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1.1. Requirements of large-scale energy storage devices 
 

1.1.1. Large-scale energy storage for the use of renewable energies and demand 

responses 

 

 

    Currently, global climate change is observed all over the world, which is due to the 

effects of greenhouse gases by increased carbon dioxide emissions, and it is required to 

reduce them. In 2015, Sustainable Development Goals (SDGs) was adopted by the 

United Nations to maintain our world sustainable, and they compose of 17 goals for the 

next generation [1]. Especially, Goal 7: Affordable and clean energy and Goal 13: 

Climate change remind us to make the actions. In this context, power generation 

accounts for a large share of CO2 emissions, and as of fiscal year (FY) 2019, CO2 

emissions from the sector of electricity and energy sources conversion including power 

plants and oil refinery amounted to approximately 39% in Japan [2]. The most effective 

means of transforming power generation into something cleaner is the use of renewable 

energy. In a broad sense, renewable energy refers to energy derived from solar, 

geophysical, and biological sources and replenished by nature at a rate faster than it is 

used [3,4]. Specifically, power is generated from energy resources that are constantly (or 

repeatedly) replenished by natural forces, such as solar power, wind power, wave and 

tidal power, running water and tides, geothermal power, and biomass [4]. However, the 

instability of the power supply is a general challenge to the spread of these renewable 

energies. In FY2020, the annual amount of electricity generated by solar power in Japan 

was only approximately 8.9% [5], which reflects the difficulty of the use of the 

renewable energy. Since solar power generation varies between daytime and nighttime, 

with an oversupply during the day and a shortage at night, it is required to be balanced 

in daytime and nighttime. The introduction of solar power can cause the introduction of 

distributed power sources that can work as small power plants at several places such as 

factories, offices, and houses, but in such a situation there is also a problem of fine 

frequency fluctuations [6], which are due to fluctuations in the output of renewable 

energy. Large-scale energy storage devices can be an effective approach to these 
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challenges. In order to balance the demand and supply in daytime and nighttime, excess 

daytime power supply can be stored and used at night, and frequency fluctuations can 

be absorbed and adjusted, thus simultaneously storing excess power and adjusting 

electricity frequencies [7-10]. This will lead to the spread of the use of renewable energy. 

 

 
Figure 1.1. Concept of demand response [11]. 

 

To address the instability of the use of renewable energy and improve the 

efficiency of energy as a whole, a new approach for adjusting the balance of electricity 

supply and demand, called Demand Response (DR), has been developed [11-13]. DR is 

claimed to be defined as: “Changes in electric use by demand-side resources from their 

normal consumption patterns in response to changes in the price of electricity, or to 

incentive payments designed to induce lower electricity use at times of high wholesale 

market prices or when system reliability is jeopardized” [14]. Electricity demand and 

supply must always match in order to achieve a balance between supply and demand. 

Until now, power companies (thermal power plants, etc.) on the supply side have 

adjusted the amount of electricity generated, but with DR, it is possible to actively 

control electricity consumption on the demand side and contribute to adjusting the 

supply-demand balance. Thus, in DR, it is important to change electricity demand 

patterns. In particular, suppliers allow consumers to participate in the electricity system 

by "setting electricity rates by time of day" and "paying compensation to consumers 

who use less during peak hours" [11,12]. In this approach, each small-scale distributed 

energy resource owned by factories and households will be remotely integrated and 

controlled by aggregators with advanced energy management technology using the 
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Internet of Things (IoT) to adjust the supply-demand balance of electric power. As the 

entire system functions as if it were a single power plant, this system is called a virtual 

power plant (VPP) [15-19]. VPPs are expected to play an active role in the power 

system as a function of load leveling, absorption of renewable energy oversupply, and 

supply during power shortages. The current supply flow of electricity, as described 

above, is generally one-direction by power companies using electricity produced at 

power plants. In this case, power is supplied unilaterally and used by consumers, and 

the issues of power shortages or excesses is handled solely by the power company. On 

the other hand, as mentioned above, the consumers can also play a role in adjusting the 

supply and demand of electricity in a VPP. At this time, the owner of the energy storage 

can contribute to maintaining the balance of the energy supply, i.e., charge and 

discharge the storage devices will allow consumers to have the same functionality as a 

power plant.  

 

 
Figure 1.2. Cocept of virtual power plant [20].  

©2019 IEEE 
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Devices capable of adjusting the power by charge-discharge at the consumer's end 

are essential to match the power supply from the power plant. Large-scale storage 

batteries are important for this power supply and demand system [8,10,21-23]. For 

example, it is possible to temporarily store electricity from renewable energy sources at 

the consumer side and release it according to the electricity supply-demand balance. 

The unstable supply of renewable energy can also be solved by introducing large-scale 

storage batteries. When conditions are favorable for charging the devices in daytime, 

consumers can recharge the large-scale storage batteries, and when the amount of 

generated electricity is low, the discharge of the batteries can lead to save the electricity 

fee and the efficient use of the electricity on the consumer side. This is expected to 

increase the use of renewable energy in society as a whole and move us toward solving 

problems caused by power generation, such as carbon dioxide emissions. Demand for 

large-scale storage batteries has been increasing; as an example, the market size of 

stationary batteries in Japan in 2018 was worth 300 billion yen [24]. In FY2019, the 

cost of an energy storage system for house-use was around 140,000 yen/kWh. The 

average price of energy storage systems for business and industry was now 98,000 

yen/kWh, and further cost reductions are important in the future. The conditions 

required for these large-scale storage batteries differ depending on the application. For 

applications for load leveling, it is necessary to deal with fluctuation control, peak 

shaving, and peak shifting. Each application requires storage batteries with different 

capacities and outputs [21-23]. 
 
 
1.1.2. Types of the present large-scale energy storage devices 

 

 

    The following specific types of batteries are known as large-scale storage batteries; a) 

Li-ion batteries, b) redox flow batteries, c) sodium sulfur batteries, and d) lead-acid 

batteries, etc. 

a) Li-ion batteries are currently the most popular battery, and their use is expanding 

for mobile applications and power storage. It is capable of rapid recharging, has low 

self-discharge, and is easy to monitor the state of charge. On the other hand, the 
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electrolyte is a flammable liquid [25], and large-volume installations of Li-ion batteries 

will face with the safety for the use of such electrolyte [26,27]. For this reason, 

extremely delicate management and control of charging voltage is required during 

charging. The considerable skills are required for control design, including protection 

circuits [28]. The main materials used for the positive electrode are transition metal 

oxides and polyanion compounds which has a space for intercalation of Li. The 

conversion materials are mainly made of fluorides, chlorides, and lithium sulfides. The 

main materials used for the negative electrode are graphite and lithium titanium oxide 

[29]. 

b) Redox flow batteries that utilize vanadium as the battery material are widely 

used [10]. In addition, redox flow batteries have been reported to operate at room 

temperature with little degradation [30]. The main characteristics of this battery can be 

an extremely long charge-discharge cycle life of more than 10,000 cycles, instantaneous 

responsiveness on the millisecond level, and the ability to produce several times larger 

output for a short period of time than expected when it is designed [31]. On the other 

hand, the energy density is low and the need for a pump to circulate the electrolyte 

makes  the equipment complicated [32-34]. 

c) Sodium sulfur batteries are MWh-class storage batteries commercialized by 

NGK, which is developed for load leveling, output stabilization, and a backup power 

source [35]. It uses sulfur for the cathode, sodium for the negative electrode, and 

aluminum oxides for the electrolyte. These materials are abundant in resources, which 

leads to cost reduction in mass production. However, there are some drawbacks, such as 

the need to maintain the temperature at around 300°C during operation, which requires 

extra electricity for heat retention, and the difficulty of extinguishing a fire once it starts. 

d) Lead-acid batteries have been widely used. They are also considered to be 

already mature. The main constituent material utilizes PbO2 on the cathode side and Pb 

on the negative electrode side; PbO2 + Pb+ 2H2SO4 → 2PbSO4 + 2H2O is the overall 

discharge reaction [36]. 
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1.2. Zn negative electrode for the large-scale energy 

storage 
 

1.2.1. Characteristics of Zn negative electrodes 

 

 
A Rechargeable batteries with Zn negative electrode are one of the promising 

batteries for the large-scale storage batteries as well as the ones described above. Zn 
secondary batteries are expected as a baseload device that can provide a stable supply of 
wind and photovoltaic power energy at low cost. The main advantages are high energy 
density, safety, and material abundance [37-40]. The specific energy density is 820 mAh 
g−1 and the capacity density is about 5850 mAh cm−3 [40-44]. It can achieve a 
volumetric energy density equivalent to that of a stationary lithium-ion battery. (about 
200 watt-hours per liter of battery volume). In addition, Zn secondary batteries use an 
aqueous solution instead of flammable organic solvents in the electrolyte, which makes 
the battery operation safer [37]. 
    The metal-air batteries using Zn and other negative electrodes are shown in Table 1.1, 
which shows the theoretical voltage, specific energy density, volumetric energy density, 
and other important properties of various metal-air batteries. Among the metals listed in 
Table 1.1, Zn is expected to be widely used as a negative electrode material due to its 
abundance, cost competitiveness, environmental friendliness, high capacity, and 
stability in aqueous electrolyte [45-49]. 
 

Table 1.1. Physical properties for various metal negative electrodes [50] 
Negative electrode 
materials for metal-

air batteries 

Reduction potential 
/ V vs. SHE 

Volumetric 
capacity / mA h 

cm−3 

Specific capacity /  
mA h g−1 

Zn −0.8 5851 820 
Li −3.0 2062 3861 
Na −2.7 1128 1166 
Mg −2.4 3833 2205 
Al −1.7 8046 2980 
Fe −0.44 23376 2974 
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Compared to current lithium-ion batteries, the material of the Zn secondary battery 
is particularly inexpensive [37,38]. For example, the price difference of Zn with cobalt 
and molybdenum, which is the typical materials for the positive and negative electrodes 
of Li-ion batteries is as much as 10 times (Co: $30,000-100,000/t, Mo: $20,000-40,000/t, 
Zn: $2,000-3,500/t during 2017-2022) [51-53]. However, in recent years, interest has 
been focused on the rising price of zinc. Zinc futures traded on the London Metal 
Exchange (LME) are above the $3,700/ton level. This is the highest price in about 15 
years, since 2007. In addition, the rise in the non-ferrous metals market has been 
remarkable, and other inexpensive metals have also seen high prices across the board in 
recent years. This is due to expectations of increased demand as the world economy 
returns to normalcy after a period of stagnation caused by the new coronavirus infection 
and the uncertainty due to the war, as well as successive production cuts at smelters in 
response to power shortages in Europe and China [54]. However, despite these high 
price conditions, Zn still has a significant cost advantage. 

The Zn secondaty battery is also expected to be provided at a low price when 

actually used as a battery. Canadian startup Zinc8 Energy Solutions (Zinc8) has 

attracted attention for its Zinc8 ESS, an energy storage system that uses zinc air battery 

technology [55]. This system can be operated at up to one-fifth the cost of Li-ion 

batteries. The capital cost for 8 hours of energy storage with the Zinc8 ESS is about 

$250/kWh, $100/kWh if the capacity is expanded to 32 hours, and $60/kWh for 100 

hours. On the other hand, they estimate that a system using lithium-ion batteries would 

require more than two batteries to achieve a storage capacity of more than four hours, at 

a cost of about $300/kWh. In this Zinc8 ESS system, there is no net consumption of 

zinc, oxygen, or water during the operation of the battery, but the electrodes and power 

stack will degrade and need to be replaced every few years depending on usage. The 

energy efficiency of Zinc8 ESS (the percentage of energy ultimately output out of the 

input energy) is about 65%, which is not as high as the 95% of lithium-ion batteries, but 

considering the cost of energy storage, the use of Zinc8 ESS is considered highly 

valuable, and further development and simplification of Zn rechargeable batteries is 

important in the future Further development and simplification of Zn rechargeable 

batteries are important in the future. 
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1.2.2. Cost evaluation of Zn negative electrode secondary batteries  

 

 

As described above, Zn negative electrodes are expected to eventually lead to the 

widespread use of rechargeable batteries with a Zn negative electrode. Secondary 

batteries using Zn negative electrode have many advantages over Li-ion batteries. The 

advantages include the low cost of the material and the safety of the aqueous solution 

system. In particular, the spread of rechargeable batteries for the large-scale energy 

storage that can be produced inexpensively is an urgent need in the future. The price of 

Zn itself is lower than that of Li oxide or materials such as Mo and Co used in Li-ion 

batteries, and Zn has advantages in terms of energy density. Hence, the material price of 

Zn negative electrode secondary batteries is estimated when it is used in a secondary 

battery cell. Therefore, based on previous estimates [56,57], the price is estimated by 

setting some conditions to examine the applicability of Zn negative electrodes and the 

energy density that should be aiming for. The assumptions are as follows [56]: 

 

(i) The structure is the same cylindrical cell as the previous study 

(ii) The costs other than electrode materials and electrolyte are the same as the 

previous study 

(iii) The material prices of Zn battery are calculated by multiplying the price in 

the previous study and the ratio of the materials cost in the market 

(iv) The specific energy density is the same as the previous study (200 Wh kg-

battery−1)  

Based on the above assumptions, the calculated results are shown in the table 

below. 

 

Compared to the previously estimate material cost of the conventional Li-ion 

battery, the price of the Zn secondary battery is about half the price of the current Li-ion 

battery. In addition to this comparison, the promising batteries for the large-scale energy 

storage is evaluated by the previous study [58,59]. The redox flow battery using 

vanadium ion shows higher price of the electrolyte than that of the Zn secondary battery, 
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that is 35 Y/Wh. According to the brief estimation, sodium sulfur battery (NAS) can 

show the as half price as the redox flow battery. Although the detail estimation of the 

material price is required for the comparison, the Zn secondary battery can be effective 

for the large-scale energy storage. Since the result is based on the weight and electric 

energy of the batteries, the price varies depending on the capacity of the cathode and 

negative electrode and the price of the positive electrode. Therefore, it is aimed to 

provide a guideline for realistic battery design by changing the capacity of the negative 

and positive electrodes. The estimated prices are compared with other current Li ion 

batteries. The results are shown in Figure 1.3. Material price was calculated by the 

following equation (1.1) and (1.2). 

 
Table 1.2. Price comparison of Zn and Li-ion secondary batteries. 

* indicates this study. The specific energy density of the battery is assumed as 200 Wh 
kgbattery

−1 

 Li-ion 
[56]

 
Prices 

(Y / Wh) 
Zn battery* 

Prices* 

(Y / Wh) 
Positive 
electrode 
material 

LiCoO2 7.208 C6 2.448 

Negative 
electrode 
material 

C6 2.448 Zn 1.310 

Electrolyte EC + LiPF6 1.36 6 M KOH aq. 0.0230 
Others  0.952  0.952 

Separator  1.632  1.632 
Total  13.6  6.365 

 
 Material price

= (As calculated material price when 200 Wh) 

×
200 Wh kgbattery

−1

(Calculated specific energy density)
 

(1.1)  

 

Calculated specific energy density =
𝑉

1
𝑞𝑎𝑛𝑜𝑑𝑒

+
1

𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒

 (1.2)  

 



  Chapter 1 

11 

 

 
Figure 1.3. Estimation of material prices of the Zn secondary battery with respect to the 

specific capacity. Curves indicate the material prices of the Zn battery with the different 

positive electrode materials. Lateral straight lines indicate the price of the current Li-ion 

batteries. 

 

The theoretical capacity of the Zn negative electrode is 820 mAh g−1 [60], which is 

the maximum value of the lateral axis. When the negative electrode is graphite (C6), the 

capacity is determined solely by the performance of the Zn negative electrode since an 

air secondary battery is assumed. The value of voltage also varies, but this is not 

considered in this study. Comparing the C6 positive electrodes, Materials (5 times 

higher price than C6) and Materials (10 times higher price than C6) curves with the 

price of conventional Li-ion batteries, it is expected that even if the positive electrode 

material is expensive, the Zn negative electrode that can produce a capacity of nearly 

500 mAh g−1 will lead to a price in the 8 yen, which is lower than that of the current Li-

ion battery. If the positive electrode is changed to a NiO-based material, the assumed 

voltage will also change [61]. In such a positive electrode, a battery with a capacity of 

around 400 mAh g−1 can be expected to reach the 8-yen range. 

In practice, although it is considered that there will be deviation to some extent 

from the assumptions listed above due to the initial investment and operating costs 

involved in the manufacturing process, it is expected that the high safety of the Zn 

negative electrode means that safety management in large-scale storage batteries will 

become easier. The manufacturing process including the assembly of the moisture-

sensitive components of the Li-ion battery such as the processes of electrolyte injection 
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is required for the manufacturing process of the Li-ion battery. The NAS battery is also 

considered to undergo the same process to avoid the condition including moisture, and 

the Zn secondary battery has an advantage in this respect. Although the long life of the 

NAS battery is an advantage [59], the high temperature required for its operation should 

be avoided if possible. The redox flow batteries have the advantage of being able to 

operate at room temperature, making it easy to control the state of charging and 

discharging. However, the excessive cost of vanadium and complex electrolyte systems 

are required for stationary use [58]. In the process of the Zn battery manufacturing, 

these processes are not required, and the safety is easily maintained in the process. 

Hence, it is expected to reduce the cost of maintaining safety and long-term cost. 

The values used in these calculations are shown below. 

