry cell and (right) Alkaline batteries 

 

The difference between zinc-carbon batteries and alkaline batteries is the 
electrolyte. Zinc-carbon batteries normally use ammonium chloride (NH4Cl) or zinc 
chloride (ZnCl2) while alkaline batteries use potassium hydroxide (KOH). The alkaline 
battery is preferred due to its high energy density and long lifespan. The 
disadvantage of primary battery devices is to low current usage.   
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2.2.2 Secondary Battery 
Secondary battery is battery with electrochemical cells whose chemical 

reaction is reversible and rechargeable after the energy is used up. The cycle for 
charging and discharging process depends on the battery type. Secondary battery 
devices are used to power portable electronic devices such as smartphones and 
gadgets in electric vehicle. Although initial cost of acquiring rechargeable batteries is 
much higher than the primary batteries, they are the most long-term and  
cost-effectiveness. 

Secondary battery can be further classified into several other types based on 
their chemistry. This is very important because the chemistries can affect to specific 
energy and cycle life. Examples of secondary battery are lead-acid battery, nickel-
cadmium battery (Ni-Cd), nickel-metal hydride battery (Ni-MH) [4], and intercalation 
based batteries (monovalent metal-ion (Li+ ) and multivalent metal-ion (Ca2+, Mg2+, 
Al3+, and Zn2+)) [13]. In this work, the study of Zn-ion battery was focused. 

Lithium-ion batteries (LIBs) are the most popular rechargeable batteries and 
used widely in electrical devices because then can provide a large amount current 
and long lifespan. However, there are some problems such as the safety concerns 
about flammable organic electrolytes, high cost and limited supplies of lithium [5].  

New battery chemistry and design are required for rechargeable batteries with 
high capacity and fast charge/discharge capability as well as safety concerns and 
environmental friendliness.  

 
2.3 Zinc ion batteries (ZIBs) 

Zinc-ion batteries (ZIBs) with mild neutral pH (or slightly acidic) electrolyte are 
promising for grid-scale energy storage. Since Volta et al. employed metallic zinc (Zn) 
in the first battery in 1799, Zn anode has been regarded as an ideal negative 
electrode in various Zn-based batteries, such as Zn-Mn, Zn-air and Ni−Zn batteries 
because Zn has high capacity, relatively low redox potential, low cost, and high 
safety [2, 3, 6]. Although ZIBs has many advantages, problem like corrosion of zinc 
anode could occurred.  
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Metal corrosion contributes to a decrease in capacity over time. The corrosion 
on the metal surface leads to the loss of active metal at the surface for 
electrochemical reactions [14]. 

A high corrosion rate causes the battery to lose its capacity at a faster rate 
and eventually fail. Another problem is a formation of dendrites. Dendrite is formed 
during zinc ion deposition which decreases the coulombic efficiency [8]. As this 
unbalanced zinc deposition continues, the dendrite starts to grow at the region of 
high deposition, and also on the other side of the electrode, hence, creating a short-
circuit [8, 15]. Short-circuits in batteries result in overheating, fire, and explosions. 

The zinc ion batteries (ZIBs) consists of 5 parts: 1) zinc anode (e.g., zinc foil, 

zinc nanoparticle electrodeposited on a porous substrate), 2) electrolyte (e.g., ZnSO4, 

ZnCl2 and Zn (CF3SO3)2), 3) cathode materials (e.g., manganese-based and vananium-

based), 4) current collector (e.g., stainless steel foil, titanium foil, carbon-coated steel 

and graphite foil), and 5) separator (e.g., porous cellulose, glass microfiber filter 
paper) as shown in Figure 4 [2]. 

 

 
 

Figure  4 The Zinc ion batteries (ZIBs) parts 
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2.3.1 Charge-Storage Mechanism 
According to recent researches, Manganese-based on zinc ion batteries (ZIBs) 

have the same charge-storage mechanism as other metal-ion batteries (MIBs), which 
the reaction can be written as 

 
Reaction at anode :  xZn2+ + 2xe-   xZn  (2.1) 
Reaction at cathode : xZn2++ MnO2 + 2xe-  ZnxMnO2 (2.2) 
Total reaction :  xZn + MnO2  ZnxMnO2  (2.3) 
 

During discharging, zinc on the anode surface was oxidized to Zn2+ and 
intercalated into MnO2 that host material. Initially, manganese in manganese dioxide 
has oxidation number +4, (Mn4+). After the insertion of zinc-ion the oxidation number 
of Manganese decrease to +2, (Mn2+). The charge-storage mechanism as shown in 
Figure 5. 

 

 
Figure  5 Schematic illustrate the charge-transfer mechanism of zinc ion battery 

 

The amount of charge transfer from this process can be theoretically 
calculated as 616 mAh/g. From previous reports, the measured specific capacity of 
this system is only about 200 mAh/g which depends on the crystal structure of 
manganese dioxide MnO2, (α, γ, ß, δ, λ, and ε phase) [2, 7]. 
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2.3.2 Electrolyte for Zinc Ion Batteries (ZIBs) 
Aqueous electrolyte is cheap, non-toxic, and provides a better stability for both 

anode and cathode. Furthermore, a neutral or mildly acidic aqueous electrolyte also 
mitigates corrosion and dendrite formation, but too strong acidic electrolyte can 
corrode both zinc anode and current collector. Up to now, zinc salts, such as ZnSO4, 
Zn (CF3SO3)2, Zn (NO3)2, and ZnCl2, have been widely investigated as ZIB electrolytes.  
Among these, ZnSO4 and Zn (CF3SO3)2 are the most commonly use because of their 
stability and compatibility with the electrodes. Zn(CF3SO3)2 is significantly more 
expensive than ZnSO4 [3]. In this work, ZnSO4 is chosen as electrolyte due to all the 
mentioned benefits. 
 

2.3.3 Cathode Materials  
Manganese-based and vanadium-based cathode are usually cathode in zinc ion 

batteries. The performance of a MnO2 cathode depends on its crystal structure. In 
1988, Takayuki Shoji et al. [16] The first reported a rechargeable aqueous Zn-MnO2 
battery using ZnSO4 aqueous electrolyte. Chengjun Xu, et al [17] presented a power 
type battery that safe and environmentally friendly. Zinc ion batteries composes of a 

zinc anode, an α-MnO2 cathode and a mild ZnSO4 or Zn(NO3)2 aqueous as 
electrolyte, as shown in schematics of  zinc ion batteries in Figure 6. 

 

 
Figure  6 Schematics of zinc ion battery [15] 
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Up to now, cathode materials for zinc ion batteries are manganese-based 
oxides [18, 19], vanadium-based oxides [20], Prussian blue analogues [21], and  
chevrel phase compounds [22].  

But MnO2 are the most commonly use because various MnO2 structures, 
showing good battery performance, low cost, and less toxic. This work used MnO2-
base as a cathode of zinc ion batteries.  

 
2.3.4 Anode for Zinc Ion Batteries  
Zinc ion batteries usually use pure zinc metal as an anode. Zinc foil is the 

most widely used anode due to its simplicity and low cost [2]. However, choosing of 
anode material should concern about dendrite formation and the corrosion of the 
zinc anode. Many methods that improve the performance of zinc was proposed, 
such as the usage of zinc alloy powders, the synthesis of fiber, gel formed zinc the 
addition of polymer additives [23],  and electrodeposition [8, 24, 25]. 

Electrodeposition is a method that does not required any advance equipment 
but has the advantage of controlling shape and grain size [24].  

The baht is set up of zinc electrodeposition, as shown in Figure 7. The 
incorporation of a dispersed second phase material (micro or nano particles) into the 
metal matrix during the electrodeposition process makes it possible to adjust the 
properties of the coating layer for a variety of applications. It can be further 
enhanced by adding specific types of particle which will mitigate the corrosion and 
dendrite formation. 

 

Figure  7 Electrodeposition setup 
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Nurhaswani Alias and Ahmad Azmin Mohamad [26] studied about the 
electrodeposition process of zinc on copper plate surface in a Zn sulfate (ZnSO4). At 
low current density, 0.01 A/cm2, a thin deposited layer of Zn was formed but there 
was not clear detail about the structure. When the current density was increased to 
0.02 A/cm2, the morphology changed to a hexagonal-like crystalline structure. 
However, the nucleation and growth of metallic zinc were detected at 0.04 to 0.1 
A/cm2. At 0.1 A/cm2 the morphology changed to a flake-like structure as shown in 
Figure 8. 

 

 

Figure  8 FESEM images of (a) Zn plate, (b) Cu plate, and Zn deposits at different                         

current densities 
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Kyung Eun et al. [8] added organic and inorganic additive into 
electrodeposition process to reduce the corrosion and dendrite formation The 
selected organic additives were cetyl trimethylammonium bromide (CTAB), thiourea, 
sodium dodecyle sulfate (SDS), polyethylene glycol 8000 (PEG), and the inorganic 
additives were indium (II) sulfate, tin (IV) oxide, and boric acid. The morphology, as 
shown in Figure 9, the result is performed better than the commercial zinc anode, its 
low corrosion rate, low dendrite formation, low float current, and high capacity 
retention after 1000 cycles. 

 

 
 

Figure  9 SEM images of synthesized anode with and without organic additives                              

and commercialized zinc. 
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S. Lee et al. [9] investigated the effect of the additives (Al2O3, Bi2O3, and In2O3) 
on the zinc electrode in the zinc-air batteries. Among three additives, aluminum 
oxide showed the lowest hydrogen gas evolution and corrosion. 

New composite coatings with metallic matrix can be done by 
electrodeposition. A variety of spherical shaped, has successfully incorporated into 
zinc deposition [35]. From many research works , adding ceramic nanoparticles, such 
as AlO2, ZrO2, SiO2, and TiO2, into the electrodeposition process gave a better 
corrosion resistance [9]. Among the ceramic particle, TiO2 is a great choice due to its 
semiconducting properties and also improves a corrosion resistance properties [10]. 

Adriana Vlasa et al. studied about corrosion behavior of Zn–TiO2 

nanocomposite coatings. The concentrations of TiO2 nanoparticles in the plating bath 
were 3, 5 and 10 g/L, respectively. The morphology is shown in Figure 10 [27]. 

 

 
Figure  10 SEM image of the surface (a) Zn-TiO2 3 g/L, (b) 5 g/L, (c) 10 g/L, and (d) Degussa 

 

After corrosion test, The morphology is shown in Figure 11 [27] the composite 
coatings exhibit higher corrosion resistance than pure Zn coatings. 

 

 
Figure  11 SEM micrographs of the surface of Zn after 48 h immersion in 0.2 g/L (NH4)2SO4. 
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J. Fustes et al. [28] studied about Zn–TiO2 nanocomposite films by pulsed 
electrodeposition from zinc sulfate solution and the concentration of TiO2 in the 
bath were 1.0, 10 and 16 g/L. The bath pH was adjusted to 4 by adding a diluted 
solution of H2SO4. From this method, a disperse TiO2 nanoparticles was successfully 
as shown in Figure 12 and grain size decreases as the of nanoparticles increases. 