 
Table 1.3. Price comparison of Zn and Li-ion secondary batteries 

Cathode materials [56,57] Prices (Y / Wh kg-battery−1) 

Ex1(LiNi0.8Co0.15Al0.05O2/C6) 9.1 

Ex2(LiNi0.33Mn0.33Co0.33O2/C6) 9.5 

Ex3(LiFePO4/C6) 11.4 

Ex4(LiMn2O4/Li1.3Ti1.6O4) 16.8 

Reference(LiCoO2/C6) 13.6 

 
Table 1.4. Theoretical capacity and voltage of the battery 

Cathode materials 
Theoretical capacity, 𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒 

/ mAh g-1 

Voltage (w/ Zn negative 

electrode) / V 

NiOOH [61] 289 1.735 

C6 (Air) - 1.65 
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Table 1.5. Commercial prices of the materials 

Materials Mass / g Price / Y Price per 
weight / Y g−1 References 

Co3O4 500 18500 37 [62] 

CoSO4 7H2O 500 37700 75.4 [63] 

Co(OH)2 250 31200 124.8 [64] 

Li2CO3 500 12500 25 [65] 

LiOH H2O 500 5800 11.6 [66] 

CoCO3 500 64000 128 [67] 

Ethylene 
Carbonate 500 7000 14 [68] 

LiPF6 50 10500 210 [69] 

C6 500 4800 9.6 [70] 

Zn 500 3700 7.4 [71] 

KOH 5000 13000 2.6 [72] 

Ni(OH)2 500 13500 27 [73] 

 

 

1.2.3. Problem for the application of the Zn negative electrode during charge 

process  

 

 

Zn negative electrodes can be operated in various conditions electrolyte such as 

acid, mild, and alkaline. The alkaline Zn/MnO2 battery using the KOH solution is an 

early and basic system of the Zn secondaty battery. Alkaline electrolytes using aqueous 

solutions with KOH or NaOH are mainly used to maintain the alkaline condition [74]. 

In this context, Zn/MnO2 secondary batteries using a mild ZnSO4 electrolyte have been 

realized to show high cycle stability [75]. Furthermore, it was also proposed to use 

ZnSO4 (zinc sulfate) or Zn(NO3)2 (zinc nitrate) as an electrolyte to intercalate Zn2+ into 
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MnO2, thereby using it as a Zn-ion battery [74]. A zinc ion battery with a medium 

Co(III)-rich-Co3O4/Zn gel electrolyte was also reported, which delayed the damage and 

degradation of the separator during Zn-ion battery operation [76]. 

 

 
Figure 1.4. Schematic of a typical rechargeable Zn negative electrode (anode) battery 

[50]. Republished with permission of Royal Society of Chemistry, from Challenges, 

Mitigation Strategies and Perspectives in Development of Zinc-electrode 

Materials/Fabrications for Rechargeable Zinc-air Batteries, J. Yi, 11, 2018; permission 

conveyed through Copyright Clearance Center, Inc.  

 

The study of Zn-based rechargeable batteries (ZBRBs) has become extensive 

because of its advatanges. Hence, the reaction mechanisms of Zn negative electrode 

secondaty batteries are gradually analyzed as a result of the many studies. Wang et al. 

summarized recent studies of solutions used in Zn rechargeable batteries [37]. The 

number of the research related to mild aqueous ZBRBs has been increasing, and new 

ZBRBs using acidic electrolyte environments are beginning to appear after 2019. This 

indicates that aqueous ZBRBs aree highly expected to apply in the real society. 

Although the energy density of aqueous zinc batteries cannot exceed that of the Li-ion 

battery, their power density has reached a level where they can be applied to 

supercapacitors [37]. In addition, the energy density of Zn secondary batteries with 

alkaline electrolyte is higher than that of Zn batteries with mild electrolytes. However, it 

is known the elementary processes on the surface of the Zn negative electrode reduce 

the battery capacity, and it is important to solve this problem. By solving the problems 
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of alkaline Zn negative electrode secondary batteries, further development of other Zn 

battery systems is expected to be featured as well. In the alkaline system, the redox 

potential is lower than in other solution systems and the hydrogen evolution reaction 

can be suppressed [77,78]. The energy density of the Zn system is higher, low-cost and 

simple, making it a useful system for large-scale storage batteries. The main reaction 

steps during charging in alkaline systems are known as follows [79]. 

 
 H2O + e− → Had + OH− (1.3)  
 Zn(OH)4

2− ⇋ Zn(OH)2 + 2OH− (1.4)  
 Zn(OH)2 + e− → Zn(OH)ad + OH− (1.5)  
 Zn(OH)ad + Had → Zn + H2O (1.6)  
 Zn(OH)ad + e− → Zn + OH− (1.7)  
 Zn(OH)4

2− → ZnO + H2O + 2OH− (1.8)  
 

The discharge reaction is the backward direction of these equaitions which the 

precursor is oxidized. During the discharge reaction, the following chemical reaction 

occurs due to the change in zincate concentration near the surface, resulting in the 

deposition of ZnO [80,81]. This ZnO is formed by the super saturation of zincate ion 

near the surface due to the increase in the concentration of zincate near the surface 

following the discharge reaction proceeds to leach Zn and form zincate. Since ZnO is an 

insulator, its formation is thought to cover the Zn surface and prevent the charge-

discharge reaction from progressing by the passivation [80]. 

    In Zn systems with such reaction processes, the irregular shape evolution of Zn  

during the electrodeposition is one of the problems that Zn battery has faced. In 

particular, dendrites [82] and nanofilament-like structures called mossy structures [83-

85] are formed as the irregular shape deposition, and these structures cause several 

problems [86-91]. One is that the growth of such irregular shapes can break through the 

separator between the negative and positive electrodes, causing a short circuit in the 

battery. In addition, the irregular shape of electrordeposited Zn such as dendrites and 

mossy structures on the negative electrode will be so-called “dead Zn” during the 

discharge process, which cannot desolve into the solution due to the loss of the electron 

pass, resulting in a decrease in charge-discharge efficiency. Previous studies have 

approached to this problem for the development of the efficient Zn battery. However, 
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the fundamental solution to control the morphology of Zn and suppress its irregular 

shape evolution has not been developed yet. Even the aforementioned Zinc8 does not 

prevent such irregular shape evolution to deposit, but rather removes the deposits 

formed on the electrode and reuses them as zinc particles for energy storage for the 

recycling operation of the battery. If this fundamental solution can be achieved, it will 

be possible to create a simpler Zn secondary battery system, which is expected to make 

a great leap forward as a large-scale storage battery. 

The irregular shape evolution that appears during charging of Zn negative 

electrodes is characterized as dendrites and nano-filamentous structures called mossy 

structures, respectively [82-85]. Dendrites shows branch-like structures that grow 

sharply. This deposit is known to appear in the electrodeposition of many metals under 

the condition of high current densities and low concentrations. In contrast, the mossy 

structure is a nanofilamentary structure, as shown in Figure 1.5(a).  

 

 

Figure 1.5. Zn deposits in the different applied potentials [83]. 

Reprinted from Morphological evolution of mossy structures during the 

electrodeposition of zinc from an alkaline zincate solution, 206, T. Otani et al., 366-373, 

Copyright (2016), with permission from Elsevier.  
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These mossy structures show the nano-filamentous strucutures, depositing in the 

conditions such as low current density, low overpotential, and high concentration 

environments. Figure 1.6 shows the low magnification of the mossy structures showing 

its moss-like strucrures. The mossy structures containing the nano-filamentous 

structures are not generally observed in metals other than Zn during the alkaline 

electrodeposition. As shown in Figure 1.5, previous studies have examined the 

conditions under which these irregular shape evolutions appear [83,92]. Since the 

deposition of such structures should be avoided, their mechanisms have been heat-

debated. As for the dendritic growth which appears in many metals, its growth 

mechanism has been well studied. However, the mossy structures are unique to Zn, and 

its evolution mechanism is still in the investigation [93]. 
 

  

 
Figure 1.6. Mossy structures on different substrate on (a) Cu, (b) Ni, and (c) Fe [92]. 

Used with permission of IOP Publishing, Ltd, from Effects of Deposition Conditions on 

the Morphology of Zinc Deposits from Alkaline Zincate Solutions, R. Y. Wang, D. W. 

Kirk, G. X. Zhang, 153; permission conveyed through Copyright Clearance Center, Inc.  
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By the observation of the mossy structures in detail, the structures in Figure 1.7 are 

shown as a structure that seems to be in the process of its deposition. The protruding 

deposits in Figures 1.7(b)-(d) may be the structures at the initial stage of deposition, and 

the one in Figure 1.7(e) may be the beginning of these nano filaments. Furthermore, 

layered structures are observed under the all of the nanofilament structures. However, it 

is not clear at this point whether these protrustions can truly grow as nanofilaments. 
 

 
Figure 1.7. Electrodeposition structures of Zn: (a) nanofilaments, (b)-(d) nanofilaments 

in the short length, and (e) nanoscale protrusion. 
 

As mentioned above, the mossy structures is composed of the nanofilamentous 

structures. The inside structure of the nanofilaments are previously analyzed [81]. This 

nanofilemnts are compsed of polycrystalline elongated to the [0001] direction, with 

branching and bending. Figure 1.8 shows a STEM image of the mossy structure in a 

previous study. It can be seen that the filament grows to the [0001] direction. It is 

thought that the grain boundary is formed during growth due to the instability of the tip.  
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Figure 1.8. Zn deposits in the different applied potentials [81]. 

Reprinted with permission from The Mechanism of Zn Diffusion Through ZnO in 

Secondary Battery: A Combined Theoretical and Experimental Study, V. Yurkiv et al. J. 

Phys. Chem. C 124 15730-15738. Copyright 2020 American Chemical Society.  
 
 
1.2.4. Analysis and hypothesis related to the growth of the mossy structures 
 
 

The Zn deposition structures are analyzed during the growth of the mossy 

structures. Figure 1.9 shows the results of an in-situ optical microscope observation of 

filament elongation in a previous study [83]. Following the white square in Figure 1.9 

from left to right, it can be seen that there is no significant change from 120 to 840 

seconds. This indicates that no electrodeposition occurs outside of the mossy structure 

during the growth of the mossy structure. It may be considered that preferential 

deposition occur especially around the mossy structures.  

Based on the above results, the following growth mechanism of the mossy 

structure can be hypothesized with the condition of the low overpotential. First, layer-

by-layer structure of the (0001) facets are deposited on the surface as shown in stage (i). 

After the layer-by-layer structures deposit for a while, a protrusion appears on top of it. 

Once these protrusions appear, it is thought that growth does not occur in other areas 

according to the in-situ observation, so that only these protrusions continue to grow. The 

protrusion then become nanofilaments, which eventually form the mossy structure. The 

mechanism of the deposition of the protrusion in particular has been mentioned in a 
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previous study [84]. The mechanism of the elongation of protrusions in the similar 

system has been reported such as the screw dislocations which is caused by the 

dislocation of the atoms of the surface and the impurity-induced catalysis at the tips of 

the protrusions. The screw dislocations have often been observed in ZnO growth [94], 

and an impurity mechanism has been proposed as one of the mechanisms of the growth 

of Zn-Ni alloys [95].  

 

 
Figure 1.9. In-situ optical microscope observation during the mossy evolution [83]. 

Reprinted from Morphological evolution of mossy structures during the 

electrodeposition of zinc from an alkaline zincate solution, 206, T. Otani et al., 366-373, 

Copyright (2016), with permission from Elsevier.  
 

 

Figure 1.10. Hypothesis of the growth mechanism of the mossy structure. 

Dashed squares show the same scale in the different growth stage. 

 

However, It is unclear why the layer-by-layer structures appear at the initial stage 

of the Zn electrodeposition. In addition, the mechanisms of the protrusion and its 
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elongation are not known well. Without understanding the growth mechanism of the 

initial structures, it would be difficult to examine how stages (ii) and (iii) could proceed. 

In other words, clarifying first why this layer-by-layer structure deposits is important for 

further analysis of the growth mechanism of the mossy structure.  The deposition of the 

layer-by-layer structures is considered to be related to the behavior of the atoms on the 

surface because it is in the early stage of the deposition. Providing atomic-level 

knowledge of this deposition phenomena may be helpful toward understanding the 

growth mechanism. As for stages (ii) and (iii), the appearance of the active sites such as 

screw dislocations and points with impurity catalysts can also be atomic-level 

phenomena. Hence, understanding at the atomic level is important in such a deposition 

phenomena. However, these phenomena are not easy to analyze such deposition 

phenomena by conventional experimental methods, as will be shown in the next section. 

 

 

1.2.5. Atomic behavior on metal negative electrodes during charge process  
 
 

As mentioned above, the mechanism of the shape evolution at the initial stage of 
the electrodeposition process should be understood because the deposition structure at 
the initial stage can provide information of the cause of the initiation of the shape 
evolution. In general, the deposition step in electrodeposition proceeds with the several 
steps in the atomic level. The reaction precursors approach at the surface, react, deposit, 
diffuse on the surface, and crystallize [96,97]. The detail is explained as follows. 

Figure 1.11 shows the steps in the electrodeposition until the main deposits appear 
on the surface. During the deposition process, electrons are transferred to reaction 
precursors and a reaction occurs as the first step at the atomic level phenomena to obtain 
the main deposit shown as (a) in Figure 1.11. This step determines the deposition 
potential in the proecss. Furthermore, the deposited atoms diffuse on the surface shown 
as (b-i) in Figure 1.11. Through such a surface diffusion of adsorbed atoms, they 
aggregate with other atoms and crystallize as shown in (b-ii). The deposited atoms are 
also adsorbed on the deposited crystals and surface diffusion proceeds on the surface 
which consists of the deposited atoms. In the type of surface diffusion, the step-edge 
diffusion, which is the migration from the upper step to the lower edge of the deposited 
terraces, is known as the most characteristic diffusion in surface diffusion shown in (b-



  Chapter 1 

22 

 

iii), and its activation energy is called the Ehrlich-Schwoebel (ES) barrier [98,99]. Since 
the electrodeposits are formed through these steps, it is important to consider the role of 
each step in order to study how the morphology is shaped. 
 

 
Figure 1.11. Representative steps of the deposition from atomic scale during the 

electrodeposition. Black balls indicate Zn precursor. Blue balls indicate Zn adatom on 
the surface. 

 
 
1.2.6. Suppression of the irregular shape evolution by additives  
 
 

To control the shape evolution of the electrodeposited Zn on the surface 
morphology through the above steps, the approach used commonly is the use of 
additives. In particular, since Zn is an important material not only in batteries but also in 
surface treatment processes, studies have been performed to enhance such smoothness. 
The comparison of additive effects indicates that the smoothing effects can be in the 
order of citric acid > succinic acid > tartaric acid > phosphoric acid [100]. In addition, a 
comparison of the effectiveness of benzylideneacetone, benzylacetone, and 
butylbenzene have been studied as brightners [101], which are compounds containing 
aromatic rings. The various types of organic additives have been reported: trisodium 
nitrilotriacetic [102], oxalate anion [103], sorbitol [104], Tween20 [105], and the 
polymeric Polyethyleneimine [106-108], polyethylene oxide [109], polyethylene glycol 
[110], and polyacrylic acid [111]. Furthermore, the use of cationic polymers [112], ionic 
liquids [113,114], anionic sodium dodecyl sulfate (SDS), neutral Triton X-100, and 
cationic cetyltrimethlammonium bromide (CTAB) [111,115,116], and others have 
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considered as ionic additives. Other studies have also suggested the use of ionic 
additives [117] and the usefulness of cationic additives such as tetrabutylammonium 
sulfate [118] and 1-Ethyl-1-methyl pyrrolidinium bromide [119] in addition to STAC 
[111]. 
    Because of the effect of these particularly cationic additives, alkali metal ions have 
also attracted attention to control the morphology. It is suggested that several molecular 
additives exhibit synergistic effects with Na+, and that the presence of Na+ leads to 
stronger adsorption on the electrode [120]. The other study reported that Li+ improves 
the discharge capacity of Zn-air batteries in the presence of K+ [121]. In addition to the 
synnergystic effects, an effect of the Li+ addition was also reported that test cell 
including LiCl into the electrolyte showed better stability in long-cycle tests [122]. For 
the discharge process, Li+ has also shown the effect, reducing the deposition of ZnO 
during discharge. This efffect results in a smooth deposition [123]. Li+, which has the 
largest charge density among alkali cations, is considered to interact with surface 
species at the outermost Helmholtz plane [124], which is an interesting distinction from 
other types of additives that act as adsorbed species. Hence, understanding such effects 
of Li+ at the molecular level will provide valuable insight for electrolyte design. 

In addition to the alkali metals, the use of the other metal additives such as Sn, Bi, 
and Pb, which show the more positive deposition potential than Zn, has been 
investigated to suppress both dendrite and mossy structures. Fe and In are also known to 
be effective on the surface [125-128]. The additives such as Sn [84,87,129,130] and Bi 
[131-133] have been suggested to be effective on surfaces. In particular, it is indicated 
that Pb addition gives a characteristic nano-level Zn deposition structure at low current 
densities [84,134,135], but the deposition behavior of Zn and Pb responsible for this 
effect are not clear. Analysis of the mechanism of this effect of Pb, which can suppress 
the deposition of the irregular shape evolution at both high and low current densities, 
could provide important insight into the development of additive species that exert their 
effects at the surface. Previous studies have suggested that Pb does not affect the charge 
transfer process of Zn deposition [136], and the behavior of deposited Zn atoms after 
the charge transfer process is considered to be important. 

However, even though the additive effects should be understood at molecular level, 
it is difficult to investigate the deposition behavior of the main deposits in 
electrodeposition with such additives at the nano-level, and the mechanism can be 
analyzed not only by electrochemical measurements but also by the complementary use 
of other techniques. For the analysis of these additive working near the surface in the 
solution such as the alkali metals and adsorbing or depositing with the main deposits, 
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the analysis should include the precise modelling of the solid-liquid interface during the 
electrodepostion. In addition, once the phenomena during the electrodeposition is 
visualized at the molecular level, understanding for the electrodeposition process on the 
surface will be deepen. It can provide valuable insight into the further development of 
the effective additives for the Zn negative electrode secondary battery. 
 
 

1.3. Simulation methods of the phenomena at the 

electrochemical interfaces 
 

1.3.1. First-principles calculations to reproduce the electrochemical interfaces  

 

 

During electrodeposition, the analysis of the elementary processes at the atomic 

and molecular level is difficult at solid-liquid interfaces where electrons are transferred 

using only experimental methods. In such cases, simulations, which have already been 

widely used, are useful. Especially for understanding elementary processes at the atomic 

and molecular level, the density functional theory (DFT) has been widely used among 

first-principles calculations. The basis of DFT is based on two mathematical theorems 

proved by Kohn and Hohenberg and a set of equations introduced by Kohn and Sham. 

DFT is a method of obtaining solutions by modifying the Schrodinger equation to 

include only one electron and determining the electron density.  

For the use of DFT for systems with surfaces, such as solid-liquid interfaces, the 

plane-wave basis is more effective than the localized basis which considers electrons 

only in the vicinity of atoms in the model. When the plane-wave basis set is used, a 

model called a supercell are constructed as waves for one period for the consideration of 

electrons. Some computational packages are available for such calculations, including 

Quantum ESPRESSO [137,138], VASP [139,140,141], and SIESTA [142]. In DFT 

calculations based on the first-principles calculations using the plane-wave basis 

described above, when the x-, y-, and z-axies are defined as 𝐚1 , 𝐚2 , and 𝐚3  for the 

supercell, repectively, the solution, 𝛷𝐤(𝐫), must be expressed as follows [143]. 
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 𝛷𝐤(𝐫) = exp (𝑖𝐤 ∙ 𝐫)𝑢𝐤(𝐫) (1.9)  
 𝑢𝐤(𝐫) =  𝑢𝐤(𝐫 + 𝑛1𝐚1 + 𝑛2𝐚2 + 𝑛3𝐚3) (1.10)  

 

In this case, n1, n2, and n3 are arbitrary integers. In other words, 𝑢𝐤(𝐫) is a periodic 

function with the same period as the supercell. This theorem allows us to solve the 

Schrodinger equation by obtaining the Kohn-Sham equation as a functional of the 

electron density. The vector 𝐤  is a vector in the reciprocal space and is called the 

reciprocal lattice vector. This vector in the reciprocal spaece correpponds to the lattice 

vector 𝐫 (= (𝐚1, 𝐚2 , 𝐚3)) in real space. Since exp (𝑖𝐤 ∙ 𝐫) is called a plane wave, the 

calculation of such a periodic system is called “computation using a plane wave basis”. 

By solving these equations, it is possible to calculate the energy and density of states of 

the system [143]. 

    In first-principles calculations, surfaces are generally modeled using a slab model, in 

which a certain surface of a solid is cut out and a sufficient vacuum layer is inserted 

between the slabs. The model has a repeating structure of several layers of atoms, a 

vacuum layer, several layers of atoms, a vacuum layer, and so on. By inserting a 

vacuum layer, the model does not take into account the interaction between each atomic 

layer in the neighbor supercell, and it is possible to analyze elementary processes on the 

surface. 

As for the first-principles calculations of electrochemical systems such as 

electrodeposition, it is important to model the solid-liquid interface, or electrochemical 

interface, at which electrons are transferred. The modelling methods of the sovent effect 

are important at the electrochemical interface. Previous study has proposed two major 

types of solvent modeling methods: explicit solvent modeling and implicit solvent 

modeling. In the explicit model, water molecules are literally placed as they are, and 

their electronic states and interactions can be explicitly considered [144-146]. On the 

other hand, the computational cost increases with respect to the increase of the number 

of electrons in the solvent species. For the optimization of the orientation of the solvent 

species, a procedure such as molecular dynamics to determine an appropriate initial 

configuration, followed by DFT calculations, can be effective. In the implicit method, 

the solvent effect is taken into account by approximately placing the solvent around the 
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model for the DFT calculation. The polarized continuum model [147], which sets the 

dielectric to incorporate polarization that can be assumed to be provided by the solvent 

molecules, is known as the main method. However, not only in these methods, but also 

in other widely used methods, it has been difficult to account for applied potential at the 

electrochemical interface. 

Recently, effective screening medium (ESM)-reference interaction site model 

(RISM) has recently been developed to simulate the electrochemical interface with the 

consideration of the applied potential assuming the desired reference electrodes [148-

150]. Here, a force field model is used in which the solvent molecule is approximated 

by a set of several point charges. This treatment allows us to analyze the distribution of 

the electrolyte species. In addition, the potential of the metal slab with respect to the 

reference electrode can be considered by defining the potential of the reference 

electrode in solution based on the difference in their free energies, whereas previously 

only the difference in potential in vacuum could be considered. The periodic boundary 

condition in the vertical direction of the slab is removed in order to establish a potential 

criterion, and the supercell is completely expanded to only two dimensions. This 

corresponds to the Laue-RISM calculation [148]. As shown in Figure 1.12, Nishihara et 

al. used a slab model of the Al(111) surface to reproduce its solid-liquid interface [148]. 

It can be observed that the solvent distribution in the vicinity is obtained with respect to 

the electrolyte species and the change of the applied potential. In this way, it is possible 

to reproduce the electrochemical interface even in the first-priciples calulations. Hence, 

among the methods to model the solid-liquid interface, ESM-RISM is expected to be 

particularly useful because it can even take the applied potential with respect to the 

reference electrode into account. 
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Figure 1.12. (a) Geometric configuration of the solid/liquid interface 
(vacuum/slab/solvent model). Normalized distribution function for (b) O, (c) H, (d) Na, 
and (e) Cl with different bias potentials. The Fermi energies of the systems are –5.3, –

4.3, and –3.3 eV for –1.0, 0.0, and +1.0 V vs. pzc, respectively [148].  
 

 

1.3.2. Nanoscale simulations of the shape evolution for electrodeposition processes  

 

 

The electrodeposition processes corresponding to the charge processes in battery 

operation are a complex and simultaneous process of phenomena at several different 

scales. As mentioned in the previous section, on the surface, electrodeposits are 

deposited through the formation of adatoms, surface diffusion of adatoms, and 

crystallization at the atomic scale. On the solution side, mass transfer to the surface, 

convection, and the effect of electrical double layer should be cared. It is difficult to 
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deal with these phenomena completely in a single simulation. Therefore, the 

combination of the simulaions have been attempted to analyze these phenomena at 

different scales using various simulations. At the atomic and molecular level, first-

principles calculations and molecular dynamics methods have been used as described 

above. For phenomena related to surface morphology at the nano- and micro-level, the 

phase field method and the kinetic Monte Carlo (KMC) method are often used [151-

157].The phase field method expresses the presence or absence of a deposit at a certain 

location by probability, which is determined for each grid defined in the simulation. 

This procedure make it possible to examine the morphology of the deposit by the 

distribution of the grid. While this method has the advantage for handling somewhat 

large systems, it is unable to capture phenomena that accumulate at the atomic and 

molecular level. 

In contrast, KMC can be applied for the observation of shape evolution by 

accumulating the movements of individual atoms. This method is capable of correlating 

the occurrence of phenomena with its time evolution by taking the sum of the rates of 

all phenomena in a certain state and treating them as stochastic processes corresponding 

to the rates of the respective phenomena. In KMC, it is assumed that the events follow a 

Poisson process (the number of events occurring at a given time t, 𝑋(𝑡), where 𝑋(0) =

0, the number of events occurring in non-overlapping time regions are independent of 

each other, and the number of events occurring in the time region 𝑡2 − 𝑡1  follows 

Equation (1.9)) [158]. 

 

 Prob{𝑋(𝑡2) − 𝑋(𝑡1))} =  
[𝜆(𝑡2 − 𝑡1)]𝑛

𝑛!
e−𝜆(𝑡2−𝑡1) (𝑛 = 0, 1, 2 … ) (1.11)  

 

Prob is the probability density function of an event occurring. Equation (1.9) 

expresses the probability that an event can occur 𝑛 times in 𝑡2 − 𝑡1. λ is the average 

number of events occuring per unit of time. In such a situation, assuming a very short 

time period Δt (= t/n (when n→∞)), where an event can occur only once within that Δt, 

and further assuming that each event is independent, the following equation is obtained. 
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 Prob{𝑋(𝑡) = 𝑘} =  
(𝜆𝑡)𝑘

𝑘!
e−𝜆𝑡        (𝑘 = 0, 1, 2 … ) (1.12)  

 

In this case, λ is the average number of events per unit time, and the unit is [time−1]. 

It is considered that a certain time interval Δt when an event occurs according to 

Poisson's density function. First, the probability that the first event does not occur is 

shown in the equation (1.11). T1 is the time when the first event occurs, the events that 

occur during T1 > t (= no event occurs) and the event indicated by X(t)=0 (= no event 

occurs in time) are identical events. 

 

 Prob{𝑇1 > 𝑡} = Prob{𝑋(𝑡) = 0} =  
(𝜆𝑡)0

0!
𝑒−𝜆𝑡 =  𝑒−𝜆𝑡 (1.13)  

 

Furthermore, in this process, the occurrence of an event at a certain time t and t + 

Δt is considered. If no event occurs during Δt, then this Δt can be regarded as the time 

progress between events. The following equation is derived by considering the 

probability density with reference to the above equation (1.11). 

 

 Prob{𝑋(𝑡 + ∆𝑡) − 𝑋(𝑡) = 0} = Prob{𝑇1 > ∆𝑡} =  𝑒−𝜆∆𝑡 (1.14)  

 

In such a case, if the probability density on the left-hand side is the random number 

u∊[0,1), Δt can be expressed by the following equation. 

 

 ∆𝑡 =  −
ln (𝑢)

𝜆
 (1.15)  

 

In this way, it is possible to perform the KMC method, which is a time evolution. 

In particular, since λ represents the number of events occurring per unit time in a given 

situation, it is determined by considering the sum of the rates of all possible events in a 

given situation. For example, if, in a given situation of electrodeposition, deposition 

occurs at a rate r1, surface diffusion at r2, and another surface diffusion at r3 (unit for all 

of them is in s−1), and these are all possible events in a given situation, λ can be 
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expressed as follows. 

 

 𝜆 =  𝑟1 + 𝑟2 + 𝑟3 (1.16)  

 

In order to calculate the rate for the Poisson process, rates corresponding to the 

behavior of each atom should be defined, which allows us to visualize how the shape 

evolution proceeds from the movement of each atom with the time progress. In 

particular, a certain movement, i, of each atom can be expressed by the following 

Arrhenius equation using the activation energy, 𝐸a,𝑖. 

 

 𝑟𝑖 =  𝐴exp(
−𝐸a,𝑖

R𝑇
) (1.17)  

 

Where A is the frequency factor, R is the gas constant, and T is the temperature. i 

refers to an event, ri is the rate of an event, and Ea,i is the activation energy of an event i. 

Hence, the KMC method can be scaled up from the atomic level to the nano-level by 

combining it with atomic-level calculations such as first-principles calculations. 

For the analysis of the electrodeposition, simulations using the KMC method have 

been performed in previous studies. Here, the initial precipitation mechanism of Cu has 

been analyzed [154] and electrodeposition fulfilling inside a trench have been simulated 

[155]. In addition, KMC simulations for dendrite analysis in Li negative electrode have 

also been performed [157], providing knowledge at the atomic level. Hence, it is 

expected that such simulations can be further extended by giving physical meaning to 

the parameters used themselves. In particular, it is expected that the combination with 

advanced first-principles calculations such as DFT with ESM-RISM will make it 

possible to model the movement of atoms with information of the electronic state and 

the electrochemical interface and even to simulate crystal growth during the 

electrodeposition. 
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1.4. Aim of this dissertation 
 

1.4.1. Multiscale simulation of the shape evolution of Zn from atomic to nano scales 

at the initial stage of the deposition 

 

 

An atomic-level understanding is required to provide clues to explain the 

mechanism hypothesized above in order to suppress the irregular shape evolution, 

which shuold be overcome for the application of the Zn negative electrode in secondary 

batteries. In particular, the layer-by-layer structures are considered to appear as the 

atomic-level deposition as shown in stage (i). The analysis of the growth of the layer-

by-layer structures at the atomic level can be expected to provide useful information for 

the verification of stages (ii) and (iii). However, since the layer-by-layer structures 

appear in the early stage of electrodeposition, the analysis for its evolution is difficult 

only by conventional electrochemical methods. Therefore, in this dissertation, a 

multiscale simulation to analyze the deposition mechanism from the atomic and 

molecular level to nanoscale is constructed to model the Zn deposition and elucidate the 

origin of the layer-by-layer structures which is observed under the mossy structures. The 

multiscale simulation here is a complementary combination of first-principles 

calculations for atomic- and molecular-level analysis and the KMC method, which 

extends the atomic-level motion to the nano-level. Such a combination of first-

principles calculations and KMC has been used for solid-phase diffusion [153], but not 

for electrodeposition. In first-principles calculations, the ESM-RISM method is used to 

reproduce the solid-liquid interface. In KMC, the parameters themselves are inherently 

meaningless, which hence first-principles calculations can be used to assign meaning to 

the parameters. The activation energy calculated from first-principles calculations is 

introduced into the KMC method as the parameter, resulting in a multiscale simulation. 

This method allows us to focus on nano-level phenomena that are difficult to analyze 

using first-principles calculations alone. In addition, the the ESM-RISM method can 

give information of the solid-liquid interface to the parameters of the KMC simulations. 

In Chapter 2, this multi-scale simulation with DFT and KMC are constructed to 
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analyze the surface diffusion behavior of deposited Zn atoms by first-principles 

calculations at the condition of the low current density, and then analyze the evolution 

mechanism of the layer-by-layer structures of Zn from a series of atomic-level 

phenomena by introducing the activation energy of the surface diffusions into KMC. 

The origin of the layer-by-layer structures are discussed from the atomic level to 

nanometer level. This clarifies how the layer-by-layer structures is caused by the 

behavior of deposited Zn atoms. In addition, the possible hypotheses of the mechanism 

of stages (ii) and (iii) will be discussed at the atomic scale based on the obtained 

simulation results of the layer-by-layer structure growth. In Chapter 3, the origin of the 

specific behavior of the deposited Zn atom from the electronic structure based on the 

results of first-principles calculations. In particular, the interaction between the 

deposited Zn atoms and the surface is discussed by analyzing the electronic state of 

them.  

 

 

1.4.2. Effective combination of simulations and experimental analyses for the Zn 

atomic behavior with additives at electrochemical interfaces  

 

 

By analyzing the factors of the deposition mechanism at  the atomic scale, it is 

expected that the effective strategy can be obtained for the development of the bath 

condition during the electrodeposition with respect to the atomic viewpoint. From that 

viewpoint, the additives that exhibit an important influence on the shape evolution are 

focused on and investigated to clarify the mechanism of its effect and the behavior of 

deposited Zn atoms in the presence of the additives. In particular, the effect of the 

additives are analyzed effectively using the simulations described above to analyze 

these effects. Two types of the additives are focused on: one dissolved in the solution 

and the other deposited on the surface which deposits earlier than Zn. In addition, to 

compare the results with the combination of the experimental aspects, the conventional 

electrochemical methods shuold be also utilized.  

In Chapter 4, the effect of the Li+ addition which is expected to be effective from 
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solution at the solid-liquid interface is focused on. As mentioned above, Li+ is expected 

to exhibit its effect from solution as an alkali metal. Since the KMC simulations based 

on activation energies obtained by DFT with ESM-RISM can involve the information of 

the electrolyte distribution near the surface, it is expected to elucidate the effect of Li+ 

near the surface. In Chapter 5, the effect of Pb addition is analyzed. Unlike Li+, Pb 

addition is suggested to deposit earlier than Zn deposition due to its positive deposition 

potential than Zn, which hence a different mechanism is expected. In order to analyze 

the mechanism of the additive effect on the surface or in the deposited film, the 

experimental measurements and DFT calculations analyze the behavior of the deposited 

Zn atoms behave on the surface. These analyses give general knowledge on how various 

additives behave in the vicinity of the surface to show their effects on the 

electrodeposition. This research for the Zn negative electrode secondary battery will 

provide valuable insight for its application. Hence, the contribution of this research to 

the application of large-scale energy storages for social implementation is discussed at 

the end of Chapter 5. 