 

 
Figure  12 SEM micrographs of the surface of Zn–TiO2 films from different baths  

 
Table  1 Bath composition 

 

 

L.Benea et al. [29] studied about the development of electrodeposited 
Zn/nano-TiO2 composite coatings with enhanced corrosion resistance. The coatings 
were prepared on low-carbon steel by electro co-deposition technique and the 
electroplating bath was prepared with the bath composition as shown in Table 1.  

Compound Concentration (g/L)

ZnSO47H2O 200

Na2SO4 15

ZnCl2 35

TiO2 5,10,20

pH 4.85

Temperature 25°C

cathode potentials -1600

-1900

-2100

Electodeposition time 5,10,15 min

Magnetic stirring 300 rpm
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Figure 13 as shows the thickness of the layer increased with the increase of 
the required cathodic potential for pure zinc layers and nanocomposite layers. At the 
same deposition time, nanocomposite coatings have slightly higher thickness than 
that of pure zinc, thus confirming the inclusion of TiO2 nanoparticles in the zinc 
matrix. 

 
Figure  13 Layer thicknesses of electrodeposited layers 

 

B.M. Praveen  et al. [10] studied about pure zinc and Zn–TiO2 coatings 
electrodeposited from sulfate bath. The result showed that the grain size of the 
composite coated sample was smaller when compared with the pure zinc coating. 
The coated specimens were kept for about 10–15 mins in the 3.5% NaCl solution 
prior to anodic polarization test. For pure zinc coating (Figure 14A), zinc was etched 
from the surface continuously while for Zn-TiO2 composite coating (Figure 14B), the 
zinc was etched away slowly leaving TiO2 on the metal surface. This hindered further 
dissolution of zinc metal.  

 

 
Figure  14 SEM images of surfaces after anodic polarization A) pure zinc coating 

and B) Zn-TiO2 composite coating 
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From many research works, ceramic nanoparticles were added into the 
electrodeposition process to have nanocomposite materials as layers on top of other 
materials. These types of ceramic particles could be Al2O3, ZrO2, TiO2, SiO2, which 
had higher corrosion resistance. Among the ceramic particles, TiO2 was attractive for 
the generation of composite zinc coatings as the semiconductor properties of TiO2, 
which could reinforce with zinc electroplate to enhance the corrosion resistance. 

Thus, this research will prepare zinc anode via electrodeposition by adding 
titanium dioxide nanoparticle in zinc sulfate (ZnSO4) bath. The concentration of 
titanium dioxide were 0, 1, 3, 5, and 10 g/L, the current density were 0.01, 0.02, 0.03, 
and 0.04 A/cm2 and time for electrodeposition is 30 mins. 
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Chapter 3 
Experimental Procedures 

3.1 Battery Components 
 In this work, the electrodes are fabricated but this work focuses on the 
modification of the anode by varying several parameters. 

3.1.1 Anode  
 The anode used in this work is Zn-TiO2 composite.  

3.1.1.1 Preparation of Zn-TiO2 composite 
The Zn-TiO2 composite is prepared by using electrodeposition technique. 

Carbon steel plate is used as an anode and stainless steel is used as a cathode. 
Stainless steel size 5 cm x 5 cm was used as a substrate. The substrate was 
pretreated by degreasing in NaOH for 3 mins and activated in 5% HCl for 5 mins. The 
electroplating solution was prepared by dissolving 100g of zinc sulfate (ZnSO4) in 500 
mL of distilled water. Then add 40g of sodium sulfate (NaSO4), 20g of sodium 
chloride (NaCl), 8g of boric acid (H3BO3), and titanium dioxide (TiO2) powder into the 
solution, respectively. The solution was stirred for 24 hours until a clear solution is 
obtained. The processing parameters is shown consistency in Table 2. After plating, 
the samples were dried in oven at 80°C for 24 hours. Then the sample was cut in a 
circular shape with a diameter of 14 mm.  

3.1.1.2 TiO2 powder 
In this research used TiO2 nano-powder (P25, Degussa TiO2) has the particle 

size less than 21nm. The scanning electron microscope (SEM) was used to study the 
morphology of TiO2 the result shown in Figure 15. 

 

Figure  15 TiO2 nano-powder (P25, Degussa TiO2) 
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Table 2 Experimental conditions 
 

Bath Concentration of TiO2 (g/L) Current density (A/cm2) Time (mins) 

1 

0 0.01 30 

0 0.02 30 

0 0.03 30 

0 0.04 30 

2 

1 0.01 30 

1 0.02 30 

1 0.03 30 

1 0.04 30 

3 

3 0.01 30 

3 0.02 30 

3 0.03 30 

3 0.04 30 

4 

5 0.01 30 

5 0.02 30 

5 0.03 30 

5 0.04 30 

5 

10 0.01 30 

10 0.02 30 

10 0.03 30 

10 0.04 30 
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3.1.2 Cathode 
 The cathode used in this work is manganese dioxide (MnO2). MnO2 is 
prepared by mixing 70 wt.% of MnO2, 20 wt.% of conduction carbon and 1 wt.% of 
polyvinylidene fluoride (PVDF) in dimethyl formamide (DMF) and sonicate the slurry 
for 60 minutes. Then consistency continue stirring the slurry for 30 minutes and 
coated the mixed slurry on carbon coated aluminium foil by coating machine and 
dry in vacuum oven at 70°C for 24 hours. After the sample was dried, cut it in a 
circular shape with a diameter of 14 mm. 

3.1.3 Separator  
The separator used in this work is glass microfiber filter because of very small 

and highly porous structure. 
3.1.4 Electrolyte  
The electrolyte used is a mixture of 2M zinc sulfate 0.05M and manganese 

sulfate dissolved in distilled water was the electrolyte of the battery cell. 
 
3.2 A Coin Cell Assembly (CR2032) 
 Figure 16 shows how a coin cell is assembled. First, put the Zn anode and 2 
pieces of glass microfiber filter into the anode case, respectively and drop 50 μL of 
electrolyte on the glass microfiber filter. Next, place MnO2 cathode and drop 50 μL 
of electrolyte. Then, adjust the thickness by using support and spring and close the 
cell with a cathode case. Finally, compress the cell with a load of 80 kg/cm2. 

 

Figure  16 A Coin Cell Assembly (CR2032) 
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3.3 Characterization 
Several techniques were used to characterize the components of the battery cell. 

3.3.1 Scanning electron microscope with energy dispersive spectroscopy  
(SEM-EDS)  
The scanning electron microscope (SEM) is used to study morphology and 

microstructure of the electrodes. EDS is used to determine the chemical composition 
and elemental analysis.  

3.3.2 X-ray Powder Diffraction (XRD)  
X-ray diffractometry is used to analyze the crystal structure of the material.   
3.3.3 LAND battery 
LAND battery is used to test the performance of the battery (capacity, energy 

density, power, and cycle life). LAND battery can be used to determine the current 
density, specific capacity, energy density and coulombic efficiency. 

3.3.4 Potentiostatic 
Galvanostatic charge-discharge test, cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy (EIS) are the methods used to analyze the 
performance of the battery. Galvanostatic charge-discharge method studies the cell 
performance and cyclability. Cyclic voltammetry investigates the redox reaction 
characteristic of the electrode. In addition, the internal resistance of the cell and the 
charge-transfer resistance can be determined from the EIS method. The obtained 
results can be used to determine the current density, specific capacity, energy 
density and coulombic efficiency via equation 3.1, 3.2, and 3.3 respectively. 
 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦    =      
𝐼

𝑀𝑎𝑐
        (3.1) 

When I = current 
M = weight of cathode 
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The capacity of the cathode is determined by measuring the total charge 
delivered from the cathode upon the charging or discharging and can be calculated 
as followed 
 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦    =      
𝐼

𝑀𝑎𝑐
∫ 𝑇𝑑𝑇

𝑡𝑓

𝑡0
   (3.2) 

When    I = current 
M = weight of cathode 
T = time 

 
The percentage of discharging capacity compared with the charging capacity is 

called coulombic efficiency, and can be calculated as followed 
 

𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   =     
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑋100         (3.3) 
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Chapter 4 
Results and Discussions 

4.1 Microstructure Characterization 
4.1.1 Morphology and microstructure 

4.1.1.1 The Zn without TiO2  
The Zn without TiO2 sample was prepared by using electrodeposition 

technique and was deposited with different current densities (0.01, 0.02, 0.03, and 
0.04 A/cm2). Carbon steel plate used as an anode and stainless steel was used as a 
cathode. Stainless steel size of 5 cm x 5 cm was used as a substrate to deposit zinc 
coatings.  After the electrodeposition of Zn, the scanning electron microscope (SEM) 
was used to study the morphology and microstructure of the electrodes. EDS was 
used to determine the chemical composition and elemental analysis.   

The results are shown in Figures 17-20. The Zn particles were deposited with 
different current densities (0.01, 0.02, 0.03, and 0.04 A/cm2). The produced coarse-
grained deposits have non-uniform morphology particularly at low current densities, 
0.01 A/cm2 and the size of deposited particles is the smallest as ~2.2 µm. While at 
higher current densities (0.02-0.04 A/cm2), the particle sizes are about ~ 4 µm, which 
are bigger than those of low current density. 

 

 
Figure  17 The Zn electrodeposition without TiO2 at current density of 0.01 A/cm2 

1000X and (b) 5000X 
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Figure  18 The Zn electrodeposition without TiO2 at current density of 0.02 A/cm2 
(a) 1000X and (b) 5000X 

 

 
Figure  19 The Zn electrodeposition without TiO2 at current density of 0.03 A/cm2 

(a) 1000X and (b) 5000X  
 

 
Figure  20 The Zn electrodeposition without TiO2 at current density of 0.04 A/cm2 

(a) 1000X and (b) 5000X 
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During the electrodeposition process the crystal size was controlled by the 
formation of the crystal growth rate. Fine-grained deposits are generally obtained 
with a faster formation of nucleation sites as result of heterogeneous nucleation with 
bigger grain size. 

Energy Dispersive X-ray Spectrometer (EDS) with mapping analysis method 
was used to determine the chemical composition and elemental analysis. The EDS 
result of sample with current density of 0.01 A/cm2 is shown in Figure 21.  

 

 

Figure  21 EDS representative spectra of Zn without TiO2                                                    
at current density 0.01 A/cm2 

 

Generally, the coating layer properties are directly related to the received 

microstructure of the metal. In this work, at low current density of 0.01 A/cm2, 

sample consists of 89.6 wt% zinc and 10.4 wt% oxygen but at higher current 

densities 0.02, 0.03, and 0.04 A/cm2, the percent weight of Zn increases when 

deposited current densities increases. In this case, the current density affected to the 

morphology by providing more Zn deposition and increasing with bigger grain size. 

The wt% of zinc and oxygen of all samples are shown in Figure 22. 
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Figure  22 The wt% of Zn and O at different current densities 

 

4.1.1.2 The Zn electrodeposition with TiO2 1 g/L 
The Zn -TiO2 composite layer was prepared by using electrodeposition 

technique, which deposited with different current densities (0.01, 0.02, 0.03, and 0.04 
A/cm2). In the baht for electrodeposition with 1g of TiO2 addition, Carbon steel plate 
was used as an anode and stainless steel was used as a cathode. Stainless steel size 
of 5 cm x 5 cm was used as a substrate to deposit zinc coatings.  After the 
electrodeposition of zinc, the scanning electron microscope (SEM) was used to study 
the morphology and microstructure of the electrodes.  

Zn-TiO2 composite layers with significant differences in the morphology were 
obtained by varying current density. The results are shown in Figures 23-26. At low 
current density of 0.01 A/cm2, it was found that surface layer consists of a non-
uniform crystal grain distribution and the deposited particle size is the smallest ~ 3.2 
µm. While at higher current densities (0.02-0.03 A/cm2), it was found that surface 
layer consisted of homogeneous crystals with randomly distributed particle sizes of 
Zn-TiO2 composite coatings, ~ 3.5 to 4.4 µm. For the highest current density of 0.04 
A/cm2 it was found that surface layer consisted of shape layer of zinc as flake 
morphology with the particle size ~ 4.8 µm.  Samples with all current densities show 
the TiO2 agglomeration with small sizes, less amount, and non-uniform distribution of 
TiO2 nanoparticles on the Zn surface.  
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According to the previous research [29], the amount of incorporated metal 
oxide particles in Zn electrodeposits has generally been low dispersion stability 
because the high ionic strength on the coating surface layer consists of less amount 
and non-uniform distribution of TiO2 nanoparticles. During the electrodeposition 
process the crystal size was controlled by the formation of the crystal growth rate. 
Fine-grained deposits are generally obtained with a faster formation of nucleation 
sites as result of heterogeneous nucleation. The bigger grain size was obtained when 
the current density for depositing was increasing. 

 

 

Figure  23 The Zn electrodeposition with TiO2 1 g/L at current density of 0.01 A/cm2 
(a) 1000X and (b) 5000X 

 

 

Figure  24 The Zn electrodeposition with TiO2 1 g/L at current density of 0.02 A/cm2 
(a) 1000X and (b) 5000X 
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Figure  25 The Zn electrodeposition with TiO2 1 g/L at current density of 0.03 A/cm2 
(a) 1000X and (b) 5000X 

 

 

Figure  26 The Zn electrodeposition with TiO2 1 g/L at current density of 0.04 A/cm2 
(a) 1000X and (b) 5000X 

 
Energy Dispersive X-ray Spectrometer (EDS) with mapping analysis method 

was used to determine the chemical composition and elemental analysis. The EDS 
result of sample with current density of 0.01 A/cm2 is shown in Figure 27.  
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Figure  27 EDS representative spectra of Zn with TiO2 1 g/L                                            

at current density of 0.01 A/cm2 
 

Generally, the composite layer properties directly relate to the amounts of 
incorporated particles, their uniform distribution within the metal matrix as well as 
the obtained resulted morphology of the metal. In this work all samples with current 
densities, (0.01, 0.02, 0.03, and 0.04 A/cm2) consist of 93-95 wt% zinc, 5 wt% oxygen 
and 0.2wt% titanium. Therefore, in this case, the current density increasing did not 
affect to wt% of TiO2. The wt% zinc, titanium, and oxygen of all samples are shown 
in Figure 28. The samples with TiO2 on the coated surface would affect to Zn 
electrode and properties, which the performances of the obtained battery will be 
shown in another section. 

 

 
Figure  28 The wt% of Zn, O, and TiO2 at different current densities 
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4.1.1.3 The Zn electrodeposition with TiO2 3 g/L 
The Zn -TiO2 composite layers were prepared by using electrodeposition 

technique, which deposited with different current densities (0.01, 0.02, 0.03, and 0.04 
A/cm2). In the baht for electrodeposition, 3 g of TiO2 was added, Carbon steel plate 
was used as an anode and stainless steel was used as a cathode. Stainless steel size 
of 5 cm x 5 cm was used as a substrate to deposit zinc coatings.  After the 
electrodeposition of zinc, the scanning electron microscope (SEM) was used to study 
the morphology and microstructure of the electrodes.  

Zn-TiO2 composite layers with significant different morphologies were 
obtained by varying current density. At low current densities, (0.01-0.02 A/cm2), 
samples were found that surface layer with the crystals are homogeneous with 
randomly size-distribution. The Zn crystal layer is in flake-like structure with the size 
of ~3.7 to 5 µm in Zn-TiO2 composite coatings, as shown in Figures 29-30. During the 
electrodeposition process the crystal size was controlled by the formation of the 
crystal growth rate. Fine-grained deposits are generally obtained with a faster 
formation of nucleation sites as result of heterogeneous nucleation. The bigger grain 
size is received when the current density for deposition increasing. For samples with 
higher current densities (0.03-0.04 A/cm2), it was found that surface layer consisting of 
homogeneous crystals and random size-distribution with tending to form hexagonal 
platelets, as shown in Figures 31-32. The particle size is in range of ~8 to 10 µm and 
the deposits transform to a multilayer structure.  

All sample surfaces with different current densities consist of TiO2 
agglomeration with small sizes, less amount, and non-uniform distribution of TiO2 

nanoparticles on the Zn surface. According to the previous research [29], the amount 
of incorporated metal oxide particles in Zn electrodeposits has generally been low 
dispersion stability due to the high ionic strength.  
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Figure  29 The Zn electrodeposition with TiO2 3 g/L at current density of 0.01 A/cm2  
(a) 1000X and (b) 5000X 

 

 

Figure  30 The Zn electrodeposition with TiO2 3 g/L at current density of 0.02 A/cm2  
(a) 1000X and (b) 5000X 

 

 

Figure  31 The Zn electrodeposition with TiO2 3 g/L at current density of 0.03 A/cm2 
(a) 1000X and (b) 5000X 
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Figure  32 The Zn electrodeposition with TiO2 3 g/L at current density of 0.04 A/cm2 
(a) 1000X and (b) 5000X 

 
Energy Dispersive X-ray Spectrometer (EDS) with mapping analysis method 

was used to determine the chemical composition and elemental analysis. The EDS 
result of sample with current density of 0.01 A/cm2 is shown in Figure 33.  
 

 

Figure  33 EDS representative spectra of Zn with TiO2 3 g/L                                             
at current density of 0.01 A/cm2 

 

Generally, the composite layer properties directly relate to the amounts of 
incorporated particles, their uniform distribution within the metal matrix as well as 
the obtained morphology of the metal. In this work all samples with different current 
densities (0.01, 0.02, 0.03, and 0.04 A/cm2) consist of 95 wt% zinc, 4 wt% oxygen and 
0.5 wt% titanium. Therefore, in this case, the wt% titanium increased slightly when 
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the current density for electroplating increased. However, all tested current densities 
are not big different in values. Therefore, they did not provide any insignificant effect 
on wt% of the elements. The wt% zinc, titanium and oxygen of all sample are 
shown in Figure 33. The samples with TiO2 on the coated surface would affect to Zn 
electrode, and properties, which the performances of the battery will be shown in 
another section. 
 

 

Figure  34 The wt% of Zn, O, and TiO2 at different current densities 
 

4.1.1.4 The Zn electrodeposition with TiO2 5 g/L 
The Zn -TiO2 composite layer was prepared by using electrodeposition 

technique, which deposited with different current densities (0.01, 0.02, 0.03, and 0.04 
A/cm2). In the baht for electrodeposition with 5g of TiO2 addition carbon steel plate 
was used as an anode and stainless steel was used as a cathode. Stainless steel size 
5 cm x 5 cm was used as a substrate to deposit zinc coatings.  After the 
electrodeposition of zinc, the scanning electron microscope (SEM) was used to study 
the morphology and microstructure of the electrodes.  

Zn-TiO2 composite layers with significant different morphologies were 
obtained by varying current density. All samples with different current densities, 
(0.01, 0.02, 0.03, and 0.04 A/cm2) consist of coated microstructure with the randomly 
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size-distributed crystals. The crystal shape layer transformed to a multilayer structure 
in Zn-TiO2 composite coatings, as shown in Figures 35-38 with particle size of ~5.6 to 
7 µm. During the electrodeposition process the crystal size was controlled by the 
formation of the crystal growth rate. Fine-grained deposits are generally obtained 
with a faster formation of nucleation sites as result of heterogeneous nucleation. The 
bigger grain size was obtained when the current density for depositing was increased. 

All sample surfaces with different current densities consist of TiO2 
agglomeration with small sizes, less amount, and non-uniform distribution of TiO2 

particles on the Zn surface. According to the previous research [29], the amount of 
incorporated metal oxide particles in Zn electrodeposits has generally been low 
dispersion stability due to the high ionic strength.  

 

 
Figure  35 The Zn electrodeposition with TiO2 5 g/L at current density of 0.01 A/cm2 

(a) 1000X and (b) 5000X 
 

 
Figure  36 The Zn electrodeposition with TiO2 5 g/L at current density of 0.02 A/cm2 

(a) 1000X and (b) 5000X 
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Figure  37 The Zn electrodeposition with TiO2 5 g/L at current density of 0.03 A/cm2 
(a) 1000X and (b) 5000X 

 

 

Figure  38 The Zn electrodeposition with TiO2 5 g/L at current density of 0.04 A/cm2 
(a) 1000X and (b) 5000X 
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Energy Dispersive X-ray Spectrometer (EDS) with mapping analysis method 
was used to determine the chemical composition and elemental analysis. The EDS 
result of sample with current density of 0.01 A/cm2 is shown in Figure 39.  

 

 
Figure  39 EDS representative spectra of Zn with TiO2 5 g/L                                               

at current density of 0.01 A/cm2 
 

Generally, the composite layer properties directly relate to the amounts of 
incorporated particles, their uniform distribution within the metal matrix as well as 
the obtained morphology of the metal. In this work all samples with different current 
densities (0.01, 0.02, 0.03, and 0.04 A/cm2) consist of 95 wt% zinc, 3-5 wt% oxygen 
and 0.8 wt% titanium. Therefore, in this case, the wt% titanium increased slightly 
when the current density for electroplating increased. However, all tested current 
densities are not big different in values. Therefore, they did not provide any 
insignificant effect on wt% of the elements. The wt% zinc, titanium and oxygen of all 
samples are shown in Figure 40. The samples with TiO2 on the coated surface would 
affect to Zn electrode and properties, which the performances of the battery will be 
shown in another section. 
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Figure  40 The wt% of Zn, O, and TiO2 at different current densities 

 

4.1.1.5 The Zn electrodeposition with TiO2 10 g/L 
The Zn -TiO2 composite layer was prepared by using electrodeposition 

technique, which deposited with different current densities (0.01, 0.02, 0.03, and 0.04 
A/cm2). In the baht for electrodeposition, with 10g of TiO2 addition, carbon steel 
plate was used as an anode and stainless steel was used as a cathode. Stainless 
steel size of 5 cm x 5 cm was used as a substrate to deposit zinc coatings.  After the 
electrodeposition of zinc, the scanning electron microscope (SEM) was used to study 
the morphology and microstructure of the electrodes.  