 

 

 . 
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2.1. Introduction 
 

 

As shown in Chapter 1, understanding the growth mechanism of the layer-by-layer 

structures, which is considered as the phenomena before the protrusion appears, is 

required as the first step of the analysis. This is because understanding such deposition 

behavior can be a step toward further analysis for the irregular shape evolution. However, 

it is difficult to observe and analyze the behavior at the atomic level during the initial 

stages of electrodeposition. In general, electrodeposition involves the reduction of 

precursors, surface diffusion of metal adatoms, and incorporation of adatoms into the 

deposit. Adatom incorporation via surface diffusion can be a significant factor, especially 

at low current densities, as these atomic-level steps determine crystal growth behavior 

and morphological changes in electrodeposition [1,2]. To understand the irregular 

deposition mechanism consisting of these steps, electrodeposition should be analyzed at 

the atomic scale as mentioned in Chapter 1. Such an analysis will allow us to discuss the 

origin of the shape evolution mechanism from an atomistic perspective. This atomistic 

perspective will be advanced in combination with the conventional understanding of the 

electrodeposition process. Theoretical calculations are a powerful tool to demonstrate the 

qualitative analysis of such phenomena at the atomic scale.  

Density functional theory (DFT) has been used in many atomic-scale analyses of 

chemical processes, such as solid-liquid interface processes [3,4]. Adatom surface 

diffusion and metal atom adsorption have also been analyzed with DFT [5,6]. Although 

these studies provide mechanistic understanding of each process with respect to electronic 

state, DFT calculations cannot analyze stochastic phenomena such as shape evolution 

over much larger areas. Kinetic Monte Carlo (KMC) simulations are stochastic 

simulations that extend the scale of analysis from the atomic level to the mesoscale and 

model precipitation and nucleation [7,8]. Since DFT models phenomena on the picometer 

scale and KMC on the nanometer scale, the combination of these methods is expected to 

expand the scale of analysis. In addition, DFT provides information on the electronic state 

of surface species such as adsobates and surface atoms. Therefore, the multiscale 

simulation that utilizes DFT and KMC simulaitons may be able to explain the shape 
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change of Zn based on its electronic state. 

In this chapter, it is focused on to understand the initial deposition mechanism of Zn 

which shows the layer-by-layer strucures. For this analysis, a multiscale simulation 

approach consisting of DFT to analyze atomic-scale phenomena and KMC simulations 

was used to analyze mesoscale phenomena. As mentioned above, at low current densities, 

the surface diffusion can be a dominant factor for the shape evolution because the supply 

of the precursor is slow rate, which is a reaction limited condition. In addition, the surface 

can be pure Zn because the reduction of the Zn precursor in the alkaline condition shows 

a relatively high value of the exchange current density [9,10]. Hence, the activation 

energy of surface diffusion calculated by DFT were used in the KMC simulations to 

understand how such DFT parameters affect shape evolution. DFT calculations at the 

solid-liquid interface were performed using the effective screening medium (ESM) 

combined with reference interaction site model (RISM) [11,12]. Activation energies for 

surface diffusion of Zn adatom are calculated using several models of the Zn facets. Thus, 

atomic-scale DFT calculations provide the activation energy of Zn adatom surface 

diffusion with respect to the surface atomic configuration during Zn electrodeposition, 

and mesoscale KMC simulations reveal the shape evolution of the initial stage of Zn 

electrodeposition based on the activation energy calculated by DFT. In summary, a 

multiscale simulation model using DFT and KMC was constructed under the following 

assumptions: (i) low current density, (ii) reaction limited condition, and (iii) sufficient 

time for the surface diffusion of adsorbed atoms. This simulation enables to analyze 

electrodeposition phenomena on the pico- to nanometer-scale, which has been difficult 

with conventional electrochemical measurements, and is expected to elucidate the 

mechanism of shape evolution. The consistent analytical results obtained in this chapter 

can contribute to obtaining desirable electrodeposits with a more appropriate 

experimental setup from a theoretically rational viewpoint. 
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2.2. Methods 
 

2.2.1. DFT calculations for the surface diffusion of the Zn adatom on the Zn surface 

 

 

Quantum ESPRESSO code were used for all DFT calculations [13,14]. The RISM 

component for the ESM-RISM calculations describing the solid-liquid interface with the 

slab models was implemented by Nishihara [15]. The Kohn-Sham equations were solved 

using a plane-wave basis within the ultrasoft pseudopotential framework [16-18], which 

was expanded to a cutoff energy of 40 Ry. The cutoff energy for the augmented charge 

was set at 320 Ry, and the exchange correlation energies were calculated using the 

Perdew-Burke-Ernzerhof form of the generalized gradient approximation [19]. 

Geometrical optimizations to obtain the potential curves of the surface diffusion were 

performed with convergence thresholds of 10−4 Ry and 2.0 × 10−3 Ry/Bohr for energy and 

forces, respectively. A unit cell was sampled with Monkhorst-Pack k-point grids (1 × 1 × 

1) to establish the first Brillouin zone [20]. 

 

 

Figure 2.1. Supercells of the ESM-RISM calculations: (a) Zn(0001), (b) 

Zn(0−110), and (c) Zn(0001) step-terrace models. All dots represent the Zn atoms. Zn 

adatom is added on each facet. The adatom adsorbs on the right hand side of the slab. 
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The slab models of the Zn(0001) and Zn(0−110) surfaces and a step-terrace model 

of the Zn(0001) surface were shown in Figure 2.1. These models were prepared by cutting 

the hexagonal close-packed (hcp) structure of Zn. The lattice constants of the hcp-Zn were 

set at a = 2.665 Å and c = 4.947 Å (experimental values). In order to compare the surface 

diffusion behavior with respect to the electronic state correpsoding to the periodic table, 

four-layer slab of the Cu(111) surface and a step-terrace model of the Cu(111) surface 

were also prepared by cutting the face-centered cubic (fcc) structure. The lattice constant 

of Cu was set at 3.615 Å (experimental value). The potential curves of the adatom surface 

diffusion on each surface were calculate using these slab models. The bottom two layers 

of each model were fixed in all calculations. 

The DFT unit cell and RISM component exhibited c-axis lengths of 40 and 50 Å, 

respectively. The zero point of the z-axis is indicated in the vertical second black line of 

the four in Figure 2.1. The right hand side square region surrounded by the black lines 

indicates the vacuum region with 20 Å to settle the electrostatic force of the bottom of the 

slab models. The middle and left hand side square region surrounded by the black lines 

indicates the RISM region. The RISM method, which is the implicit theory treating the 

electrolyte species without the concrete model of molecules such as water, KOH, and 

LiOH, yields the distribution of the atoms composing the molcules in the electrolyte [21]. 

The solvent system in the RISM component was set at 6.0 mol/L KOH solution. This 

electrolyte condition is derived from previous studies [22,23], which is a typical alkaline 

condition for alkaleine Zn electrodeposition processes. The ESM-RISM methods can 

describe the distribution of the electrolyte species at the solid-liquid interface except for 

the specific adsorption anion [21]. The temperature was set at 300 K. The Laue-RISM 

calculations were  performed with the Kovalenko-Hirata closure model [24] and 

introduced by Nishihara et al. [15] to reproduce the electrochemical interface with a 

mixed boundary condition where an open boundary condition was implemented on the 

right and left sides of the slab models as shown in Figure 2.1. The cutoff energy for the 

distribution functions of the RISM components was set at 144 Ry, and the convergence 

criteria of the correlation functions in the one dimensional - RISM and three dimensional 

- RISM equations were set at 10–8 and 10–5 Ry, respectively. The classical force field 

parameter of water was selected as the simple point charge model [25], and the optimized 



  Chapter 2 

54 

 

potentials for liquid simulation were used for the parameters of K+ and OH– [26,27]. 

Lennard-Jones (LJ) parameters for Zn atoms were set as ε = 0.7898 kcal mol−1, σ = 3.471 

Å. The LJ parameters of Zn are calculted by the interaction energy between Zn and Xe 

(Table 2.1) [21]. For the calculations of the LJ parameters, Gaussian 09 was used with the 

basis set of DGDZVP and the exchange-correlation functional of WB97XD. The LJ 

parameters of Zn is not fully discussed yet [28]. The ESM-RISM caluculations with the 

LJ parameters of the universal force field (ε = 0.124 kcal mol−1, σ = 2.763 Å [29]) was 

not converged.  
 

Table 2.1. Calculated Lennard-Jones (LJ) parameters for LJ parameters of Zn. 
LJ potential between Xe and Xe, Zn and Xe was calculated as follows: LJ potential: 

𝑢(𝑟) = 4ε {(
σ

𝑟
)

12

− (
σ

𝑟
)

6

}, σ =
𝑟

√2
6  (where u(r) is minimum). The LJ parameters are 

determined with the standard combining rules: σXe−Zn =
σXe+σZn

2
, εXe−Zn  = √εXeε𝑍𝑛. 

DGDZVP and WB97XD incorporated in Gaussian09 was used as the basis set and 
exchange-correlation functional, respectively. 

σXe / Å σXe-Zn / Å εXe / kcal mol−1 εXe-Zn / kcal mol−1 
4.162 3.816 0.5228 0.6426 

 

Figure 2.2. Surface diffusion pathways on the Zn(0001) and (0−110) surfaces: (a) top 

view of the (0001) surface, (b) the top view of the (0−110) surface, (c) side and top 

views of the interlayer diffusion on the (0001) surface, and (d) side and top views of the 

edge diffusion on the (0001) surface. Red circles show the start point and the end point 

of the diffusion. All balls exhibit the Zn atoms. Black arrows denote the pathways of the 

diffusions. In the top views of (c) and (d), dashed lines show the step boundary of the 

top layer. 
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Table 2.2. Relative energy of the Zn adatom adsorption at each site. The total energy of 
the adsorption at bridge site is zero. K-points was set as 2 × 2 × 1.  

Bridge / kJ mol−1 Hollow-hcp / kJ mol−1 Hollow-fcc / kJ mol−1 Top / kJ mol−1 
0.0 −1.85 +1.65 +3.93 

 

The activation barriers of the Zn adatom surface diffusion were calculated for the 

assumed diffusion pathways on the representative facets shown in Figure 2.2. The (0001) 

surface is the most dense and stable facet of the hcp structure. The optimization results of 

the adsorption of the Zn adatom is shown in Table 2.2. The Zn adatom adsorbs on the 

hollow hcp site on the (0001) surface. Hence, the pathway of the surface diffusion is 

assumed from a hollow hcp site to another hollow hcp site as shown in the red circles in 

Figure 2.2(a). A (0−110) surface is used as the representative facet of a [0001] direction. 

Figure 2.2(b) shows the diffusion pathway on the (0−110) surface. As for the (0−110) 

surface, the red circles indicate the initial and final states, and the black circle indicates 

the transition state of the pathway. The pathway that the Zn adatom is step downward 

called “interlayer diffusion” hereafter is shown in Figure 2.2(c). Among the surface 

diffusion pathways, the interlayer diffusion with the activation energy commonly known 

as the Ehrlich-Schwoebel (ES) barrier [30,31] may play an important role in crystal 

growth because the ES barrier is the dominant factor for the adatom diffusion rate of 

migrating downward from the deposited atomic layer of the (0001) facets to the lower 

layer. The adatom migrates from the hollow hcp site of the upper terrace to the hollow 

hcp site of the bottom step, which is the nearest lower-layer site to the higher layer. This 

pathway can be observed during the deposition of the new layer (the upper layer) on the 

(0001) surface in electrodeposition. Figure 2.2(d) shows the edge diffusion at the step, 

which exhibits a unique behavior. The adatom migrates along the edge of the upper layer 

attaching with the step. The pathway is shown in Figure 2.2(d) as red circles. These four 

types of the surface diffusion on the metal surfaces were analyzed. In order to obtain the 

potential curves of these four pathways, the geometries of the migrating adatoms located 

at several sites along the diffusion pathway were optimized. The position of the adatom 

was fixed during the optimization. As for the (0−110) surface, the potential curve was 

calculated by fixing the surface with the relaxation of z-axis of the Zn adatom to 

investigate the characteristics of the (0−110) surface without any distortion. Since the 
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nudged elastic band calculation for the trasnsition state calculations is not implemented 

for the ESM-RISM calculations, the adatom is required to be fix at least one axis. The 

relative energies at each site along the diffusion pathways of the surface diffusion are 

calculated using the following equation:  

𝐸re = 𝐸each_position − 𝐸0     (2.1) 

where Eeach_position denotes the total energy of the adsorption structure of the Zn 

adatom at each position during the surface diffusion and E0 denotes the total energy of 

the adsorption structure of the Zn adatom at the initial point prior to surface diffusion. 

The activation barrier was defined here as the highest relative energy in each potential 

curve. 
 
 
2.2.2. KMC simulations of the shape evolution with the activation energy calculated 

by DFT 

 

 

The rejection-free KMC code that follows the Bortz-Kalos-Lebowitz algorithm [32] 

was constructed to conduct a time-dependent simulation during the initial stage of the Zn 

electrodeposition. For the simulation of the electrodeposition, the deposition and the 

surface diffusion should be included as the possible events of the electrodeposition. Based 

on the conditions that appears the layer-by-layer structures as mentioned above, following 

assumptions are introduced: (i) low current density, (ii) reaction limited condition, and 

(iii) sufficient time for the surface diffusion of adsorbed atoms. During the Zn 

electrodeposition at the low current densiy, the surface diffusion is a dominant factor for 

the shape evolution due to the high exchange current density of the reduction of Zincate 

ion, Zn(OH)4
2− [9,10]. Hence, the surface diffusion is regarded as the main factor for the 

Zn shape evolution at the low current density of Zn electrodeposition. Within the assumed 

events, an event at a number of the KMC step, k, was selected from all possible events 

with a probability Rk/Rtot, where Rk and Rtot denote the rate of event and the total rate of 

all possible events, respectively. As mentioned above, surface diffusion and deposition 

are included as the possible events for the KMC simulations. Rtot,k is calculated as follows: 

𝑅tot,𝑘 = 𝑅sur,𝑘 + 𝑅dep     (2.2) 
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where Rsur,k, and Rdep are the surface diffusion rate in the kth KMC step and the 

deposition rate, respectively. The time increment of each KMC step is given by ln(u)/Rtot,k. 

u denotes a uniform random number where u ∊ [0,1). 

Four types of surface diffusion were defined as a typical surface diffusion as same 

as the DFT calculation: i) surface diffusion on the pure (0001) surface, ii) flat surface 

diffusion on the pure (0−110) surface, iii) interlayer diffusion, and iv) edge diffusion. 

Their rates were determined for each direction in which the adatoms migrated. The 

adatoms diffuse within the lattice points aligning as the hcp structure in this KMC 

simulation because previous studies indicated that the layer-by-layer sturctures depositing 

before appearing the protrusion as the initial structure of the irregular shape evolution 

consists of the (0001) facets of the hcp-Zn [22,23,33]. In addition, although the existence 

of the  screw dislocations can be considered from previous study related to the ZnO 

growth [34], it is not assumed in this simulation. In order to analyze the initial deposition 

of the layer-by-layer structures, hcp-Zn lattice can be suitable at the atomic scale. Hence, 

the deposition and surface diffusions on the (0001) surface is assumed. The simulation 

box are shown in the Figure 2.3 and 2.4, which are ordered as hcp Zn structures with 

lattice constants of a = 2.665 Å and c = 4.779 Å. The lattice constant of c was determined 

by the distance of the Zn layers of the slab model by DFT to model the surface relaxation 

at the solid-liquid interface. The lattice constant of a was the same as DFT since it is not 

affected by the surface relaxation. In addition, the activation energy of four surface 

diffusions on the substrate was set as the same on the deposited Zn layers during the 

deposition because the substrate and the deposited atom species are both Zn in this KMC 

simulation, which indicates that the interaction between the deposited atom on the 

substrate and that on the deposited layers are identical. Figure 2.5 shows the difference in 

the shape with the size of the x and y axes. The results are similar to each other. With 

respect to the calculation cost, 50 × 50 lattice points model is adopted. The periodic 

boundary condition which is periodically aligned condition that the atom going to the 

walls will appear the walls at the opposite sides, is not set in this simulation box. 
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Figure 2.3. Cell box of the KMC program. Green layer shows the substrate of 

Zn(0001). Particles above the substrate show the Zn species in the solvent. 

 

 
Figure 2.4. All lattice points of the simulation box corresponding to the hexagonal 

close-packed (hcp) structure. The lattice points are shown in green balls. (a) Top view of 
the box. The lattice constant of a = 2.665 Å is used in the simulation. (b) Side view of 

the box. The lattice constant of c = 4.779 Å is used in the simulation. Note that the 
length between the lattice points in the box are normalized for visualization. 

 

 The number of directions that Zn adatoms migrate was assigned with the number 

of nearest neighboring sites: six directions for the flat surface diffusion on the (0001) 
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surface, six for the (0−110) surface, and nine for the interlayer diffusion at the (0001) 

surface. The edge diffusion direction was included in six of the diffusions on the (0001) 

surface. Therefore, the number of nearest neighboring sites was 12, and there were nine 

possible sites of interlayer diffusion. The surface diffusion rate in the kth KMC step is 

described by the summation of the surface diffusion rates as follows: 

𝑅sur,𝑘 = ∑ ∑ 𝐷0exp (−
𝐸a𝑖,𝑗

R𝑇
)

𝑗∈𝑁𝑖∈21

    (2.3) 

where i, j, and N are the direction number (the total number is twenty-one), the 

adatom number, and the total number of adatoms, respectively. D0 is a pre-exponential 

factor, 1013 s−1 [35-37], Eai,j is the activation energy for each direction of surface diffusion, 

and R and T are the gas constant (8.31 J K−1 mol−1) and temperature (298 K), respectively. 