 
Zn-TiO2 composite layers with significant different morphologies were 

obtained by varying current density. All samples with different current densities (0.01, 
0.02, 0.03, and 0.04 A/cm2) show the coated microstructure with the randomly size-
distributed crystals. The crystals stacked and transformed to a multilayer structure in 
Zn-TiO2 composite coatings as shown in Figures 41-44 with the particle size of ~5.4 to 
8.37. During the electrodeposition process the crystal size was controlled by the 
formation of the crystal growth rate. Fine-grained deposits are generally obtained 
with a faster formation of nucleation sites as result of heterogeneous nucleation. The 
bigger grain size was increased when the current density for deposited was increased. 
The samples with all current densities exhibit uniform distribution of TiO2 
nanoparticles on the Zn surface. 
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Figure  41 The Zn electrodeposition with TiO2 10 g/L at current density of 0.01 A/cm2 

(a) 1000X and (b) 5000X 
 

 
Figure  42 The Zn electrodeposition with TiO2 10 g/L at current density of 0.02 A/cm2 

(a) 1000X and (b) 5000X 
 

 
Figure  43 The Zn electrodeposition with TiO2 10 g/L at current density of 0.03 A/cm2 

(a) 1000X and (b) 5000X 
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Figure  44 The Zn electrodeposition with TiO2 10 g/L at current density of 0.04 A/cm2 

(a) 1000X and (b) 5000X 
 

 Energy Dispersive X-ray Spectrometer (EDS) with mapping analysis method 
was used to determine the chemical composition and elemental analysis. The EDS 
result of sample with current density of 0.01 A/cm2 is shown in Figure 45.  

 

 
Figure  45 EDS representative spectra of Zn with TiO2 10 g/L                                          

at current density of 0.01 A/cm2 
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Generally, the composite layer properties directly relate to the amounts of 
incorporated particles, their uniform distribution within the metal matrix as well as 
the obtained morphology of the metal. In this work, all samples with different 
current densities (0.01, 0.02, 0.03, and 0.04 A/cm2) consist of 90 wt% zinc, 8 wt% 
oxygen and 2 wt% titanium. Therefore, in this case, the wt% titanium increased 
slightly when the current density for electroplating increased. However, all tested 
current densities are not big different in values. Therefore, they did not provide any 
insignificant effect on wt% of the elements. The wt% zinc, titanium and oxygen of all 
samples are shown in Figure 46. The samples with TiO2 on the coated surface would 
affect to Zn electrode and properties, which the performances of the battery will be 
shown in another section. 

 

 
Figure  46 The wt% of Zn, O, and TiO2 at different current densities 
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4.2 Zn Plating and Stripping 
The reversible Zn plating/stripping becomes possible to a certain extent. Thus, 

recharging the battery becomes much easier by means of the following reactions. 
 

Stripping (discharge):    Zn(s)            Zn2+(aq) + 2e     (4.1) 
Plating (charge):   Zn2+(aq) + 2e           Zn(s)      (4.2) 
 

The different metal surfaces exhibit different kinetic overpotentials for surface 
reactions. According to the previous research, the actual potential at which hydrogen 
gas evolved is significantly lowered and make the possibility for Zn to deposited 
instead and affecting to the performances of the battery. 

The reversible plating/stripping of Zn is one of the most important aspects of 
the Zn electrode for ZIBs and another important is electrolyte (2M ZnSO4+0.5M 
MnSo4), which was chosen for this study. The long-term cycling behavior of the Zn 
electrode was examined using a Zn||Zn cell in 2M ZnSo4+0.5M MnSo4. Zn electrodes 
were used as positive and negative electrodes. The cells were tested for 500 cycles 
at 0.5 mA/cm2 for 15 min at each cycle.  
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4.2.1 The Zn without TiO2 
Figure 47 shows polarization voltage during cycling. At each current density 

(0.01, 0.02, 0.03, 0.04 A/cm2). the polarization voltage was bounded by the maximum 
and minimum voltages of −0.06 to +0.06 V. Furthermore, the voltages did increase 
upon the cycling indicating that Zn had passivation layer which took place on the Zn 
surface. Therefore, Zn plating and stripping were unstable until the end of testing at 
500 cycles (about 250 hours). This might be due to that there was some corrosion or 
dendrite formation on the Zn electrode surface. 

 

 
Figure  47 Polarization voltage during cycle of samples Zn without TiO2 at different 

current densities a) 0.01 b) 0.02, c) 0.03, and d) 0.04 A/cm2 
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4.2.2 The Zn with TiO2 1g/L 
Figure 48 shows polarization voltage during cycling, at low current densities 

(0.01, 0.02, 0.03 A/cm2), the polarization voltage was bounded by the maximum and 
minimum voltages of −0.05 to +0.05 V. The sample deposited at current density of 
0.02A/cm2 can stable at this polarization voltage until 250 hours. At the highest 
current density (0.04 A/cm2), the polarization voltage was bounded by the maximum 
and minimum voltages of −0.06 to +0.06 V. The voltages did slightly increase upon 
the cycling indicating that Zn had passivation layer takes place on the Zn surface. 
Therefore, Zn plating and stripping were unstable until the end of testing at 500 
cycles (about 250 hours). 

 
Figure  48 Polarization voltage during cycle of samples Zn with TiO2 1g/L at different 

current densities a) 0.01 b) 0.02, c) 0.03, and d) 0.04 A/cm2 
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4.2.3 The Zn with TiO2 3g/L 
Figure 49 shows polarization voltage during cycling, at the lowest current 

density (0.01 A/cm2), the polarization voltage at this current density was bounded by 
the maximum and minimum voltages of −0.05 to +0.05 V. It increased from initials 
testing −0.03 to +0.03 V  However, at current density of 0.02 A/cm2, the polarization 
voltage was bounded by the maximum and minimum voltages of −0.04 to +0.04 V 
and stable at this polarization voltage until 250 hours. At current density of 0.03 
A/cm2 the polarization voltage at this current density was bounded by the maximum 
and minimum voltages of −0.05 to +0.05 V. It also increased from initials testing. At 
the highest current density (0.04 A/cm2), the polarization voltage was bounded by 
the maximum and minimum voltages of −0.05 to +0.05 V and unstable until the end 
of testing. In this case with all current densities for depositing Zn electrode, it can be 
continued for testing up to 500 cycles, which are longer cycle testing than those of 
samples deposited with TiO2 1 g/L. This might be due to that TiO2 on the surface can 
suppress dendrite formation and reduce a corrosion rate.  

 

Figure  49 Polarization voltage during cycle of samples Zn with TiO2 3g/L at different 
current densities a) 0.01 b) 0.02, c) 0.03, and d) 0.04 A/cm2 
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4.2.4 The Zn with TiO2 5g/L 
Figure 50 shows polarization voltage during cycling, at the lowest current 

density (0.01 A/cm2), the polarization voltage at this current density was bounded by 
the maximum and minimum voltages of −0.05 to +0.05 V. It decreased after testing 
for 70 hours. The polarization voltage is in the range of −0.04 to +0.04 V. However, at 
higher current densities (0.02-0.03 A/cm2), The polarization voltage was bounded by 
the maximum and minimum voltages of −0.03 to +0.03 V. Also, the voltages were a 
slightly increased upon the longer cycling indicating that no passivation layer took 
place on the Zn surface. Therefore, Zn plating and stripping were stable until the 
end of testing at 500 cycles (about 250 hours).  The highest current density (0.04 
A/cm2), the polarization voltage was bounded by the maximum and minimum 
voltages of −0.04 to +0.04 V. After testing for 150 hours, it increased to −0.05 to 
+0.05 V. In this case with all current densities for depositing Zn electrode can be 
continued for testing up to 500 cycles. This might be due to that TiO2 on the surface 
can suppress dendrite formation and reduce a corrosion rate as well as affect to the 
performances of the battery, which will be shown in another section. 

 

Figure  50 Polarization voltage during cycle of samples Zn with TiO2 5g/L at different 
current densities a) 0.01 b) 0.02, c) 0.03, and d) 0.04 A/cm2 
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4.2.4 The Zn with TiO2 10g/L 
Figure 51 shows polarization voltage during cycling, at current densities (0.01, 

0.02, 0.03 A/cm2), the polarization voltage at each current density was bounded by 
the maximum and minimum voltages of −0.03 to +0.03 V. The voltages did not 
increase upon the longer cycling indicating that no passivation layer took place on 
the Zn surface. The highest current density (0.04 A/cm2) the polarization voltage was 
bounded by the maximum and minimum voltages of −0.04 to +0.04 V, with slightly 
increased voltages. In this with case of all samples, the Zn plating and stripping were 
stable until the end of testing at 500 cycle (about 250 hours). This was due to that 
the TiO2 on the surface can suppress dendrite formation and reduce a corrosion rate 
as well as affect to the performances of the battery, which will be shown in another 
section. 

 

 
Figure  51 Polarization voltage during cycle of samples Zn with TiO2 10g/L at 

different current densities a) 0.01 b) 0.02, c) 0.03, and d) 0.04 A/cm2 
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4.3 Potentiostat  
4.3.1 Potentiostat (Cyclic voltammetry, CV) 

  The cyclic voltammetry of the MnO2 electrode was prepared for the 
cell as a battery by using the two-electrode configuration where the negative (Zn) 
electrode and the positive (MnO2) electrode were connected as the counter and the 
working electrodes, respectively. The counter electrode was used as the reference 
electrode. Testing for 3 cycles with the potential range from 1.0 to 2.0 V with a 
scanning rate of 0.5 mV/s was performed for each sample to check the charge-
transfer characteristic of the MnO2 electrode.  

4.3.1.1 The Zn without TiO2  
Figure 52, all current densities for deposited Zn electrode show that the 

reduction reaction points are close has started the open-circuit potential from 1.67 V. 
This may be a result of the insertion of Zn2+ into the MnO2 (Charge process). The 
oxidation peak occurred at 1.5 V, which can be refered to the Zn2+ extraction from 
the MnO2 (Discharge process). According to the previous research [26]. This behaviour 
of the present work has reduction-oxidation reaction in the similar range. 

 

 
Figure  52 Cyclic voltammetry of Zn without TiO2 at all current densities 
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4.3.1.2 The Zn with TiO2 10 g/L 
Figure 53 shows the reduction reaction points has started the open-circuit 

potential from 1.69 V. This may be a result of the insertion of Zn2+ into the MnO2 
(Charge process).  The oxidation peak occurred at 1.58 V, which can be refered to the 
Zn2+ extraction from the MnO2 (Discharge process). According to the previous 
research [26]. This behaviour of the present work has reduction-oxidation reaction in 
the similar range. 

 

 
 

Figure  53 Cyclic voltammetry of Zn with TiO2 10g/L at all current densities 
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4.3.2 Potentiostatic (The electrochemical impedance spectroscopy, EIS) 
To investigate the change in the charge-transfer characteristic of the battery, EIS 

Nyquist plots were performed using the two electrodes configuration with 
potentiostatic EIS mode in the frequency range of 100 kHz to 10mHz and amplitude 
potential of 10mV. Figures 54 and 55 show the EIS Nyquist plots of the Zn without 
TiO2 and with TiO2 10 g/L, respectively in the fully charged and discharged electrode 
at the 10 cycles. The results show that the Zn with TiO2 10 g/L has smaller 
impedance and lower charge-transfer resistance compared with those of the Zn 
without TiO2 at all current densities for deposited Zn electrode. Thus, the lower 
resistance can provide the higher performances of the battery. 