Because the atom on the surface interacts with the other atoms on the surface such as the 

atoms consisting the surface and the deposited atoms [38], the activation energy, Eai,j, for 

i) on the (0001) surface and ii) on the (0−110) surface are functions of the bond number, 

n,  

𝐸a𝑖,𝑗
=  

𝐸DFT × 𝑙

𝑛
    (2.4) 

where EDFT is the activation energy calculated by DFT, l is the surrounded atom 

number, and n is 3 on the (0001) surface and 4 on the (0−110) surface, respectively, 

because the adatom is bonding with the three atoms of the (0001) surface and the four 

atoms of the (0−110) surface on each pure surface. Using this equation, the interactions 

of the surrounding adatoms is include in the activation energy approximately [38]. For 

instance, if the adatom is surrounded by a few atoms and interacted with them, the 

activation energy to break the bond with the adatoms will be too high to diffuse. In 

addition, if the nearest neighboring site was occupied or the adatom was present at the 

kink site, the surface diffusion rates of the adatom to these directions were assumed to be 

0. The activation energy calculated by the equation (2.4) were utilized to estimate the 

surface diffusion rates in each direction except for the interlayer diffusion and the edge 

diffusion. The activation energy of the interlayer and edge diffusions were set as the 

values as calculated by DFT. The deposition reaction in this system is the reduction of 

Zn(OH)4
2−. Previous study suggested that the OH species can smoothly detached from 
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the surface or the electron transfer step proceeds rapidly [9,39,40]. Hence, the pure Zn 

surface was assumed in this KMC simulation. In an electrochemical system, the 

deposition rate is controlled by changing the current density. Assuming a diffusion-

limited condition, the deposition rate is described as a function of the current density as 

shown in an equation (2.5) [38]: 

𝑅dep =
𝐼𝑆NA

𝑛F
     (2.5) 

where I, S, NA n, and F are the current density (A cm−2), the substrate area (Å2 = 

10−16 cm2), the Avogadro constant (6.02 × 1023 mol−1, the electron number participating 

in the reduction of Zn(OH)4
2−, Zn(OH)4

2− + 2e− → Zn + 4OH−, and the Faraday constant 

(9.6485 × 104 C mol−1). Once the deposition was chosen as an occurring event by a 

random number and the atom in the solution contacted with three atoms on the surface, 

deposition occurred and the atom in the solution appears as the adatom on the surface. 

Diffusion within the solution occurred Rbulk/Rtot times at every KMC step. Because the 

diffusion within the solution is related to the diffusion coefficient of Zn(OH)4
2−, Rbulk is 

calculated as follows: 

𝑅bulk =
𝐷Zn(OH)4

2−

𝐴𝐶
     (2.6) 

where A and C are the lattice constants of the a- and c-axes, respectively, and 

DZn(OH)42− is the diffusion coefficient of Zn(OH)4
2−, 2.0 × 10−6 cm2 s−1, that is estimated 

from the experiments [41]. The processes of the KMC simulation are described in the 

flowchart in Figure 2.6. Additionally, the adsorption behavior of the Zn precursor caused 

by the applied potential is not include in this KCM algorithm since it is considered that 

the effect of the applied potential can be negligible in the range of the small overpotential 

at the flat (0001) surface before the generation of the mossy structures, which appear at 

the small overpotential and initiate on the flat (0001) surface where the current density is 

not concentrated.  
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 Figure 2.5. Test calculations for checking the effect of the cell size. 
The size of the bottom is 50 × 50 lattice points: (a) 2,500 and (b) 7,500 atoms deposits. 

The size is 100 × 100 lattice points: (c) 10,000 and 30,000 atoms deposits 

  

 

Figure 2.6. Flow chart of the KMC program. 
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2.3. Results and Discussion 
 

2.3.1. Surface diffusion behavior of the Zn adatom on the Zn different facets  

 

 

In the region of the small overpotential during the Zn electrodeposition, the surface 

diffusion is a dominant factor for the shape evolution due to the high exchange current 

density. This means that there is enough time for the Zn adatom to diffuse on the surface. 

In this section, the surface diffusion behavior of the Zn adatom is analyzed by DFT to 

obtain the activation energy of the diffusion. Figure 2.7 shows the potential curve of the 

surface diffusion of the Zn adatom on the (0001) surface. The activation energy of the 

pathway (Ea(0001)) is +14.1 kJ mol–1, which is observed in the middle of the diffusion 

pathway. Because the shape of the diffusion surface is symmetrical, the potential curve is 

nearly symmetrical. 

 

 
Figure 2.7. Potential curve of the Zn adatom surface diffusion on the Zn(0001) 

surface at the solid-liquid interface with 6.0 M KOH as an additive. Upper figures show 

the initial state, transition state, and final state from left to right. Red circle in each 

figure shows the position of the Zn adatom. 
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Figure 2.8 shows the potential curve of the diffusion of the Zn adatom on the (0−110) 

surface. The behavior is almost the same as the case on the (0001) surface, but the 

activation barrier of the surface diffusion on the (0−110) surface (Ea(0−110)) is +46.7 kJ 

mol–1, which is higher than Ea(0001). This may be due to the fact that the interaction 

between the surface and the Zn adatom is weaker on the (0001) surface than on the 

(0−110) surface due to the unique electronic state of Zn that is fully occupied 4s and 3d 

orbitals, which will be discussed in detail in Chapter 3. In addition to the characterisrics 

of the (0001) surface, the characteristics of the (0−110) surface can be also important 

because the barrier on the (0−110) surface is still higher than that on the (0001) surface. 

The coordination number difference is two on the (0−110) surface, which is calculated by 

the subtraction of two of the transition state from four of the initial state, whereas that is 

1 on the (0001) surface. The structure of the transition state is shown in Figure 2.9. 

 

 

Figure 2.8. Potential curve of the Zn adatom surface diffusion on the Zn(0−110) 

surface at the solid-liquid interface with 6.0 M KOH as an additive. Upper figures show 

the initial state, transition state, and final state from left to right. Red circle in each 

figure shows the position of the Zn adatom. 
 
 



  Chapter 2 

64 

 

 
Figure 2.9. Structure of the transition state on the Zn(0−110) surface: (a) oblique 

view, (b) side view from the [0001] direction, and (c) side view along the [0001] 

direction. Red circle in (a) shows the Zn adatom for the clarity. Bond length are shown 

in unit of Å. 
 

The structure of the (0−110) surface shows an uneven structure. Therefore, when an 

adsorbed atom jumps out of the concave area, not only the adsorbed atom but also the 

atoms on the surface are expected to be destabilized. This may have resulted in a larger 

difference in activation energy than expected from the difference in coordination number 

when compared to the (0001) surface. In addition, the surface energy of the (0−110) 

surface is higher than that of the (0001) surface [42], and the surface itself is unstable, 

suggesting that the instability of the atoms on the surface may contribute to the activation 

energy. 

In addition, previous study examined the activation energy of the surface diffusion 

on W, Rh, and Ni obtained by the field ion microscope. Table 2.3 summarized the 

activation energies on the representative planes for each metal. Although the element is 

different, the order of the activation energy is in consistent with these results and the 

experimental values. 
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Table 2.3. Activation energy of the metals from the experiments. (Unit: kJ mol−1) 
Coordinate number on surfaces indicates the number of the attached surface atoms with 
the adatom on a typical adsorption site. The number on the step edge structures such as 

(311), (331), and (321) is not defined here due to its several possibility. 
 (111) (110) (100) (311) (331) (211) (321) References 

Coordinate 

number on 

surfaces 

Fcc: 3 

Bcc: 3 

Fcc: 4 

Bcc: 4 
Fcc: 4   Bcc: 4   

Rh 15.1 58.2 84.5 51.9 61.9 - - [43] 

W 171.5 83.7 - - - 51.5 78.7 [44] 

Ni 31.8 30.9 60.8 28.9 43.4 - - [45] 

 

Figure 2.10 shows the potential curve of the interlayer diffusion. In the interlayer, 

the pathway is started from the hollow hcp site of the upper layer and end at the nearest 

hollow hcp site of the lower layer to the edge. The hollow hcp sites in the lower layer are 

stable because the adatoms can interact with Zn atoms of the step-edge structure in 

addition to Zn atoms consisting the flat (0001) plane. Thus, the relative energy of the final 

state is lower than the initial state. The activation barrier for the interlayer diffusion is the 

ES barrier observed at the corners of the upper layer edges. This activation barrier (Eitl) 

is +29.1 kJ mol–1, which is between the Ea(0001) and Ea(0−110), because it is considered that 

the edge region that the adatom migrates across reflects the physical characteristics of the 

(0−110) surface. Figure 2.11 shows the potential curve of edge diffusion, and the 

activation energy (Eedge) is +15.5 kJ mol–1, which is similar to the activation energy on 

the (0001) surface. This similarity is due to the way that the edge diffusion works: it 

attaches the edge but remains on the (0001) surface, and the (0001) surface shows the 

dominant property for the surface diffusion. This also explains why the activation energy 

of these two diffusions is lower than that of the other diffusion.  
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Figure 2.10. Potential curve of the Zn adatom interlayer diffusion on the Zn(0001) 

surface at the solid-liquid interface with 6.0 M KOH as an additive. Upper figures show 

the initial state, transition state, and final state from left to right. Red circle in each 

figure shows the position of the Zn adatom. 

 

 

Figure 2.11. Potential curve of the Zn adatom edge diffusion on the Zn(0001) 

surface at the solid-liquid interface with 6.0 M KOH as an additive. Upper figures show 

the initial state, transition state, and final state from left to right. Black-dotted lines in 

the atomic figure show the end line of the terrace of the upper layer. Red circle in each 

figure shows the position of the Zn adatom. 
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The calculated activation energies for the surface diffusion in the (0001) plane are 

slightly lower than those estimated in the rigid sphere approximation for typical transition 

metals such as Cu and Ag [46,47]. This reveals several important properties of Zn: the 

isolated atoms of Zn occupy the s orbitals, while those of Cu, Ag and several other 

transition metals lack electrons in their outermost orbitals. This difference in the 

electronic state of the isolated atoms, even in systems where they exist as adatoms or 

surface constituent atoms, may lead to different interactions between adatom and surface 

atoms, resulting in their characteristic surface diffusivity. In particular, the adatoms may 

reflect the characteristics of isolated atoms, and their behavior with respect to the classical 

electron configuration can be discussed. To account for the differences in the electronic 

state of each atom, the surface diffusivity of Cu adatoms on the Cu surface was simulated 

in the same way: the Cu(111) surface is the densest plane in the fcc structure, which can 

be regarded as the equivalent plane to the Zn(0001) plane. The activation barrier of the 

surface diffusion of the Cu adatom on the Cu(111) surface is +31.0 kJ mol–1, whose 

potential curve is shown in Figure 2.12(a). Hence, the flat surface diffusion on the 

Cu(111) surface is slower than that on Zn, indicating that Cu adatoms aggregate slowly 

on the (111) surface. The activation energy of the interlayer diffusion of Cu is +64.1 kJ 

mol–1 shown in Figure 2.12(b), and therefore both activation energies are higher than 

those of Zn. These differences may be attributed to differences in the electronic state of 

each element.51 The electronic configuration of Zn is 3d104s2, which is fully occupied, 

whereas that of Cu is 3d104s1. In other words, the Zn surface weakly interacts with Zn 

adatoms, while the 4s orbital vacancies on the Cu surface may interact with Cu adatoms. 

This peculiar behavior of Zn surface diffusion may be important for irregular shape 

evolution, including irregular shape evolutions such as the mossy structures. These 

activation energies obtained by DFT were used to analyze the surface diffusion behavior 

of deposited adatoms during Zn electrodeposition for the KMC simulations. 
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Figure 2.12. Comparison of the potential curves of Zn and Cu: (a) on Zn(0001) and on 
Cu(111), (b) interlayer diffusion. The orange line is the potential curve of the Cu cases. 

The Cu adatom diffused on Cu(111) from the hollow fcc site to the nearest neighbor 
hollow fcc site. In the interlayer diffusion, the Cu adatom diffused from the hollow fcc 
site on the upper layer to the nearest neighbor hollow fcc site on the lower layer. The 
blue lines in (a) and (b) show the same potential curve as the blue lines in Figure 2.7 

and 2.10, respectively. 
 

The solvent effect is involved in the adsorption of the Zn adatom and these diffusion 
mechanisms, and our RISM calculations clearly reveal its effect on adsorption and surface 
diffusion. The adsorption of the Zn adatom on the (0001) surface is calculated under the 
condition of 0.0 M or 6.0 M KOH solution. The adsorption energy (∆Ead) of the deposited 
Zn atom at the solid-gas and solid-liquid interfaces is shown in Table 2.2, which is 
calculated by the subtraction of the adsorption structure and the isolated system. The 
solvent effect should have a significant influence on the thermodynamics of adsorption, 
with Zn adsorption more favorable in the presence of water and KOH. This may be due 
to electrostatic interactions due to the strong electrolyte. It is assumed that a higher 
concentration of KOH than 6.0 M results in stronger adsorption. Table 2.3 shows the 
surface diffusion barriers in the absence of the modeled solvent. Compared to the 
activation energy of the surface diffusion in the presence of solvent, it can be seen that in 
the presence of solvent on the Zn surface, all activation energies except edge diffusion 
increase drastically. Thus, in this case, the effect of solvation is interfering with surface 
diffusion. This may be related to the interaction between the surface and solvent. When 
water molecules interact strongly with a surface, their removal is difficult. Under such 
conditions, water molecules on the surface interfere with the diffusion pathway of 
solvated Zn adatoms. In interlayer diffusion, the activation enegy is almost doubled by 
the solvation effect because the regions at the edges of the step where give the activation 
energy interact more strongly with water molecules, making displacement with the 
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moving Zn adatoms difficult.  
 

Table 2.4. Adsorption energy of the deposited Zn atom on the (0001) surface 
(∆Ead = Eadsorption-system – Eslab – Eisolated-Znatom). (Unit: kJ mol−1) 

Gas 0.0 M KOH  6.0 M KOH 
−118.5 −192.4 −294.5 

 
Table 2.5. Activation energy at the solid-gas interface. (Unit: kJ mol−1) 

 Ea(0001)  Ea(0−110)  Eitl  Eedge 
Gas +11.3 +34.7 +14.2 +22.6 

 

 
Figure 2.13. Potential curve of the Zn adatom surface diffusion at the solid-gas 

interface: (a) on the Zn(0001) surface at the solid-gas interface, (b) on the Zn(0−110) 
surface at the solid-gas interface, (c) interlayer diffusion on the Zn(0001) surface, and 

(d) edge diffusion on the Zn(0001) surface. 
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2.3.2. Nanoscale shape evolution of Zn at the initial stage of the irregular shape 

evolution  

 

The KMC simulations of the Zn electrodeposition at the initial stage were performed 

to identify the cause of the layer-by-layer structures as the initial structures of the irregular 

shape evolution as part of the mesoscale analysis in this section. In this KMC simulation, 

following assumptions are included: 

(i) The Zn precursor in the solution attaches from the random direction 

(ii) The current density is enough low for adatoms to diffuse on the surface 

(iii) The electron transfer is enough fast not to produce any adsorbates  

(iv) The surface that deposition occurs is oriented to the pure (0001) facets 

(v) The surface diffusion rate is defined by the activation energy 

(vi) The activation energy is adjusted with respect to the number of the 

surrounding atoms 

As for (i), the Zn precursor comes to the bulk solution and moves randomly to attach 

the surface. Since the mossy structures appear at the low current density, the supply of 

the precursor can be sufficient to attach the surface from every direction. As for (ii), the 

reaction limited condition which the layer-by-layer structures appear in experiments is 

assumed. This means that there is enough time for the Zn adatom to diffuse on the surface. 

The assumption (iii) is proposed by the previous study [9] that the exchange current 

density of the zincate ion is so high that this rest potential will differ only slightly (less 

than 1 mV) from the equilibrium zinc [48]. In addition, the phase diagram indicates the 

favorable state of this condition is pure Zn. Hence, the hydrogen adsorption and the 

residue of OH species or oxides on the Zn surface can be negligible [39,40]. As for (iv), 

since the mossy structures is considered to deposit on the (0001) surface [22,23,33], the 

substrate is assumed as the (0001) facets. In addition, the previous study indicates that the 

surface is fully reduced in the sufficiently negative potential [9,39,40]. The assumptions 

(v) and (vi) follows the previous study [38].  

The scale of the DFT calculations as a multiscale analysis can be expanded Because 

our KMC model is constructed corresponding to our DFT model. By using the KMC 

simulations with DFT-calculated parameters, the crystal growth with respect to the 
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adatom behavior is analyzed. Table 2.4 shows Ea(0001), Ea(0−110), Eitl, and Eedge. 

 

Table 2.4. Activation energy used in the KMC simulations to examine structural 

dependency on activation energies (Unit: kJ mol−1). 

 

First, in order to show the influence of each parameter, structural differences are 

observed when the activation energy is altered. Each activation energy was varied with 

lower and higher values than that of DFT to examine the dependency on each parameter. 

Figure 2.14 shows the typical structures when the effect caused by each parameter is 

clearly exhibited. Ea(0001) is varied from +14.1 kJ mol–1 to +9.0 or +30.0 kJ mol–1. Ea(0−110) 

was set as +46.6 kJ kJ mol–1 and +76.6 kJ mol–1. Eitl and Eedge are varied from +29.1 kJ 

mol–1 and +15.5 kJ mol–1 to +25.0 or +35.0 kJ mol–1 and to +10.0 or +20.0 kJ mol–1, 

respectively. These are listed in rows (b)–(i) in Table 2.4. The influences of the diffusion 

rate on the (0001) surface, the (0−110) surface, interlayer, and edge diffusions are shown 

in Figures 2.13(a)–(b), (c)–(d), (e)–(f), and (g)–(i), respectively. 