 

 

Figure  54 EIS of the Zn without TiO2   

 
Figure  55 EIS of the Zn with TiO2 10 g/L 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49 

4.4 Battery performance (Rate ability) 
  The batteries exhibit an open-circuit voltage of about 1.35-1.68 V as-
prepared. The rate ability test was conducted by discharging the battery until it 
reaching to the lower cutoff voltage of 0.6 V. Then charging was continued until it 
reaching to a higher cutoff voltage of 1.7 V. The cell was tested at different current 
densities of 50, 100, 200, 500, and 1000 mA/g MnO2 for 5 cycles at each current 
density. 

4.4.1 The Zn without TiO2 

Figures 56 a), b), c), and d) show the rate ability of the Zn without TiO2 with 

current densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively, illustrating the rate 
ability of the battery from the 1st cycle to the 25th cycle. The charge & discharge 
specific capacity and columbic efficiency of all samples are shown in the figures. The 
columbic efficiency of Zn without TiO2 of all current densities are about 90-98% and 
operate with higher stability.  

 

 

Figure  56 Rate ability of the Zn without TiO2 at different current densities  
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Figure 57 shows charge-discharge profile of Zn without TiO2 with current 
densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively. The coin cells were tested 
at current density at 50mA/g in 1st-5th cycle under the lower and upper cut-off 
voltage between 0.6-1.7V. The results show open circuit voltage of freshly fabricated 
cells in table 4 and discharge specific capacity in table 5. 

 

 
Figure  57 Charge-discharge profiles at 50 mA/g in 1st-5th cycles of the Zn without 

TiO2 at different current densities  
 

The battery exhibited an open-circuit voltage of the Zn without TiO2  
about 1.37-1.38 V as prepared. The voltage of coin cell will increase when the 
current density for electroplating increase but not very different as shown in table 4. 
 
Table  4 Open circuit voltage of the Zn without TiO2  

  
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

Open circuit voltage 1.3725 V 1.3818 V 1.3654 V 1.3741 V 
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The discharge specific capacities of Zn without TiO2 of all current densities 
were tested at current density at 50mA/g in 1st-5th cycle, as the result shows in table 
5. The specific capacity increased slightly at 2nd-5th cycle due to electrolyte can be 
better adsorbed into the MnO2 cathode. When comparing with different current 
densities, the specific capacity increased slightly when the current density for 
electroplating is increased but it shows insignificant difference because the 
morphologies were similar. 
 
Table  5 The initial discharge specific capacity with current density at 50 mA/g of the 
Zn without TiO2  

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st  51.4419 43.2654 41.4593 39.7443 

2nd 65.9532 72.14286 72.85714 74.28571 

3rd 67.14286 73.57143 74.85714 77.14286 

4th  67.85714 74.28571 77.71429 78.57143 

5th  69.28571 73.57143 83.57143 84.71429 

 
Figure 58 shows charge-discharge profile in 1st cycle of Zn without TiO2 with 

all current densities. The coin cells were tested at various current densities of 50, 

100, 200, 500, and 1000 mA/g under the lower and upper cut-off voltage between 
0.6-1.7V. The obtained resulted are shown in table 6. 
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Figure  58 Charge-discharge profiles at various current densities of 50, 100, 200, 500, 

and 1000 mA/g of the Zn without TiO2 at different current densities 
 
 Table 6 shows the discharge specific capacities of Zn without TiO2 with all 

current densities. They tested at various current densities of 50, 100, 200, 500, and 
1000 mA/g, respectively. When current densities were increased for testing at 6th-25th 
cycles, lower specific capacities than those of 1st- 5th cycles were obtained due to 
the MnO2 cathode has ZnO on the surface. Therefore, electrolyte was reduced by 
being adsorbed into the MnO2 cathode. On the other hand, when comparing with 
current density for depositing, it was found that the specific capacities were increased 
slightly when the current densities for electroplating were increased. They show 
insignificant results due to morphology of Zn electrode with non-uniform crystal of 
Zn layer and similar current densities. 
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Table  6 The initial discharge specific capacity at various current densities of 50, 100, 
200, 500, and 1000 mA/g of the Zn without TiO2  

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st (50 mA/g) 51 43.26 41.4 39.74 

6th (100 mA/g) 63.57143 72.85714 81.42857 73.57143 

11th (200 mA/g) 57.14286 60.71429 59.28571 66.42857 

16th (500 mA/g) 38.57143 45.71429 59.28571 58.57143 

21st (1000 mA/g) 26.42857 29.28571 40.85714 60 

 
From the rate ability of the Zn without TiO2

 with all current densities (0.01-
0.04 A/cm2) shows that increasing the current density for electroplating also increases 
slightly the specific capacity. This was due to that morphology of Zn electrode at 
higher current density has higher wt% of Zn, which Zn+ could insert into MnO2 more 
than that of the lower current density with non-uniform crystal of Zn layer with 
similar current density. Therefore, there was insignificant effect to the specific 
capacity. The columbic efficiencies of all samples are of 90-98% and operate with 
higher stability. The battery efficiency depends not only on the morphology of Zn 
deposits but also on the type used of electrolyte.  
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4.4.2 The Zn with TiO2 1 g/L 

Figures 59 a), b), c), and d) show the rate ability of the Zn with TiO2 1 g/L with 

current densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively, illustrating the rate 
ability of the battery from the 1st cycle to the 25th cycle. The charge & discharge 
specific capacity and columbic efficiency of all samples are shown in the figures. The 
columbic efficiency of Zn with TiO2 1 g/L of all current densities are about 93-98% 
and operate with higher stability.  

 

 
Figure  59 Rate ability of the Zn with TiO2 1 g/L at different current densities 

 

Figure 60 shows charge-discharge profile of Zn with TiO2 1 g/L with current 
densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively. The coin cells were tested 
at current density at 50mA/g in 1st-5th cycle under the lower and upper cut-off 
voltage between 0.6-1.7V. The results show open circuit voltage of freshly fabricated 
cells in table 7 and discharge specific capacity in table 8. 
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Figure  60 Charge-discharge profiles at 50 mA/g in 1st-5th cycles of the Zn with TiO2    
1 g/L at different current densities 

 

The battery provides an open-circuit voltage of the Zn with TiO2 1 g/L 
about 1.0-1.38 V as prepared. The voltage of coin cell will increase when the current 
density for electroplating increase but not very different as shown in table7. 
 
Table  7 Open circuit voltage of the Zn with TiO2 1 g/L 

  
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

Open circuit voltage 1.0868 1.3814 1.3799 1.3801 
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The discharge specific capacity of Zn with TiO2 1 g/L with all current densities 
were tested at current densities at 50mA/g in 1st-5th cycle, the result shows in table 
8. The specific capacity increased slightly at 2nd-5th cycle due to electrolyte can be 
better adsorbed into the MnO2 cathode. When comparing results of different current 
densities, the specific capacity increased slightly when the current density for 
electroplating increased but not very different because the morphology was similar. 
 
Table  8 The initial discharge specific capacity with current density at 50 mA/g of the 
Zn with TiO2 1 g/L 

Cycles 
Zn deposited with different current density 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st  46.88432 54.14286 68.57143 63.45143 

2nd 81.42857 77.57143 81.71429 78.03629 

3rd  83.57143 77.28571 80 79.322 

4th  84.28571 72.57143 78.57143 80.89343 

5th  86.42857 72.85714 77.14286 84.46486 

 
Figure 61 shows charge-discharge profile in 1st cycle of Zn with TiO2 1 g/L all 

current densities. The coin cells were tested at various current densities of 50, 100, 
200, 500, and 1000 mA/g under the lower and upper cut-off voltage between 
0.6-1.7V. The obtained results are shown in table 9. 
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Figure  61 Charge-discharge profiles at various current densities of 50, 100, 200, 500, 
and 1000 mA/g of the Zn with TiO2 1 g/L at different current densities 

 

Table 9 shows the discharge specific capacities of Zn with TiO2 1 g/L of all 
current densities. They were tested at various current densities of 50, 100, 200, 500, 
and 1000 mA/g, respectively. When current densities for testing increased, it was 
found that at 6th-25th cycles they have lower specific capacities than those of 1st- 5th 
cycle due to that the MnO2 cathode has ZnO on the surface. Therefore, electrolyte 
could be reduced by being adsorbed into the MnO2 cathode. On the other hand, 
when comparing with this current density for depositing, it was found that the 
specific capacity increased slightly when the current density for electroplating 
increased but not very different due to morphology of Zn electrode, which was 
found less amount with non-uniform distribution of TiO2 nanoparticles on the Zn 
surface and current densities not very different. 
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Table  9 The initial discharge specific capacity at various current densities of 50, 100, 
200, 500, and 1000 mA/g of the Zn with TiO2 1 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st (50 mA/g) 46.88432 54.14286 68.57143 63.45143 

6th (100 mA/g) 78.57143 67.14286 72.85714 92.17914 

11th (200 mA/g) 70.71429 53.57143 57.85714 84.17914 

16th (500 mA/g) 45.71429 35.71429 36.42857 73.75057 

21st (1000 mA/g) 26.42857 22.85714 20.71429 33.03629 

 
From the rate ability of the Zn with TiO2

 1 g/L with all current densities (0.01-
0.04 A/cm2) shows that increasing the current density for electroplating also increases 
slightly the specific capacity. This was due to that morphology of Zn electrode. At 
higher current density with higher wt% of Zn which Zn+ could insert into MnO2 more 
than that of the lower current density. Less and non-uniform distribution of TiO2 

nanoparticle on the Zn surface of electrode were observed, where current densities 
are not very different. Therefore, this could not provide any significant effect on the 
specific capacity. The columbic efficiencies of all samples are of 90-98% and operate 
with higher stability. The battery efficiency depends not only on the morphology of 
Zn deposits but also on the type used of electrolyte.  
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4.4.3 The Zn with TiO2 3 g/L 

Figures 62 a), b), c), and d) show the rate ability of the Zn with TiO2 3 g/L with 

current densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively, illustrating the rate 
ability of the battery from the 1st cycle to the 25th cycle. The figures also present 
charge & discharge specific capacity and columbic efficiency of all samples as shown 
in the figures. The columbic efficiencies of Zn with TiO2 3 g/L of all current densities 
are about 95-98% and operate with higher stability.  
  

 

Figure  62 Rate ability of the Zn with TiO2 3 g/L at different current densities 
 
Figure 63 shows charge-discharge profile of Zn with TiO2 3 g/L with current 

densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively. The coin cells were tested 
at current density at 50mA/g in 1st-5th cycle under the lower and upper cut-off 
voltage between 0.6-1.7 V. The obtained results show open circuit voltage of freshly 
fabricated cells in table 10 and discharge specific capacity in table 11. 
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Figure  63 Charge-discharge profiles at 50 mA/g in 1st-5th cycles of the Zn with TiO2    
3 g/L at different current densities 

 
The battery provides an open-circuit voltage of the Zn with TiO2 3 g/L 

about 1.1-1.39 V as prepared. The voltage of coin cell increases when the current 
density for electroplating increases but not very different as shown in table 10. 
 