 Ea(0001) Ea(0−110) Eitl Eedge Assumed conditions 

(a) +9.0 +76.7 +29.1 +15.5 Low Ea(0001) 

(b) +30.0 +76.7 +29.1 +15.5 High Ea(0001) 

(c) +14.1 +45.7 +29.1 +29.1 Low Ea(0−110) 

(d) +14.1 +76.7 +29.1 +20.0 High Ea(0−110) 

(e) +14.1 +76.7 +25.0 +15.5 Low Eint 

(f) +14.1 +76.7 +35.0 +15.5 High Eint 

(g) +14.1 +76.7 +29.1 +10.0 Low Eedge 

(h) +14.1 +76.7 +29.1 +20.0 High Eedge 
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Figure 2.14. Snapshots of the Zn deposition on the Zn(0001) substrate with 

changing parameters. (a)-(c), (e), (f) are the deposition structures at 30,000 deposited 

atoms. (d) is the structure at 10,000 deposited atoms. The activation barriers for individual 

simulations were (a) Ea(0001) = +9.0 kJ mol–1 (corresponding to row (a) in Table 2.4), (b) 

Ea(0001) = +30.0 kJ mol–1 (corresponding to row (b) in Table 2.4), (c) Ea(0–110) = +45.7 

kJ mol–1 (corresponding to row (c) in Table 2.4), (i) Ea(0–110) = +76.7 kJ mol–1 

(corresponding to row (d) in Table 2.4), (e) Eitl = +25.0 kJ mol–1 (corresponding to row 

(e) in Table 2.4), (f) Eitl = +35.0 kJ mol–1 (corresponding to row (f) in Table 2.4), (g) Eedge 

= +10.0 kJ mol–1 (corresponding to row (g) in Table 2.4), (h) Eedge = +20.0 kJ mol–1 

(corresponding to row (h) in Table 2.4). 

 

 



  Chapter 2 

73 

 

As shown in Figures 2.14(a) and (b), the simulation of the more rapid diffusion on 

the (0001) surface results in a clearly hexagonal structure. Conversely, on the (0001) plane, 

small random deposits are formed because the adatoms cannot aggregate due to slow 

diffusion. Figures 2.14(c) and (d) shows the effect of Ea(0−110). There are little change with 

these values. Ea(0−110) indicates the diffusion rates of adatoms on the side walls of the well-

developed deposits. Deposition at the initial stage does not yield high deposits with large 

side walls. Hence, the drastic change was not observed. With different Eitl parameters that 

is the ES barrier, as shown in Figures 2.14(e) and (f), the size of the island varies. The 

low Eitl leads to a larger island structure and smoother growth on the (0001) surface, 

whereas a high Eitl causes a larger number of steps even at 10,000 deposited atoms. 

Furthermore, the diameter of the island at high Eitl is smaller than that at low Eitl. 

Therefore, adatoms with high interlayer diffusivity are more likely to step down and form 

islands of large area. This trend is also consistent with previous studies that have found 

findings on 3D mound formation [7]. This result indicates that the ES barrier is a key 

parameter for the formation of layer-by-layer structures. Although the activation energies 

of the interlayer diffusion were altered from +25.0 kJ mol−1 to +35.0 kJ mol−1, the values 

of the ES barrier generating the layer-by-layer structures should be different with respect 

to the values of the activation energies of the other surface diffusions. Figures 2.14(g) and 

(h) suggest that edge diffusion may be the dominant factor in determining the 2D shape 

of the island. Rapid diffusion in this step traps adatoms at stable sites and produces distinct 

hexagonal deposits. On the other hand, even with slow edge diffusion, layer-by-layer 

structure is observed, but the 2D structure of the islands shows an ambiguous shape.  

These trends provide the characteristics of each parameter. By using the activation 

energies obtained by DFT, the specific behavior of the Zn shape evolution is observed. 

Figure 2.15 shows snapshots of the KMC simulation using the parameters listed in row 

(c) of Table 2.4. At 1000 deposited atoms, which shows a few atomic layer depositions 

on the Zn(0001) surface within 10–6 s, a hexagonal 2D nucleation is observed. As 

deposition proceeds, the deposits forms layer-by-layer shape evolution, unlike formation 

of randomly distributed small dots. At 10,000 deposited atoms, which corresponds to a 

nano-sized, hexagonal grain, an island starts to appear. Observation of hexagonal island 

growth on the Zn(0001) surface shows that the area of the top layer becomes smaller with 
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30,000 to 40,000 deposited atoms. This structure deposits within about 10–4 s. The width 

of these layer-by-layer structures is about 10 nm. The relationship between each diffusion 

rate is important in this behavior, in which the interlayer diffusion rate is relatively small. 

This rate indicates that the adatoms generally do not step down to the lower layers, 

resulting in a mountainous shape. 

 
Figure 2.15. Snapshots of the Zn deposition on the Zn(0001) substrate. Surface 

diffusion rates were derived from DFT in the conditions of solid-liquid interface. 

 

The comparison of Figures 2.14 and 2.15 yields insight into the specific behavior of 

Zn compared to that of Cu, with the difference in s-orbitals and Cu not forming mossy 

structures. Since Cu shows the similar electronic state with Zn, the difference of the shape 

evolution can be discussed with respect to the electronic state. Based on the activation 

barrier (+31.0 kJ mol–1, Figure 2.12), the flat surface diffusion on the Cu(111) surface 

somehow corresponds to the case shown in Figure 2.14(b). Although this simulation 

assumes the hcp structure and is not directly applicable to Cu, it is possible to give an 

insight qualitatively for the activation energy difference of Zn from the Cu(111) surface. 

It is expected that small random deposits are more likely to occur on the Cu surface than 

in a layer-by-layer structure. Furthermore, with respect to the activation energy of the 

interlayer diffusion between Zn and Cu, island growth of Zn deposits should exhibit a 

larger diameter than that of Cu deposits. Therefore, Zn metal forms 2D layer-by-layer 

structures more readily than Cu. This 2D layer-by-layer structure should result in the 

formation of prominent and irregular deposits of Zn.  

These multi-scale simulations revealed the behavior of the Zn shape evolution 

during the initial stage of Zn electrodeposition. Initially, a 2D nucleation structure 
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appeared on the (0001) surface. As deposition proceeded, a hexagonal layer-by-layer 

structure was formed. Although such 2D nucleation behavior was suggested at the 

micrometer scale in previous studies, this multiscale analysis made it possible to observe 

the layer-by-layer structure even at the nanoscale and to examine its relationship to the 

crystal growth and behavior of Zn adatoms. These 2D growth originated from the modest 

rates of flat surface diffusion on the (0001) surface. Gradually, the hexagonal structure 

grows slowly and shrunk the top layer of the layer-by-layer structures because the 

interlayer diffusion of Zn is relatively slow, resulting in a mountain-like structure within 

10 nm. These multiscale simulations suggest that the activation energy, which reflects the 

electronic state of Zn, is a dominant factor for the shape evolution, causing submicrometer 

layer-by-layer structures, which can be seen under the mossy structures. The relatively 

low activation energy of the surface diffusion on the Zn(0001) surface was due to its weak 

bond with the surface, owing to the electronic state of Zn 3d104s2. These DFT and KMC 

results discussed the mechanism of the sub-micrometer structure evolution from the 

viewpoint of the influence of the electronic state of Zn. For detailed analysis of the 

electronic state, the density of state of Zn surfaces will be analyzed in Chapter 3.  

As mentioned above, the experimental results of Zn alkaline electrodeposition 

suggest that these layer-by-layer structures consists of the (0001) planes [22,23,33]. This 

is consistent with the layer-by-layer structures of the (0001) planes obtained in the 

simulations. The results indicated that the atomic-level mechanism proposed in these 

multiscale simulations is qualitatively consistent with the experimentally observed 

behavior. Thus, the multiscale simulation supports the experimental hypothesis. 

The initial structure of the KMC substrate may also affect the simulated deposition 

structures. Since previous studies have shown that mossy structures originate from the 

(0001) surface, a model with a perfectly flat surface (0001) is assumed in this study 

[22,23,33] as mentioned above. Rough substrate surfaces with atomically stepped or 

mounded structures are more likely to form layer-by-layer structures than atomically flat 

surfaces. Furthermore, as structures consisting of several adatoms on the surface 

aggregate, the area of the flat (0001) surface is considered to become smaller and the 

space for flat surface diffusion of Zn adatoms becomes narrower. Therefore, though this 

atomically rough surface may not be observed as often in Zn electrodeposition, the 
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structure may be different from that of this study. 

 

2.3.3. Hypothesis of the further growth mechanism of Zn from the viewpoint of the 

simulation of the initial stage  

 

The deposition behavior of the layer-by-layer structures as the initial deposition was 

able to reproduce it and its mechanism was analyzed. Although the layer-by-layer 

structures within the 10 nm × 10 nm area was confirmed in this KMC simulation, it is 

difficult to reproduce the protrusion with this simulation because the area of deposition is 

approximately 10 µm × 10 µm. This is because it is necessary to construct a large-area 

simulation that fully incorporates the behavior of defects and solvent species. Therefore, 

here hypotheses about the growth mechanism from the prtrusion to the elongation of the 

mossy structure after the lalyer-by-layer structures, and how to verify the hypothesis are 

discussed. 

As mentioned, mossy structures show nanofilamentuos strucures. The previous 

studies have investigated the mechanism of such deposits that have high aspect ratio. In 

vapor-phase growth, the vapor-liquid-solid mechanism is known [49]. This method is 

based on a mechanism in which droplets of deposited alloys appear on the substrate 

surface, and deposits appear at the bottom of the droplets through the interior of the 

droplets. This is often seen as a fabrication method for whiskers and nanowires. Several 

mechanisms of the deposition is explained in this connection: a mechanism in which a 

bubble exists at the tip and growth of the main deposits proceeds [50], the other 

mechanism in which In nuclei are fabricated on the substrate and Ge nanowires are 

formed through the nuclei of In by electrodeposition [51], and a hypothesized mechanism 

in which a cloud of hydroxide is formed at the tip of Zn-Ni when Zn-Ni alloy becomes a 

whisker in electrodeposition [52]. Another possible mechanism is growth by screw 

dislocations, which is often observed in ZnO, a system similar to Zn [34]. 

Considering the above previous studies, the presence of hydroxides in this system, 

and the deposition of the layer-by-layer structures, the aggregation of hydroxide species 

and screw dislocation are considered as the active sites. To verify the presence or absence 

of screw dislocations, transmission electron microscopy is useful to check for the 
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presence of screw dislocations around the mid-axis as shown in the previous study [34]. 

On the other hand, the former is difficult to verify. Species that may be present on the 

surface can be OH− and adsorbed species of ZnOH, which are assumed to escape from 

the surface sufficiently rapidly in this simulation. Modelling the surface in the presence 

of such adsorbed species and analyzing the reaction mechanism using first-principles 

calculations may be the first step toward understanding. Based on the results obtained in 

this study, it is assumed that the (0001) surface and step-terrace in the layer-by-layer 

structures will be exposed to the interface. Hence, it is important to model these surfaces, 

and it is necessary to verify the reactivity of each surface with such adsorbates. In addition, 

the growth of the layer-by-layer structures suggest that if the activation energy of surface 

diffusion can partially change on the certain point, the aspect ratio of the layer-by-layer 

structures may be different from that of the deposited layer-by-layer structures earlier 

during the electrodeposition. If it elongates, this may result in a protrusion. In the case of 

its elongation, a concentration of current around this structure may result in deposition 

and elongation only in that area. 

From the above points, it is hypothesized that the mossy structure appears when there 

are many reactants and some active sites appear on the layer-by-layer structures. 

Disrupting the ratio of these phenomena is expected to lead to the suppression of the 

mossy structures. One method is to increase the reactivity by increasing the number of 

active sites. By increasing the number of the active sites, the precursor is not consumed 

in one part of the surface but in larger area that exists many active sites. Hence, it is 

expected that the deposit will not grow in one part of the active site, as assumed in the 

case of the mossy structure. In addition, the mechanism based on the behavior of the 

surface diffusion of adatoms can be proposed to change the morphology at the initial stage 

according to the simulation results. The substrate surface is coated in advance with a film 

that allows Zn to permeate to adjust an environment where surface diffusion of adsorbed 

Zn atoms is difficult to occur freely. This may be possible to change the layer-by-layer 

structures. 
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Conclusions 
 

 

    In this chapter, the multiscale simulation analyzed the irregular shape evolution 

during the initial stage of Zn electrodeposition, explaining the atomic-level phenomena 

using DFT calculations and the mesoscale phenomena using KMC simulations. The 

multiscale simulations proposed the mechanism of shape evolution: the 2D nucleation 

and island growth is observed on the (0001) surface and forms mountain-like structures, 

with shrunk upper layers. This leads to the formation of the layer-by-layer strctures as the 

initial structure of the irregular shape evolution. In addition, the analysis revealed that the 

evolution of the layer-by-layer structures is due to the specific surface diffusion behavior 

of Zn. In particular, DFT calculations reveal that rapid surface diffusion and slow 

interlayer diffusion of Zn adatoms on the (0001) plane are important for Zn shape 

evolution. It can be concluded that the behavior of Zn adatoms during electrodeposition 

must be controlled in order to control Zn shape evolution. The surface diffusion rate is 

derived from the electronic state of Zn and the solvation structure on the Zn surface, 

indicating that the electronic state and solvation structure of the surface where the Zn 

adatoms are located may affect the surface diffusion behavior. These results, which are 

difficult to obtain using only conventional experimental methods for electrodeposition 

processes, provide valuable insight into the development of electrodeposition conditions 

to suppress irregular shape evolution. This analysis will be useful for understanding the 

electrodeposition process from an atomic point of view. 
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3.1. Introduction 
 

 

In Chapter 2, the mechanism of the Zn shape evolution with respect to the atomic 

viewpoint was elucidated. The multiscale simulation comprising density functional 

theory (DFT) and kinetic Monte Carlo (KMC) simulations proposed the mechanism of 

the layer-by-layer structure of the Zn deposits in the nanometer scale. DFT analyzed the 

surface diffusion of Zn adatoms on the Zn facets, suggesting that the Zn adatoms diffuse 

more rapidly on the flat (0001) surface than the interlayer diffusion that is the diffusion 

downward from the upper layer to the lower layer of the (0001) surface. This specific 

behavior of the Zn adatom on the surface is a dominant factor for the Zn shape evolution 

according to the KMC simulations using the activation energy calculated by DFT. In order 

to avoid the layer-by-layer structures, the control of the surface diffusion rates may be 

significant. For this control, further understanding of the origin of the surface diffusion 

behavior will be inevitable. The atomic behavior of elements may be attributed to the 

electronic state of the adsorbates and the surface. Since the balance of the surface 

diffusion rates can be intrinsic to elements [1,2], the electronic state of each element may 

play an important role. Hence, analysis of the electronic state of the Zn adatom and the 

surface will be helpful. In particular, the low activation energy of the surface diffusion 

can be caused by the weak interaction of the adatoms and surfaces, which may be related 

to the electronic state of the element. Zn has an electronic configuration of 3d104s2. This 

fully occupied state may exhibit the specific behavior of the Zn adatom on the surface. 

Hence, this chapter focused on the change of the electronic state during the surface 

diffusion of the Zn adatom by the analysis of the local density of state (LDOS) using the 

DFT calculation. Before the analysis of the electronic state, the surface diffusion behavior 

in the condition with the applied potential is analyzed at the solid-liquid interface. ESM-

RISM calculation can treat the electrochemical interface by adjusting the applied 

potential with respect to considered reference electrodes. This method includes 

information of the electronic state under the applied potential condition, which is usually 

difficult to analyze. Even though the surface diffusion is not a charge transfer process, the 

local electrolyte distribution may be changed by the applied potential, which shows a 
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possibility to change the behavior. After the analysis of the effect of the applied potential, 

the intrinsic behavior of Zn is analyzed by LDOS. To rationalize the characteristics of Zn 

with respect to the viewpoint of the period table, LDOS of the Cu surface is compared 

because Cu is next to Zn in the periodic table with 3d104s1 and shows no mossy structures 

in experiments [3,4]. Elucidating the importance of the electronic state for the balance of 

the surface diffusion rates will provide valuable insight for understanding the 

electrodeposition with respect to the atomistic viewpoint.  

 

 

3.2. Methods 
 

 

Basically, the conditions of the DFT calculation in this chapter are same as the 

Chapter 2. Quantum ESPRESSO package was used for all DFT calculations of the 

structural optimization and LDOS projection [7,8]. The Brillouin zone was sampled by 

Monkhorst-Pack k-points grid [9] with 1 × 1 × 1 for the structural optimizations and 10 

× 10 × 1 for the LDOS calculations. The LDOS was calculated by the projection of the 

wave function onto orthogonalized atomic wavefunctions. For the analysis of the 

electronic state of the surface, the summation of the LDOS of the atoms of the surface 

that interacts with the adatom was calculated. The LDOSs of the isolated atom and slab 

were calculated by putting the atom sufficiently above the surface so as not to interact 

with each other. 

Effective screening medium (ESM) with reference interaction site model (RISM) 

was utilized to reproduce the electrochemical interface including the applied potential 

[10]. The electrolyte condition was set as 6.0 M KOH solution to maintain the alkaline 

conditions as same as the previous chapter and experiments [3,4,11]. The other conditions 

are also same as the previous sections. 

The structures of the surface models are the same as the previous chapter. The (0001) 

surface and the step-edge model of the Zn slab and the Cu(111) slab were utilized for the 

LDOS calculations. Super cell of the hexagonal close packed (hcp) - Zn(0001) surface 

was constructed as 4 × 4 × 4 slab models with 64 atoms. A supercell of the face-centered 
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cubic (fcc) - Cu(111) surface was also constructed as the same slab model for the 

comparison of Zn. In addition, a step-terrace structure model was constructed where 

Ehrlich-Schwoebel (ES) barrier [12,13] can be observed.  

In order to consider the effect of the applied potential for the surface diffusion, the 

constant-N method was used. The electron number of the system was changed and the 

grand potential, Ω, which is defined in previous study [10], was calculated to compare 

the system that has the different number of electrons as follows. 

 

 𝛺 = 𝐴 −  𝜇𝑒(𝑁𝑒 − 𝑁𝑒
0) (3.1) 

 𝐴 = 𝐸𝐷𝐹𝑇  +  ∆𝐴RISM (3.2) 

 𝜇𝑒 = 𝜀f  − ΦS (3.3) 

 𝛺re = 𝛺𝑁𝑒
 − 𝛺𝑁𝑒

0 at initial state (3.4) 

 

where 𝑁𝑒 is the number of electrons in a charged cell and 𝑁𝑒
0 is the number of 

electrons in a charge neutral cell. The electrochemical potential of the calculated system, 

𝜇𝑒, is the difference between the Fermi energy, 𝜀f, and the electrostatic potential in the 

solution, ΦS. ΦS is the potential at z = 30 Å of this simulation cell. 𝛺re is the relative 

grand potential referenced to the grand potential of the initial state of the surface diffusion 
with the charge neutral cell, 𝛺𝑁𝑒

0 at initial state . The reference electrode was defined as 

Hg/HgO as same as the previous experiments [3,4]. The method of setting the criterion 

of the reference electrode follows the way developed in the previous study. For setting 

𝜇𝑒
Hg/HgO vs.ΦS , the free energy of the system of Hg/HgO was calculated as follows. 

𝜇𝑒
Hg/HgOvs.ΦS was calculated as −5.46 eV. The applied potential of the system referenced 

to Hg/HgO was defined as the equation (3.7). 

 

 Hg + 2OH− ⇌ HgO +  H2O + 2e− (3.5) 

 𝜇𝑒
Hg/HgO

vs. ΦS = [𝐴(Hg in 6.0 M KOH aq. ) + 𝐸ZP(Hg)

+ 2𝐴(OH− in 6.0 M KOH aq. )

+  2𝐸ZP(OH−)]

− [𝐴(HgO in 6.0 M KOH aq. ) +  𝐸ZP(HgO)

+ 𝐴(𝐻2O in 6.0 M KOH aq. ) + 𝐸ZP(H2O)] (3.6) 
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 𝐸 vs. (Hg/HgO) = 𝜇𝑒 − 𝜇𝑒
Hg/HgO

vs. ΦS (3.7) 
 
 

Table 3.1. Results for the calculation of 𝜇𝑒
Hg/HgOvs.ΦS  

HgO H2O Hg OH− 
A / Ry −131.631 −34.2483 −99.9495 −33.3606 

Ezp / kcal mol−1 0.74682 13.41186 0.0 5.40571 
※Calcualtion condition of Ezp (in gas phase) 

Package: Gaussian09, Basis set: 6-311+G(3df,2pd) for O and H, LANL2DZ for Hg, 
Exchange-correlation functional: B3LYP 
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3.3. Results and Discussion 
 

3.3.1. Effect of applied potential and orbital interaction of the Zn adatom and 

Zn(0001) surface 

 

 

    The applied potential was considered by changing the electron number of the system. 

By changing the electron number of the system, the Fermi energy of calculated systems 

can be varied. Since the electrochemical potential is defined as the difference between the 

potential in the solution and the Fermi energy, the applied potential referenced to Hg/HgO 

can be obtained. Figure 3.1 shows the relative grand potential profiles for the initial and 

transition states with respect to the charge and applied potential referenced to Hg/HgO. 

The point that the relative grand potential is 0 indicates that the initial state of the surface 

diffusion on the (0001) or interlayer diffusion in the charge neutral cells. 

In Figure 3.1(a), the change in the ground potential as the charge is varied shows 

that the curves for the initial and transition states behave in almost the same manner. The 

same behavior can also be observed here corresponding to the applied potential as shown 

in Figure 3.1(b). At the charge-neutral case, an applied potential of −1.21 V was obtained. 

The equilibrium potential of the reduction of the zincate ion is −1.1873 V vs. Hg/HgO, 

which is approximately estimated by −1.285 V vs. SHE and +0.0977 V vs. SHE without 

the deviation of pH. Hence, it is considered that the potential of the point of zero charge 

can be matched with the equilibrium potential of the reduction of the zincate ion. 
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Figure 3.1. Grand potential change with respect to the change of (a) the electron 

number and (b) the applied potential vs. Hg/HgO for the initial and transition states of 

the surface diffusion on the Zn(0001) surface. Those of the interlayer diffusion are (c) 

and (d), respectively. 
 

Table 3.2. Activation energy on (0001) at −1.21 V and −1.41 V vs. Hg/HgO and of the 
interlayer diffusion at . (Unit: kJ mol−1) 

Ea(0001) at −1.21 V   Ea(0001) at −1.41 V   Eitl at −1.26 V   Eitl at −1.41 V   
+14.1 +15.2 +27.6 +29.2 

 

Both potential values of the initial and transition states at this charge-neutral cell are 

almost same. At this point, the activation energy was +14.1 kJ mol−1. In contrast, the 

activation energy at around −1.41 V, where the mossy structures are deposited, is found 

to be +15.2 kJ mol−1. This suggests a slight increase in the activation energy with respect 

to the negative shift of the applied potential. In Figures 3.1(c) and 3.1(d), the results of 

the same calculations for the interlayer diffusion are shown. The activation energy with 

changing the applied potential was calculated to be +27.6 kJ mol−1 at −1.26 V. In contrast, 

at −1.41 V, the activation energy was +29.2 kJ mol−1. As same as the case on the Zn(0001) 
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surface, the activation energy increases slightly for the negative shift of the applied 

potential. Although the activation energy changes slightly when the potential is taken into 

account, this suggests that the specific behavior of Zn adatoms of the rapid surface 

diffusion on the (0001) surface and slow interlayer diffusion hardly change significantly. 

The change in activation energy due to potential effect is considered to be small in the 

condition of the low applied potential which the surface diffusion is a determining factor 

for the shape evolution of Zn deposits. 

    Since the specific surface diffusion behavior of Zn is not drastically changed by the 

applied potential, the surface diffusion behavior is intrinsic to the characteristics of Zn 

itself. Hence, the electronic state of the Zn adatom and surface was analyzed by the LDOS 

calculations to understand the interaction between the adatom and surface. The LDOS of 

the adsorption structure of the Zn adatom on the Zn(0001) surface was calculated shown 

in Figure 3.2. Figure 3.2(b) shows the LDOS of the adatom and the nearest atoms of the 

surface to the adatom. The LDOS of the adatom show a steep peak around −6.5 eV and a 

small peak around −7.0 eV. As for the peak of the surface atoms locating nearest to the 

adatom, a prominent peak from −8.0 eV to −6.0 eV was observed, overlapping a peak of 

the adatom. In order to investigate the electronic state change by the orbital interaction, 

LDOS was also calculated for each isolated state as shown in Figure 3.2(c) and (d). The 

LDOS of the isolated Zn atom exhibit the peaks at −5.7 eV, −1.8 eV, and +3.7 eV. These 

peaks clearly reflect the electron configuration of Zn, which is 3d104s2 and 4p0. On the 

other hand, the LDOS of the Zn(0001) surface appears to be similar to that of the surface 

with the Zn adatom. The LDOS of the surface with the adatom is slightly closer to the 

split peaks of the adatom. This suggests that the Zn adatoms interacts slightly with the 

Zn(0001) surface.  
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Figure 3.2. LDOS of the adsorption of the Zn atom: (a) top view and side view of 

the adsorption structure of the Zn atom on the (0001) surface (the Zn adatom in the next 

cell is omitted for visualization in the side view.), LDOS of (b) the Zn adatom and the 

three nearest neighbor atoms of the surface, (c) the isolated Zn atom, and (d) the 

isolated (0001) surface. Red and blue circles in (a) corresponds to the red and blue lines 

in (b), respectively. Red and green thin lines in (a) show the supercell of the model. 

Black dotted straight lines show 0 eV vs. Fermi energy of each structure. 
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The LDOSs of the adsorption of the Zn adatom on the Zn(0001) surface for 3d, 4s, 

and 4p are shown in Figure 3.3 to understand the orbital interaction in detail. The 

prominent peaks are attributed to the 3d orbitals, as indicated by the LDOS of the isolated 

Zn atoms. The 3d orbitals do not extend above −6.0 eV and remain in a narrow range of 

energy levels. On the other hand, the 4s orbitals are less abundant than the 3d orbitals but 

are widely distributed. The 4s orbital of the isolated Zn atom is locally distributed around 

−1.8 eV, as shown in Figure 3.2(c), suggesting that the 4s orbital is strongly interacting 

with the surface. In the case of Zn atoms, the originally empty 4p orbitals are also widely 

distributed below the Fermi level. This suggests that the 4p orbitals are involved in the 

interaction of Zn, which is generally considered to be composed of fully occupied orbitals. 

These results indicate that in the adsorption of Zn atoms, the 3d orbital, which could be 

the most dominant in the interaction, is weak, and the 4s and 4p orbitals are interacting 

with the surface. 

The interaction of Zn adatoms with surfaces is discussed in comparison with the case 

of Cu, which shows the deposition without the mossy structures. As mentioned in Chapter 

2, the activation energies of the surface diffusion of the Cu adatom on the Cu surface are 

higher than that of Zn. The activation energies are +31.0 kJ mol–1 on the (111) surface 

and +64.1 kJ mol–1 for the interlayer diffusion. In addition to the activation energy, the 

difference in the binding energy between Zn and Cu is calculated on each surface. Table 

3.3 shows the binding energy of Zn atom on the Zn(0001) surface and Cu atom on the 

Cu(111) surface. The biding energy of the Zn case is less negative than that of the Cu case. 

This suggests that Zn bonds with the surface weaker than Cu. These differences in 

energies should be caused by the difference in the electronic state. Hence, the electronic 

state of the Cu is also analyzed for the comparison with Zn. 

 
Table 3.3. Binding energy on each case. (unit: kJ mol−1) 

Binding energy, Ebind = Eadsorption-system – EisolatedZn+surface, is calculated in the gas phase. k-
points grid is set as 2 × 2 × 1. 

 Zn on Zn(0001)  Cu on Cu (111) 
−44.6 −310.3 
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The LDOS of the Cu adatom adsorbed on the Cu(111) surface shows that the 3d 

orbitals are distributed in the range of −4.0 to −1.0 eV, which is different from Zn. Peak 

splitting of these 3d orbitals is observed at −3.6 and −1.8 eV. This splitting originates from 

the bonding and antibonding orbitals between the adatom and surface. In particular, 

compared to the isolated system as shown in Figure 3.4, the adatom orbitals may be pulled 

to lower energies due to the interaction with the Cu(111) surface. As for the 4s and 4p 

orbitals, it was found that the orbitals extend throughout the level and interact with each 

other, similar to Zn. This result suggests that the interaction of the 3d orbitals is modified 

by the 4s orbitals; when the 4s orbitals are fully occupied, the interaction of the 3d orbital 

is weakened, which is corresponding to Table 3.3. 

This difference in electronic state causes a difference in the surface diffusion 

behavior of the two elements. The results in the previous chapter suggest that the surface 

diffusion of Zn adatoms on the Zn(0001) surface is small, about half the activation energy 

of Cu adatoms on the Cu(111) surface, suggesting that Zn adatoms diffuse rapidly on the 

Zn(0001) surface as mentioned in the previous chapter. The 3d orbitals of Zn adatoms 

interact weakly with the surface, suggesting that Zn adatoms are not strongly retained on 

the surface. On the other hand, the Cu adatom has a different orbital shape than the Zn 

adatom, and thus a different interaction mechanism. The 3d orbitals of the Cu adatom and 

Cu(111) surface can strongly interact with each other. Therefore, Zn adatoms on a 

Zn(0001) surface can diffuse rapidly, whereas Cu adatoms on the Cu(111) surface diffuse 

slowly. These results suggest that different interactions, especially in the 3d orbitals, are 

responsible for the rapid surface diffusion on the Zn(0001) surface, which is caused by 

the difference of the existence of the vacancy of the 4s orbitals. 
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Figure 3.3. LDOS of the Zn adsorption structure on the (0001) surface: (a) 3d orbital, 

(c) 4s orbital, and (e) 4p orbital. LDOS of the Cu adsorption structure on the (111) 
surface: (b) 3d orbital, (d) 4s orbital, and (f) 4p orbital. Red and blue lines show the 

LDOS of the adatom and three nearest neighbor atoms, respectively. Black dotted lines 
show 0 eV vs. Fermi energy.  
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Figure 3.4. LDOS of (a) the Cu adatom and the three nearest neighbor atoms of the 
surface, (c) the isolated Cu atom, and (d) the isolated Cu(111) surface. Red and blue 
dotted lines show the LDOS of the adatom and three nearest neighbor atoms in (a). 

Black dotted straight lines show 0 eV vs. Fermi energy of each structure.  
 

Table 3.4. Fermi energy on each case. (unit: eV) 
 Zn on Zn(0001)  Cu on Cu (111) 

−4.432 −4.544 
 

Table 3.5. Fermi energy on isolated atom and surface (unit: eV) 
Zn  Cu 

−4.489 −4.685 
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3.3.2. Orbital interaction of Zn adatom and surface during the interlayer diffusion 

 

 

For the shape evolution of Zn, the rapid surface diffusion and the slow interlayer 

diffusion is a significant factor. In the case of interlayer diffusion of Zn, which shows the 

specific activation energy called the Ehrlich-Schwoebel barrier, the interaction between 

the Zn adatom and the surface is also investigated in the same way because the rate 

balance of the flat (0001) diffusion and the interlayer diffusion is suggested as a key factor 

for the initiation of the layer-by-layer structures depositing under the mossy structures. 

The electronic states of the adatom and surface are examined in the transition state to 

analyze the change of the interaction during the downward diffusion from the terrace 

position to the step position shown in Figure 3.5. The large overlap between the adatom 

and surface can be observed around −6.2 eV. In addition, as for the adatom, the small 

peak at −7.0 eV disappeared, which was observed in the adsorption on the Zn(0001) 

surface. This indicates that the Zn atoms of the step structure strongly interacts with the 

adatom, and its electronic state is relatively similar to the adatom than the case on the 

(0001) surface. Peaks of the adatom and the surface near −2.2 eV and +3.1 eV can be 

derived from 4s and 4p orbitals. It is found that the electronic state of the adatom itself 

during the interlayer diffusion is inherited from the isolated Zn atom in contrast to the 

diffusion on the (0001) surface. This suggests that the stability of the adsorbed atoms 

themselves can be a dominant factor for the interlayer diffusion. The electronic 

configuration of Zn atoms is fully occupied, and thus exhibits a certain degree of stability.  

These analyses suggest that the balance of the surface diffusion rate of the Zn adatom 

on the surface is due to the fully occupied electronic state of Zn, 3d104s2, which enables 

the rapid flat diffusion on the (0001) surface, and moderately slow interlayer diffusion. 

The former is attributed to the weak interaction of the 3d orbital between the adatom and 

surface. The latter is caused by the stability of the Zn adatom itself. 
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Figure 3.5. LDOS of the transition state structure of the Zn adatom interlayer diffusion 

at the step-terrace structure of the (0001) surface: (a) top view and side view of the 
structure of the Zn atom on the step-edge structure, (b) LDOS of the Zn adatom and the 

two nearest neighbor atoms of the surface, and (c) LDOS of the isolated step-edge 
structure. Red and blue circles in (a) corresponds to the red and blue lines in (b), 

respectively. Black long-dotted line in (a) shows the edge structure of the step-terrace 
model. Black dotted lines in LDOS show 0 eV vs. Fermi energy of each structure. Fermi 

energy is −4.273 eV. 
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Conclusions 
 

 

This chapter focused on the electronic state of the Zn adatom and the surface to 

elucidate the dominant factor for the specific surface diffusion behavior of Zn during the 

electrodeposition. The surface diffusion rates of the rapid diffusion on the (0001) surface 

and the slow interlayer diffusion are derived from the fully occupied electronic 

configuration of Zn, 3d104s2. The weak interaction of Zn adatoms with the Zn(0001) 

surface is found to be the origin of the rapid surface diffusion on the Zn(0001) surface. 