Table  10 Open circuit voltage of the Zn with TiO2 3 g/L 

  
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

Open circuit voltage 1.3811 1.1163 1.3907 1.3 
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The discharge specific capacity of Zn with TiO2 3 g/L of all current densities 
were tested at current densities at 50mA/g in 1st-5th cycle, the result shows in 
table11. The specific capacity increased slightly at 2nd-5th cycle due to electrolyte 
can be better adsorbed into the MnO2 cathode. When comparing with different 
current densities for deposition, the specific capacity increased when the current 
density for electroplating increased because the morphology of the Zn crystal 
tended to form hexagonal platelets and transform to a multilayer structure that has 
small amount and non-uniform distribution TiO2 nanoparticles on the Zn surface. 

 
Table  11 The initial discharge specific capacity with current density at 50 mA/g of 
the Zn with TiO2 3 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st  39.14286 18.47342 57.8773 32.85714 

2nd 79.71429 82.85714 110 109.28571 

3rd  81.71429 86.42857 113.57143 117.14286 

4th  84.71429 87.85714 112.85714 120 

5th  92.71429 88.57143 110.71429 121.42857 
 

Figure 64 shows charge-discharge profile in 1st cycle of Zn with TiO2 1 g/L all 
current densities. The coin cells were tested at various current densities of 50, 100, 
200, 500, and 1000 mA/g under the lower and upper cut-off voltage between 
0.6-1.7V. The obtained results are shown in table 12. 
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Figure  64 Charge-discharge profiles at various current densities of 50, 100, 200, 500, 
and 1000 mA/g of the Zn with TiO2 3 g/L at different current densities 

 

Table 12 shows the discharge specific capacities of Zn with TiO2 3 g/L of all 
current densities, which were tested at various current densities of 50, 100, 200, 500, 
and 1000 mA/g, respectively. When increasing current density for testing, it was found 
that at 6th-25th cycles provided lower specific capacities than 1st- 5th cycles due to 
that the MnO2 cathode had ZnO on the surface. Therefore, electrolyte could be 
reduced by being adsorbed into the MnO2 cathode. On the other hand, when 
comparing with this current density for depositing, it was found that the specific 
capacity increased slightly when the current density for electroplating increased but 
not very different due to that the morphology of the Zn crystal tended to form 
hexagonal platelets and transformed to a multilayer structure with small amount 
and non-uniform distribution TiO2 of nanoparticles on the Zn surface. 
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Table  12 The initial discharge specific capacity at various current densities of 50, 
100, 200, 500, and 1000 mA/g of the Zn with TiO2 3 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st (50 mA/g) 39.14286 18.47342 57.8773 32.85714 

6th (100 mA/g) 81.42857 82.14286 104.28571 114.28571 

11th (200 mA/g) 62 65 83.57143 92.14286 

16th (500 mA/g) 40.71429 43.57143 55.71429 59.28571 
21st (1000 mA/g) 28.42857 28.57143 31.42857 34.28571 

 

From the rate ability of the Zn with TiO2
 3 g/L of all current densities (0.01-

0.04 A/cm2) shows that increasing the current density for electroplating also increases 
slightly the specific capacity. This was due to that morphology of Zn electrode. At 
higher current density with higher wt% of Zn, which Zn+ could insert into MnO2 more 
than that of the lower current density. The Zn crystal has layer of zinc like flake 
structure and tended to form hexagonal platelets and the Zn deposits transform to a 
multilayer structure were small amount and non-uniform distribution TiO2 
nanoparticles on the Zn surface. Therefore, this could provide significant effect on 
the specific capacity. The columbic efficiencies of all samples are of 95-98% and 
operate with higher stability. The battery efficiency depends not only on the 
morphology of Zn deposits but also on the type used of electrolyte.  
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4.4.4 The Zn with TiO2 5 g/L 

Figures 65 a), b), c), and d) show the rate ability of the Zn with TiO2 5 g/L with 

current densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively, illustrating the rate 
ability of the battery from the 1st cycle to the 25th cycle. The figures also present 
charge & discharge specific capacity and columbic efficiency of all samples as shown 
in the figures. The columbic efficiencies of Zn with TiO2 5 g/L of all current densities 
are about 95-98% and operate with higher stability.  

 

 
Figure  65 Rate ability of the Zn with TiO2 5 g/L at different current density 

 

Figure 65 shows charge-discharge profile of Zn with TiO2 5 g/L with current 
densities of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively. The coin cells were tested 
at current density at 50mA/g in 1st-5th cycle under the lower and upper cut-off 
voltage between 0.6-1.7 V. The obtained results show open circuit voltage of freshly 
fabricated cells in table 13 and discharge specific capacity in table 14. 
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Figure  66 Charge-discharge profiles at 50 mA/g in 1st-5th cycles of the Zn with TiO2    
5 g/L at different current densities 

 
The battery provides an open-circuit voltage of the Zn with TiO2 5 g/L 

about 1.35-1.52 V as prepared. The voltage of coin cell will increase when the 
current density for electroplating increase but not very different as shown in table 
13. 
 
Table  13 Open circuit voltage of the Zn with TiO2 5 g/L 

  
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

Open circuit voltage 1.3904 1.3786 1.5154 1.3566 
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The discharge specific capacity of Zn with TiO2 5 g/L of all current densities 
were tested at current densities at 50mA/g in 1st-5th cycle, the result shows in table 
14. The specific capacity increased slightly at 2nd-5th cycle due to electrolyte can be 
better adsorbed into the MnO2 cathode. When comparing results of different current 
densities, the specific capacity increased slightly when the current density for 
electroplating increased but not very different because the morphology was similar 
with the crystals are randomly size-distributed. The crystals shape layer and 
transform to a multilayer structure in Zn-TiO2 composite coatings and has small 
amount and non-uniform distribution TiO2 nanoparticles on the Zn surface. 
 
Table  14 The initial discharge specific capacity with current density at 50 mA/g of 
the Zn with TiO2 5 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st  53.85714 87.94221 92.14286 22.94328 

2nd 119.42857 129.28571 95 116 

3rd  118.94231 132.85714 101.85943 115.42857 

4th  101.28571 134.28571 122.85714 143.57143 

5th  98.83625 137.85714 129.28571 151.42857 

 
Figure 67 shows charge-discharge profile in 1st cycle of Zn with TiO2 5 g/L all 

current densities. The coin cells were tested at various current densities of 50, 100, 
200, 500, and 1000 mA/g under the lower and upper cut-off voltage between 
0.6-1.7V. The obtained results are shown in table 15. 
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Figure  67 Charge-discharge profiles at various current densities of 50, 100, 200, 500, 
and 1000 mA/g of the Zn with TiO2 5 g/L at different current densities 

 
Table 15 shows the discharge specific capacities of Zn with TiO2 5 g/L of all 

current densities, which were tested at various current densities of 50, 100, 200, 500, 
and 1000 mA/g, respectively. When increasing current density for testing, it was found 
that at 6th-25th cycles provided lower specific capacities than 1st- 5th cycles due to 
the MnO2 cathode had ZnO on the surface. Therefore, electrolyte could be reduced 
by being adsorbed into the MnO2 cathode. On the other hand, when comparing with 
this current density for depositing it was found that the specific capacity increased 
slightly when the current density for electroplating increased but not very different 
due to that the coating microstructure with randomly size-distribution crystals. The 
crystals shape layer and transformed to a multilayer structure in Zn-TiO2 composite 
coatings and has small amount and non-uniform distribution TiO2 nanoparticles on 
the Zn surface. 
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Table  15 The initial discharge specific capacity at various current densities of 50, 
100, 200, 500, and 1000 mA/g of the Zn with TiO2 5 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st (50 mA/g) 53.85714 87.94221 92.14286 22.94328 

6th (100 mA/g) 92.85714 108.94832 136.42857 166.42857 

11th (200 mA/g) 64.28571 102.14286 122.14286 168.57143 

16th (500 mA/g) 35.71429 70 85 100.71429 

21st (1000 mA/g) 21.42857 45 42.14286 66.42857 
 

From the rate ability of the Zn with TiO2
 5 g/L of all current densities (0.01-

0.04 A/cm2) shows that increasing the current density for electroplating also increases 
slightly the specific capacity. This was due to the morphology of Zn electrode. At 
higher current density with higher wt% of Zn, which Zn+ could insert into MnO2 more 
than that of the lower current density. The coating layer were randomly size-
distribution crystals. And transform to a multilayer structure in Zn-TiO2 composite 
coatings and has small amount and non-uniform distribution TiO2 nanoparticles on 
the Zn surface. Therefore, this could provide significant effect on the specific 
capacity. The columbic efficiencies of all samples are of 95-98% and operate with 
higher stability.  
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4.4.5 The Zn with TiO2 10 g/L 

Figures 68 a), b), c), and d) show the rate ability of the Zn with TiO2 10 g/L 

with current density of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively, illustrating the 
rate ability of the battery from the 1st cycle to the 25th cycle. The figures also 
present charge & discharge specific capacity and columbic efficiency of all samples as 
shown in the figures. The columbic efficiencies of Zn with TiO2 10 g/L of all current 
densities are about 95-98% and operate with higher stability.  
 

 

Figure  68 Rate ability of the Zn with TiO2 10 g/L at different current densities 
 

Figure 69 shows charge-discharge profile of Zn with TiO2 10 g/L with current 
density of 0.01, 0.02, 0.03, and 0.04 A/cm2, respectively. The coin cells were tested at 
current density at 50mA/g in 1st-5th cycle under the lower and upper cut-off voltage 
between 0.6-1.7 V. The obtained results show open circuit voltage of freshly 
fabricated cells in table 16 and discharge specific capacity in table 17. 
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Figure  69 Charge-discharge profiles at 50 mA/g in 1st-5th cycles of the Zn with TiO2 
10 g/L at different current densities 

 

The battery provides an open-circuit voltage of the Zn with TiO2 10 g/L 
about 1.37-1.38 V as prepared. The voltage of coin cell will increase when the 
current density for electroplating increase but not very different as shown in table 
16. 
 
Table  16 Open circuit voltage of the Zn with TiO2 10 g/L 

  
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

Open circuit voltage 1.375 1.3573 1.4072 1.4267 
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The discharge specific capacities of Zn with TiO2 10 g/L of all current densities 
were tested at current densities at 50mA/g in 1st-5th cycle, the obtained results 
shown in table17. The specific capacity increased slightly at 2nd-5th cycle due to 
electrolyte can be better adsorbed into the MnO2 cathode. When comparing with 
different current densities, the specific capacity increased when the current density 
for electroplating increased due to that the coating microstructure with randomly 
size-distributed crystals. The crystals stacked together and transformed to a 
multilayer structure in Zn-TiO2 composite coatings and samples all current densities 
exhibit uniform distribution TiO2 nanoparticles on the Zn surface. 
 
Table  17 The initial discharge specific capacity with current density at 50 mA/g of 
the Zn with TiO2 10 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st  108.93842 16.85714 123.94827 126 

2nd 160.71429 99.14286 128.57143 200 

3rd  165.71429 103.28571 135 207.14286 

4th  168.57143 156.42857 178.57143 207.14286 

5th  170 166.42857 184.28571 207.14286 
 

Figure 70 shows charge-discharge profile in 1st cycle of Zn with TiO2 10 g/L of 
all current densities. The coin cells were tested at various current densities of 50, 
100, 200, 500, and 1000 mA/g under the lower and upper cut-off voltage between 
0.6-1.7V. The obtain resulted are shown in table 18. 
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Figure  70 Charge-discharge profiles at various current densities of 50, 100, 200, 500, 
and 1000 mA/g of the Zn with TiO2 10 g/L at different current densities 

 
Table 18 shows the discharge specific capacities of Zn with TiO2 10 g/L of all 

current densities. They were tested at various current densities of 50, 100, 200, 500, 
and 1000 mA/g, respectively. When increasing current density for testing, it was found 
that at 6th-25th cycles provided lower specific capacities than those of 1st- 5th cycles 
due to that the MnO2 cathode had ZnO on the surface. Therefore, electrolyte could 
be reduced by being adsorbed into the MnO2 cathode. On the other hand, when 
comparing with this current density for depositing it was found that the specific 
capacity increased slightly when the current density for electroplating increased but 
not very different due to the coating microstructure with randomly size-distribution 
crystals and crystals stacked and transformed to a multilayer structure in Zn-TiO2 
composite coating. 
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Table  18 The initial discharge specific capacity at various current densities of 50, 
100, 200, 500, and 1000 mA/g of the Zn with TiO2 10 g/L 

Cycles 
Zn deposited with different current densities 

0.01 A/cm2 0.02 A/cm2 0.03 A/cm2 0.04 A/cm2 

1st (50 mA/g) 108.93842 16.85714 123.94827 126 

6th (100 mA/g) 153.57143 187.85714 173.57143 142.85714 

11th (200 mA/g) 140.71429 180.71429 139.28571 117.85714 

16th (500 mA/g) 102.85714 108.57143 74.28571 57 

21st (1000 mA/g) 65 66.42857 34.28571 28.57143 
 

From the rate ability of the Zn with TiO2
 10 g/L of all current densities (0.01-

0.04 A/cm2) shows that increasing the current density for electroplating also increases 
slightly the specific capacity. This was due to that morphology of Zn electrode. At 
higher current density with higher wt% of Zn, which Zn+ could insert into MnO2 more 
than that of the lower current density. The coating layer were randomly size-
distribution crystals, stacked, and transformed to a multilayer structure in Zn-TiO2 
composite coatings and all samples exhibited uniform distribution TiO2 nanoparticles 
on the Zn surface. Therefore, this could provide significant effect on the specific 
capacity. The columbic efficiencies of all samples are of 95-98% and operate with 
higher stability.  
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4.5 Battery performance (cyclic ability) 
The results of Zn plating and stripping of all samples at current density of 

0.02 A/cm2 deposited via electroplating. show the stable properties. In this 
experiment, this current density was chosen to test the cyclic ability. The cycling 
tests of the battery were performed using a Zn || MnO2 cell. In this cell, the prepared 
Zn electrode was used as the negative electrode whilst the prepared MnO2 was used 
as the positive. The test was conducted by discharging the battery until reaching the 
lower cutoff voltage of 0.6 V. Then charging was continued until reaching a higher 
cutoff voltage of 1.7 V. The cell was tested at constant current density of 200 mA/g 
for 500 cycles. 

4.5.1 The Zn without TiO2 

Figure 71 shows cyclic ability of the Zn without TiO2, which was tested at 
current density of 200 mA/g. It illustrates the discharge specific capacity of this 
battery at about 80 mAh/g and could still be charged and be stable until 127th cycle. 
After 128th cycle, the discharge specific capacity is decreased and not stable until the 
end of the process due to the Zn electrode has some corrosion and dendrite 
formation on Zn surface. 

 

Figure  71 Cyclic ability of the Zn without TiO2  
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4.5.2 The Zn with TiO2 1 g/L  
Figure 72 shows cyclic ability of the Zn with TiO2 1 g/L, which was tested at 

current density of 200 mA/g. It illustrates the discharge specific capacity of this 
battery at about 87 mAh/g and could still be charged and be stable until 174th cycle. 
After 175th cycle, the discharge specific capacity is decreased and not stable until the 
end of the process due to that TiO2 nanoparticles on Zn electrode can reduce 
corrosion rate and dendrite formation on Zn surface. Therefore, it can be continued 
testing for longer time than that of the sample without TiO2. 

 

 
Figure  72 Cyclic ability of the Zn with TiO2 1 g/L 
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4.5.3 The Zn with TiO2 3 g/L 
Figure 73 shows cyclic ability of the Zn with TiO2 3 g/L, which was tested at 

current density of 200 mA/g. It illustrates the discharge specific capacity of this 
battery at about 94 mAh/g and could still be charged and be stable until 220th cycle. 
After 220th cycle, the discharge specific capacity is decreased and not stable until the 
end of the process. However, it has longer cycle life than that of the sample Zn with 
TiO2 1 g/L due to that Zn electrode has more TiO2 nanoparticles which can reduce 
corrosion rate and dendrite formation on Zn surface. Therefore, it can be continued 
testing for longer time than that of the sample with TiO21 g/L. 

 

 
Figure  73 Cyclic ability of the Zn with TiO2 3 g/L 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 77 

4.5.4 The Zn with TiO2 5 g/L 

Figure 74 shows cyclic ability of the Zn with TiO2 5 g/L, which was tested at 
current density of 200 mA/g. It illustrates the discharge specific capacity of this 
battery at about 148 mAh/g and could still be charged and be stable until 500th 
cycle until the end of the process due to Zn electrode has more TiO2 nanoparticles 
which can reduce corrosion rate and dendrite formation on Zn surface. Therefore, it 
can be continued testing for longer time. 

 

 
Figure  74 Cyclic ability of the Zn with TiO2 5 g/L 
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4.5.5 The Zn with TiO2 10 g/L 

Figure 75 shows cyclic ability of the Zn with TiO2 10 g/L, which was tested at 
current density of 200 mA/g. It illustrates the discharge specific capacity of this 
battery at about 148 mAh/g and could still be charged and be stable until 500th 
cycle until the end of the process due to Zn electrode has more TiO2 nanoparticles 
which can reduce corrosion rate and dendrite formation on Zn surface. Therefore, it 
can be continued testing for longer time. 

 
Figure  75 Cyclic ability of the Zn with TiO2 10 g/L 
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4.6 Microstructure Characterization after battery performance testing 
4.6.1 Morphology and microstructure of Zn without TiO2 
 The coin cells of Zn without TiO2 with all current densities were tested for 
battery performances at various current densities of 50, 100, 200, 500, and 1000 
mA/g and long cycles. From the resulted, the specific capacity increased slightly 
when the current density for electroplating increased with no longer life cycles. They 
are not very different due to the current densities for depositing are similar. 
Therefore, after battery performance testing, it would be better to analysis 
morphology of Zn electrode again. The results exhibit shown non-uniform crystal of 
Zn layer and dendrite on the Zn surface as shown in figure 76. This might be due to 
that the shot circuit or corrosion could bring to shorter life cycle of this battery. 
 

 

Figure  76 The Zn electrode sample of Zn without TiO2  
after battery performance testing 
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4.6.2 Morphology and microstructure of Zn with TiO2 10 g/L 
The coin cells of Zn with TiO2 10 g/L with all current densities were tested for 

battery performances at various current densities of 50, 100, 200, 500, and 1000 
mA/g and long cycles. From the resulted, the specific capacity increased slightly 
when the current density for electroplating increased with no longer life cycles. They 
are not very different due to the current densities for depositing are similar. 
Therefore, after battery performance testing, it would be better to analysis 
morphology of Zn electrode again. The results exhibit shown non-uniform crystal of 
Zn layer and small amount distribution TiO2 nanoparticles on the Zn surface as 
shows in figure 77, This might be due to that increasing corrosion resistance on Zn 
electrode was increased, which could bring to the highest specific capacity and 
longest life cycle of this battery.   
 

 

Figure  77 The Zn electrode sample of Zn with TiO2 10g/L  
after battery performance testing 
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Chapter 5 
Conclusions 

This research has objectives to prepare zinc with titanium dioxide (TiO2) 
particles coating on anode of zinc ion batteries via electrodeposition technique and 
to study the effect of electrodeposition parameters on the microstructure of zinc 
anode and battery performances. The research will focus on preparation parameters 
of zinc anode via electrodeposition by adding titanium dioxide nanoparticle (TiO2) in 
zinc electroplating solution.  The effect of concentration of titanium dioxide (0, 1, 3, 
5, and 10 g/L), the current density (0.01, 0.02, 0.03, and 0.04 A/cm2) and time (30 
mins) were studied. The morphology and phase composition were analyzed by 
scanning electron microscope (SEM) and X-ray diffraction (XRD) respectively. The coin 
cell (CR2032) will be assembled for evaluating the electrochemical properties (CV 
and EIS) and battery performances (specific capacitance, and cyclic ability). 
 
5.1 Zn without TiO2 

All samples show the coated microstructures with a non-uniform crystal 
distribution of Zn layer and the deposited particle size are smallest, as results shown 
in table19. The morphology had changed when the current density deposition was 
increased.  

 
Table  19 Morphology of Zn without TiO2 

 
 
 

Current density Morphology of Zn deposition Grain size of Zn wt% of Ti 
0.01 A/cm2 non-uniform 2.18 µm No 

0.02 A/cm2 non-uniform 3.32 µm No 

0.03 A/cm2 non-uniform 3.36 µm No 

0.04 A/cm2 non-uniform 3.94 µm No 
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From the battery performances of the Zn without TiO2, the results, are shown 
in tables 20-21 with all current densities (0.01-0.04 A/cm2), it was found that 
increasing the current density for electroplating can also increase slightly specific 
capacity due to that the morphology of Zn electrode at higher current density has 
higher wt% of Zn. Therefore, Zn+ can insert into MnO2 more than that of lower 
current density with non-uniform crystal of Zn layer, where current densities are not 
very different. Hence, this would not significantly affect to the specific capacity. The 
columbic efficiencies of all samples are about 90-98% and operate with higher 
stability. The battery efficiency depends not only on the morphology of Zn deposits 
but also on the type of electrolytes.  

 
Table  20 The battery performances of the Zn without TiO2 (1) 

Current density Polarization voltage 
Open circuit 

voltage 
Efficiency 

 
0.01 A/cm2 −0.06 to +0.06 V 1.3725 V 

90-98 % 

 

0.02 A/cm2 −0.06 to +0.06 V 1.3818 V  

0.03 A/cm2 −0.06 to +0.06 V 1.3654 V  

0.04 A/cm2 −0.06 to +0.06 V 1.3741 V  

 

Table  21 The battery performances of the Zn without TiO2 (2) 

Current density 
 Specific capacity (mAh/g) 

Cycle 
 50mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g 

0.01 A/cm2  51 63.57143 57.14286 38.57143 26.42857 No 

0.02 A/cm2  43.26 72.85714 60.71429 45.71429 29.28571 127 

0.03 A/cm2  41.4 81.42857 59.28571 59.28571 42.85714 No 

0.04 A/cm2  39.74 73.57143 66.42857 58.57143 60 No 

 

In this condition, it could be summarized that the current density which is the 
most appropriate for deposition Zn without TiO2 is at 0.04 A/cm2 for providing the 
highest specific capacity with higher stability.  
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5.2 Zn with TiO2 1 g/L 
At low current density of 0.01 A/cm2, samples show the coated 

microstructures with non-uniform crystal distribution. For higher current densities, 
(0.02-0.04 A/cm2) the morphology of Zn layer looks like flake-shape. The samples 
deposited with all current densities are found with less amount and non-uniform 
distribution of TiO2 nanoparticles on the Zn surface, as the results shown in table 22. 
 

Table  22 Morphology of Zn with TiO2 1 g/L 

Current density Morphology of Zn deposition Grain size of Zn wt% of Ti 

0.01 A/cm2 non-uniform 3.2 µm 0.19 

0.02 A/cm2 flakes 3.5 µm 0.22 

0.03 A/cm2 flakes 4.4 µm 0.22 

0.04 A/cm2 flakes 4.8 µm 0.3 

 

From the battery performance of the Zn with TiO2
 1 g/L, the results are 

shown in tables 23-24 with all current densities (0.01-0.04 A/cm2). It was found that 
increasing the current density for electroplating can also increase slightly specific 
capacity due to the morphology of Zn electrode with less TiO2 nanoparticles on the 
Zn surface. Therefore, this provides insignificant affect to the specific capacity. The 
columbic efficiencies of all samples are about 93-98% and operate with higher 
stability.  

 
Table  23 The battery performances of the Zn with TiO2 1 g/L (1) 

Current density Polarization voltage 
Open circuit 

voltage 
Efficiency 

 
0.01 A/cm2 −0.05 to +0.05 V 1.0868 V 

93-98 % 

 

0.02 A/cm2 −0.05 to +0.05 V 1.3814 V  

0.03 A/cm2 −0.05 to +0.05 V 1.3799 V  

0.04 A/cm2 −0.06 to +0.06 V 1.3801 V  
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Table  24 The battery performances of the Zn with TiO2 1 g/L (2) 

Current density 
Specific capacity (mAh/g) 

Cycle 
50 mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g 

0.01 A/cm2 49.88432 78.57143 70.71429 45.71429 26.42857 No 

0.02 A/cm2 54.14286 67.14286 53.57143 35.71429 22.85714 174 

0.03 A/cm2 68.57143 72.85714 57.85714 36.42857 20.71429 No 

0.04 A/cm2 63.45143 92.17914 84.17914 73.75057 33.03629 No 

 
It could be summarized that the current density} which is the most 

appropriate for deposition Zn with TiO2 1 g/L is at 0.04 A/cm2 for providing the 
highest specific capacity with higher stability.  

 
5.3 Zn with TiO2 3 g/L 

At low current densities, (0.01-0.02 A/cm2), samples show the coated 
microstructures consisting the crystals with homogeneity and randomly size-
distribution. The Zn crystals consists of layer as flake structure. Higher current 
densities (0.03-0.04 A/cm2) samples show the heterogeneous coated structures. 
Crystals tend to form hexagonal platelets. The samples of all current densities are 
with small amount and non-uniform distribution of TiO2 nanoparticles on the Zn 
surface. The results are shown in table 25. 

 
Table  25 Morphology of Zn with TiO2 3 g/L 

Current density Morphology of Zn deposition Grain size of Zn wt% of Ti 

0.01 A/cm2 flakes 3.75 µm 0.41 

0.02 A/cm2 flakes 5.12 µm 0.49 

0.03 A/cm2 hexagonal platelets 8.54 µm 0.52 

0.04 A/cm2 hexagonal platelets 10.2 µm 0.55 
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The results of the battery performances of the Zn with TiO2
 3 g/L with all 

current densities (0.01-0.04 A/cm2) are shown in tables 26-27. Increasing the current 
density for electroplating can also increases specific capacity due to that 1) 
morphology of Zn electrode at higher current density has higher wt% of Zn (Zn+ 
could insert into MnO2 more than lower current density). 2) The Zn crystal layer as 
flake structure tends to form hexagonal platelets and the Zn deposits transforms to 
a multilayer structure with small amount and non-uniform distribution of TiO2 
nanoparticles on the Zn surface. Therefore, they affect to the specific capacity that 
higher than Zn with TiO2 1 g/L.  

 
Table  26 The battery performances of the Zn with TiO2 3 g/L (1) 

Current density Polarization voltage 
Open circuit 

voltage 
Efficiency 

 
0.01 A/cm2 −0.05 to +0.05 V 1.3811 V 

95-99 % 

 

0.02 A/cm2 −0.04 to +0.04 V 1.1163 V  

0.03 A/cm2 −0.04 to +0.04 V 1.3907 V  

0.04 A/cm2 −0.05 to +0.05 V 1.3 V  

 

Table  27 The battery performances of the Zn with TiO2 3 g/L (2) 

Current density 
Specific capacity (mAh/g) 

Cycle 
50 mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g 

0.01 A/cm2 39.14286 81.42857 62 40.71429 28.42857 No 

0.02 A/cm2 18.47342 82.14286 65 43.57143 28.57143 220 

0.03 A/cm2 57.8773 104.28571 83.57143 55.71429 31.42857 No 

0.04 A/cm2 32.85714 114.28571 92.14286 59.28571 34.28571 No 

 
In this condition, it could be summarized that the current density which is the 

most appropriate for deposition Zn with TiO2 3 g/L is at 0.04 A/cm2 for providing the 
highest specific capacity with higher stability.  
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5.4 Zn with TiO2 5 g/L 
Samples with all current densities (0.01, 0.02, 0.03, and 0.04 A/cm2) show the 

coated microstructures with the randomly size-distributed crystals. The crystal layer 
transforms to a multilayer structure in Zn-TiO2 composite. The samples with all 
current densities were in small amount and uniform distribution of TiO2 nanoparticles 
on the Zn surface. The results are shown in table 28. 

 
Table  28 Morphology of Zn with TiO2 5 g/L 

Current density Morphology of Zn deposition Grain size of Zn wt% of Ti 

0.01 A/cm2 flakes 5.6 µm 0.8 

0.02 A/cm2 flakes 5.8 µm 0.87 

0.03 A/cm2 flakes 6.8 µm 0.88 

0.04 A/cm2 flakes 7.1 µm 0.94 

 
The results of the rate ability of the Zn with TiO2

 5 g/L with all current 
densities (0.01-0.04 A/cm2) are shown in tables 29-30. Increasing the current density 
for electroplating can also increases specific capacity due to that 1) morphology of 
Zn electrode at higher current density has higher wt% of Zn (Zn+ could insert into 
MnO2 more than lower current density). 2) coated microstructures are randomly size-
distributed crystals. The crystals layer transforms to a multilayer structure in Zn-TiO2 
composite coatings. They have amount and distribution of TiO2 nanoparticles on the 
Zn surface more than those of Zn with TiO2 3 g/L. Therefore, in this condition, effect 
of higher concentration on the specific capacity is higher than those of Zn with TiO2 3 
g/L. The columbic efficiencies of all samples are about 95-99% and operate with 
higher stability.  
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Table  29 The battery performances of the Zn with TiO2 5 g/L (1) 

Current density Polarization voltage 
Open circuit 

voltage 
Efficiency 

 
0.01 A/cm2 −0.05 to +0.05 V 1.3904 V 

95-99 % 

 

0.02 A/cm2 −0.03 to +0.03 V 1.3786 V  

0.03 A/cm2 −0.03 to +0.03 V 1.5154 V  

0.04 A/cm2 −0.04 to +0.04 V 1.3566 V  

 
Table  30 The battery performances of the Zn with TiO2 5 g/L (2) 

Current density 
Specific capacity (mAh/g) 

Cycle 
50 mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g 

0.01 A/cm2 53.85714 92.85714 64.28571 35.71429 21.42857 No 

0.02 A/cm2 87.94221 108.94832 102.14286 70 45 500 

0.03 A/cm2 92.14286 136.42857 122.14286 85 42.14286 No 

0.04 A/cm2 22.94328 166.42857 168.57143 100.71429 66.42857 No 

 
In this condition, it could be summarized that the current density which is the 

most appropriate for deposition Zn with TiO2 5 g/L is at 0.04 A/cm2 for providing the 
highest specific capacity with higher stability.  
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5.5 Zn with TiO2 10 g/L 
 Samples with all current densities (0.01, 0.02, 0.03, and 0.04 A/cm2) 

show the coated microstructures with the randomly size-distributed crystals. The 
crystals layer transforms to a multilayer structure in Zn-TiO2 composite coatings.  
Samples with all current densities exhibit uniform distribution of TiO2 nanoparticles 
on the Zn surface. The results are shown in table 31. 

 
Table  31 Morphology of Zn with TiO2 10 g/L 

Current density Morphology of Zn deposition Grain size of Zn wt% of Ti 

0.01 A/cm2 stacked 5.4 2.24 

0.02 A/cm2 stacked 6.8 2.47 

0.03 A/cm2 stacked 7.9 2.61 

0.04 A/cm2 stacked 8.3 2.83 

 
The results of the rate ability of the Zn with TiO2

 10 g/L with all current 
densities (0.01-0.04 A/cm2) are shown in tables 32-33. Increasing the current density 
for electroplating also increased specific capacity due to that 1) morphology of Zn 
electrode at higher current density has higher wt% of Zn (Zn+ can insert into MnO2 
more than that of lower current density). 2) coated microstructures are randomly 
size-distributed crystals. The crystals stack and transform to a multilayer structure in 
Zn-TiO2 composite coatings. Samples with all current densities exhibit uniform 
distribution of TiO2 nanoparticles on the Zn surface. Therefore, they could affect to 
the specific capacity higher than those of Zn with TiO2 5 g/L.  
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Table  32 The battery performances of the Zn with TiO2 10 g/L () 

Current density Polarization voltage Open circuit voltage Efficiency 
 

0.01 A/cm2 −0.03 to +0.03 V 1.375 V 

95-99 % 

 

0.02 A/cm2 −0.03 to +0.03 V 1.3573 V  

0.03 A/cm2 −0.03 to +0.03 V 1.4072 V  

0.04 A/cm2 −0.04 to +0.04 V 1.4267 V  

 

Table  33 The battery performances of the Zn with TiO2 10 g/L (2) 

Current density 
Specific capacity (mAh/g) 

Cycle 
50 mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g 

0.01 A/cm2 108.93842 153.57143 140.71429 102.85714 65 No 

0.02 A/cm2 16.85714 187.85714 180.71429 108.57143 66.42857 500 

0.03 A/cm2 123.94827 173.57143 139.28571 74.28571 34.28571 No 

0.04 A/cm2  126 142.85714 117.85714 57 28.57143 No 

 
In this condition, it could be summarized that the current density, which is 

the most appropriate for deposition Zn with TiO2 10 g/L is at 0.04 A/cm2 for providing 
the highest specific capacity with higher stability.  

 
Finally, it could be concluded that increasing both concentration of TiO2 in 

electrolyte and current density for electroplating can strongly influence to the 
morphology of composite deposits of zinc electrode. This required morphology can 
provide higher performance and lifetime of battery. The Zn electrodes prepared 
under the condition were tested and found to have columbic efficiencies in the 
range of 95-99% and operate with higher stability. For further development of Zn ion 
battery to have higher specific capacity, cyclability and stability, the batteries should 
be made from inexpensive, readily available and environmentally friendly materials. 
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