The comparison of Zn and Cu indicates that this weak 3d orbital interaction is attributed 

to the complete occupation of the 4s orbital while that is not observed in the Cu case 

which has no vacancy of 4s orbitals. In addition, the moderately slow interlayer diffusion 

rate of Zn adatoms is also governed by the stable electronic configuration of Zn. The 

specific electronic configuration of Zn is responsible for the specific values of the surface 

diffusion rate. Analysis of these electronic configurations may provide insight into 

atomic-level considerations of electrodeposition and guide the development of a theory 

of the system. For further analysis of the electronic state of the surface, the other metals 

should be analyzed. The systematic understanding of the electronic state and the surface 

diffusion behavior will lead to further effective development of the electrodeposition 

processes. 
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Chapter 4: 

Effect of Li+ Addition during the Initial Stage of Zn 

Electrodeposition by Multiscale Simulation and 

Experiments 
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4.1. Introduction 
 

 

Chapters 2 and 3 mainly focused on the analysis of Zn electrodeposition including 

the surface diffusion of Zn adatoms to understand the origin of the irregular shape 

evolution of Zn. For the irregular shape evolution of the mossy structures, the surface 

diffusion behavior is a dominant factor at the low current density. This phenomenon 

during the electrodeposition is affected by the presence of the electrolyte at the solid-

liquid interface as shown in Chapter 2. The effect of the solvation structure can change 

the behavior of the surface diffusion. Furthermore, in order to suppress the irregular shape 

evolution, the electrolyte composition should be designed properly. Hence, this chapter 

focuses on the effect of the electrolyte condition for the surface diffusion at the solid-

liquid interface. 

The solvation condition near the surface is usually changed by additives that do not 

deposit on the surface during the electrodeposition. Many types of additives have been 

studied and each has been shown to affect the shape evolution of Zn [1,2]. In particular, 

cationic molecules and metal ions are effective suppressors for the irregular shape 

evolution [3-10]. For example, molecules with quaternary ammonium moieties adsorb on 

the protrusions that initiate the mossy structure [3]. It is suggested that the additives with 

pyridine moieties also exhibit a similar mechanism [4]. In addition to these cationic 

additives, the effects of alkali metal ions have also received attention [11-16]. Fukumoto 

et al. suggested that certain molecular additives exhibit a synergistic effect with Na+, with 

stronger adsorption on the electrode in the presence of Na+ [12]. Thakur et al. reported 

that the discharge capacity of Zn-air batteries is improved by Li+ in the presence of K+ 

[13]. Regarding the effect of Li+ addition, Guo et al. also reported that the battery with 

the LiCl additive in the electrolyte showed good stability in long-cycle tests [14]. The 

other previous study also claimed the effect of Li+ addition [15]. Li+, which exhibits the 

largest charge density among alkali cations, is thought to interact with surface species at 

the outermost layer of the Helmholtz plane [16] and has interesting differences from other 

types of additives that act as adsorbed species. Hence, further molecular level 

understanding of such effects of Li+ is required for the further development of electrolyte 
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designs. 

Such a solvation effect of the Li+ addition will affect the surface diffusion behavior 

of Zn. As mentioned above, the comparison of activation energy differences between the 

solid-liquid and solid-gas interfaces in Chapter 2 suggests that surface diffusion rates are 

affected by the solvation of water molecules surrounding the surface. Solvent molecules 

interact with Zn adatoms and Zn surfaces, altering the behavior of Zn adatoms during the 

surface diffusion. Alkali metal cations such as Li+ alter the distribution of solvent 

molecules near the interface and should have a non-negligible effect on Zn shape 

evolution at the initial stage of the deposition. In this chapter, It is analyzed the effect of 

alkali metal ion, Li+, on the deposition shape of Zn, by using multiscale simulations 

comprising density functional theory (DFT) and kinetic Monte Carlo (KMC) simulations. 

The deposition behavior with the Li+ condition is compared to the condition that only 

contains KOH in the solution. as a supporting electrolyte by using effective screening 

medium (ESM) combined with reference interaction site model (RISM) as same as the 

previous chapters. In addition, the conventional electrochemical measurements are 

performed especially for the initial stage of the Zn deposition to compare with the 

simulation, examining the effect of the Li+ addition for the Zn shape evolution. 
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4.2. Methods 
 

4.2.1. Multiscale simulation of the surface diffusion of the Zn adatom under the Li+ 

condition  

 

 

In this chapter, all the calculation conditions are the same as Chapter 2. All DFT 

calculations employed ESM-RISM [17,18] implemented in Quantum ESPRESSO code 

[19,20] to simulate the solid-liquid interface under the Li+ condition. The optimized 

potentials for liquid-phase simulation [21,22] were taken for the parameters of Li+, K+, 

and OH−. In the RISM region, 6.0 M LiOH is introduced when it is the Li+ condition. 

As same as Chapter 2, four specific surface diffusions were assumed to obtain the 

activation energy: the surface diffusion on the (0001) surface, the (0−110) surface, the 

interlayer diffusion, and the edge diffusion. The potential curves of the surface diffusion 

of the Zn adatom were acquired with these four models in the Li+ condition. The relative 

energies, Ere, of each position were obtained by the same equation as shown in Chapter 

2:  

𝐸re = 𝐸each_position − 𝐸0     (4.1) 

Eeach_position denotes the total electron energy at each position, while E0 denotes the 

one at the initial position before the surface diffusion. The activation energy was 

determined as the highest relative energy in the surface diffusion pathway. 

As for the KMC simulations, the same KMC code as Chapter 2 is used. The 

activation energy used in the KMC simulation is changed to the ones obtained by DFT in 

the Li+ condition. By using these parameters, the surface diffusion behavior in the Li+ 

condition is reflected.  

 

 

4.2.2. Electrodeposition of Zn with the Li+ addition 

 

 

Zn electrodeposition on the negative electrode was performed with alkaline zincate 
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solution. For the analysis of the effect of the Li+ addition, LiOH was added into the 

electrolyte as the additive with maintaining the OH− concentration. Two types of solution 

were prepared: 1.0 mol dm−3 LiOH‧H2O (Kanto Chemical, Cica-reagent grade) + 5.0 mol 

dm−3 KOH (Kanto Chemical, Cica-reagent grade) + 0.5 mol dm−3 ZnO (Kanto Chemical, 

Cica-reagent grade), and 6.0 mol dm−3 KOH + 0.5 mol dm−3 ZnO. In the case of the Li+ 

addition, LiOH into the KOH solution is dissolved firstly. ZnO is dissolved into the 

solution. All the solutions were deaerated by nitrogen bubble prior for 10 minutes before 

electrochemical measurements as same as previous studies [23,24]. 

The electrochemical measurements were performed with the three-electrodes system. 

Cu plate with chemical mechanical polishing was utilized as the working electrode. 

Surface area of the working electrode was set to 0.50 cm2. Hg/HgO (Inter Chemie. Inc.) 

and Zn wire (Nilaco, 99.99%) were utilized as the reference electrode and the counter 

electrode. The pipe of the reference electrode was wrapped by the Zn wire. As the surface 

pretreatment, the Cu plate was immersed in 45.0 mL ultrapure water (18.2 MΩ cm) + 5.0 

mL 96 wt% of sulfuric acid for 30 s and the Zn wire was immersed in 180 mL pure water 

+ 20.0 mL 96 wt% of sulfuric acid for 10 s before the electrodes were rinsed by the pure 

water and dried in blowing N2 air. The working electrode was faced upward to the 

reference electrode and placed horizontally at the bottom of the cell, in order to flow the 

natural convection uniformly during the electrochemical measurements. 

An electrochemical measurement system (HZ-7000, Hokuto Denko) was utilized for 

all electrodeposition processes at room temperature (23℃). The galvanostatic deposition 

was conducted for passed charge, 0.5 C cm−2, (at −1.0 mA cm−2 for 500 s) in order to 

analyze the initial structures of the Zn deposits. The deposition potential of Li+ is 

considerably negative than that of Zn, and the activity of Li in the Zn-Li alloy is on the 

order of 10−10 at room temperature, which is sufficiently small compared to Zn, based on 

the alloy phase diagram and electrochemical measurements of the previous study [25]. 

The crystal structure of the deposit was analyzed by X-ray diffractometer (XRD, Rigaku, 

Rint-Ultima III) in the Materials Characterization Central Laboratory, Waseda University 

[26]. A scanning electron microscope (SEM, SU-8200) was used for the observation of 

the surface morphology of the electrodeposited Zn.  
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4.3. Results and Discussion 
 

4.3.1. Difference of the surface diffusion behavior between Li+ and K+ conditions  

 

 

The surface diffusion behavior of the Zn adatom under the condition with Li+ is 

analyzed by putting 6.0 M LiOH in the RISM region and compared the results with the 

K+ condition as shown in Chapter 2. In the ESM-RISM calculations, the distribution of 

the electrolyte species near the surface is obtained. The change of the distribution of the 

species during the surface diffusion is analyzed. Figure 4.1(a) shows the potential curve 

of the surface diffusion of the Zn adatom on the (0001) surface. The activation energy is 

+14.5 kJ mol−1, which is similar to +14.1 kJ mol−1 in the K+ condition. These results 

indicate that in the Li+ condition, the Zn adatom diffuses on the (0001) surface as rapid 

as in the K+ condition. Figure 4.1(b) shows the potential curve of the surface diffusion on 

the (0−110) surface. The activation energy on this surface is +41.3 kJ mol−1, which is 

lower than +45.7 kJ mol−1 obtained in the K+ condition as shown in Table 4.1. In Chapter 

2, the activation energies on the (0−110) surface in vacuum and that in the K+ condition 

were compared. It is suggested that the activation energy of the surface diffusion on the 

(0−110) surface was influenced by water molecules. The (0−110) surface strongly 

interacts with water molecules, which can interfere with the surface diffusion of Zn 

adatoms on the (0−110) surface. Therefore, the decrease in the activation energy due to 

the Li+ addition should be attributed to the change in the interaction between the surface 

and water molecules due to Li+. Figure 4.1(c) shows the potential curve for the interlayer 

diffusion at the step-edge structure. The activation energy of the interlayer diffusion is 

+23.1 kJ mol−1, which is smaller than +29.1 kJ mol−1 in the K+ condition. The effect of 

the Li+ addition is exhibited in the interlayer diffusion as well as in the (0−110) surface. 

This decrease in activation energy means that interlayer diffusion is more rapid in the Li+ 

condition than the K+ condition. Figure 4.1(d) shows the potential curve of the edge 

diffusion, which shows the activation energy of +19.0 kJ mol−1. In contrast to the other 

surface diffusion behaviors, the activation energy of the edge diffusion in the Li+ 

condition is larger than in the K+ condition. Chapter 2 indicated that adatoms are 
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stabilized at the edge by solvation because the solvation effect of water molecules reduces 

the activation energy of edge diffusion. This suggests that Li+ weakens the stabilizing 

effect of the solvent species, resulting in a higher activation energy than in the absence of 

Li+. 

 

 
Figure 4.1. Potential curves of the Zn adatom surface diffusion at the solid-liquid 

interface with the 6.0 M LiOH solution: (a) on the (0001) surface, (b) on the (0−110) 
surface, (c) interlayer diffusion, and (d) edge diffusion.  

 

The difference of the activation energy with the Li+ and K+ condition should be 

attributed to the structural change of the solvation at the solid-liquid interface because 

both cations cannot deposit on the surface due to its negative deposition potential. Hence, 

the distribution of the electrolyte species, which can be obtained by the ESM-RISM 

calculation, are analyzed. Figure 4.2(a) shows the distributions of the O atom of the water 

molecules near the (0001) surface. The distribution appears due to the electrostatic 

potential of the surface. All peaks of the O atom in the Li+ condition are smaller than 

those in the K+ condition, which indicates that the Li+ addition decreases the density of 

water molecules. Figure 4.2(b) shows the distributions of Li+ and K+. The peaks of Li+ 

are larger than those of K+. The largest peak of Li+ is observed around 7.1 Å whereas that 
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of K+ can be seen around 6.1 Å. These differences in distribution can be attributed to 

charge density and ionic radius of Li+ and K+. A large charge density of Li+ results in a 

strong interaction between Li+ and water molecules. This leads to a rigid solvation sphere 

and large hydration cation radius of Li+ [27,28]. Due to its largeness of the Stokes radius 

[29], these solvated species with large and rigid spheres approaches to the surface with 

space compared with the K+ condition. The rigid interaction makes it difficult to change 

their orientation when they interact with the surface. Furthermore, since water molecules 

interact with Li+, it can be expected that the number of water molecules that can move 

freely and interact with the surface decreases compared with the case of K+, which is also 

proposed as the similar effect of the solvation for the diffusion of Zn(OH)4
2− [30]. 

Through this mechanism, the density of water molecules near the surface is thought to be 

reduced with the Li+ addition than with K+. 

 

 
Figure 4.2. Distribution of the electrolyte species obtained by the RISM calculations: 
(a) O atom of H2O in the K+ condition with the dashed line and the Li+ condition with 

the solid line, (b) K+ and Li+ in each solution with the blue and green lines, respectively. 
The horizontal axis means the distance from the average height of the Zn layer of the 

slab model attaching with the solvent. The lateral axis means the density of the species. 
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Based on the strong interaction between Li+ and water molecules, the change of the 

activation energy with Li+ at the solid-liquid interface can be discussed. Water molecules 

solvated with Li+ have less ability to change their orientation due to the interaction with 

Li+. Furthermore, the density of water molecules near the surface is also lower than that 

of K+ because there are fewer free water molecules which shows no interaction with the 

cations. Therefore, on high-index surfaces such as the (0−110) plane and the step-terrace 

structure of the (0001) plane, where the solvation effect is more pronounced, the effect of 

solvation on surface diffusion is smaller and the activation energy of surface diffusion is 

reduced. The increase in activation energy due to solvation is also suggested in Chapter 

2. In the comparison of the activation energy of surface diffusion at the solid-gas interface 

and the solid-liquid interface, larger values are obtained at the solid-liquid interface. This 

result with the Li+ addition is considered to be consistent with the comparison. 

On the other hand, the other previous study suggests that cationic species can have 

an effect outside the first solvation sphere [29]. This study states that the difference in the 

range reached by the outermost orbitals of the cationic species is important: for K+, 

solvents up to nearly 9 Å are affected with their electron distribution. Although it is not 

clear from this previous study whether the interaction of K+ and water molecules is rigid, 

if the electron distribution is changed by K+, a different mechanism can be considered: in 

Li+, water molecules with the same properties as in the bulk are present in the vicinity of 

the surface, whereas in K+, “special” water molecules which shows the different features 

from the bulk water molecules with a changed electron distribution are present in the 

vicinity of the surface and adatom. This difference in electron distribution can be 

attributed to electrostatic interactions with surfaces and adatoms. In this case, rather than 

a reduction in solvation effect by Li+, it may be thought of as an inhibition of surface 

diffusion by water molecules whose electron distribution altered by K+. The simulation 

of this study does not incorporate such an effect. To investigate whether such an effect 

exists or not, it would be effective to perform a similar study using ab initio Molecular 

dynamics. 

As mentioned above, the rapid surface diffusion on the (0001) surface and the 

moderately slow interlayer diffusion are the important factors for the shape evolution. In 

the Li+ condition, the activation energy of the surface diffusion on the (0001) surface is 
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similar to that in the K+ condition while that of the interlayer diffusion is smaller than that 

in the K+ condition. This should cause the change of the shape evolution mechanism 

during the Zn electrodeposition. The shape evolution behavior of Zn in the Li+ condition 

will be analyzed. 
 

Table 4.1. Activation energy obtained from the DFT calculations 
 Ea(0001) / kJ mol−1 Ea(0−110) / kJ mol−1 Eitl/ kJ mol−1 Eedge/ kJ mol−1 

LiOH  +14.5 +41.3 +23.1 +19.0 
KOH +14.1 +45.7 +29.1 +15.5 

 

Table 4.1 summarizes the activation energies obtained by the DFT calculations with 

Li+ as the comparison with K+. These values are used in the KMC simulation to 

investigate the effect of the change of the surface diffusion behavior by the Li+ addition 

for the Zn shape evolution. Figure 4.3(a) shows the snapshots of the KMC simulation 

with the Li+ addition. At the time of deposition of 1000 atoms, which corresponds to 

approximately 10−6 s after deposition started, the deposits are observed with an expanded 

2D layer structure. As deposition proceeds, the layers expand in the 2D direction to 

become a complete (0001) layer. On the layer deposited after the first layer, another 2D 

nucleation and growth is observed. After 40,000 atoms have been deposited 

(corresponding to about 10−4 s of deposition duration), the layer-by-layer structures of the 

(0001) facets are observed. As shown in Figure 4.3(b), although the simulation results in 

the K+ condition observed the layer-by-layer structures, the area of each layer, called 

terrace, is larger in the Li+ condition. The layer-by-layer structures with large terraces 

eventually lead to a smooth surface. This suggests that the (0001) surface grows 

preferentially when the Zn is electrodeposited with the Li+ addition. The larger area of 

the layer-by-layer structures should be due to the lower activation energy of interlayer 

diffusion because of the addition of Li+. The interlayer diffusion rate is a significant factor 

to determine the 2D expansion of the layer-by-layer structures on the (0001) surface. The 

larger rate of interlayer diffusion causes the larger area of the layer-by-layer structure 

because the Zn adatoms deposited on the deposited Zn layer are more likely to diffuse to 

the lower layers. Therefore, the addition of Li+ decreases the activation energy of 

interlayer diffusion and increases the area of the layer-by-layer structure. 
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Figure 4.3. (a) Snapshots of the KMC simulations in 6.0 M LiOH condition. Surface 
diffusion rates were derived from DFT in the LiOH condition. (b) Comparison of 

simulation results with the Li+ and K+ conditions. 
 
 

4.3.2. Zn shape evolution with Li+ addition at the initial stage of the Zn 

electrodeposition 

 

 

    In order to investigate the Zn shape evolution behavior at the initial stage of the 

electrodeposition, which is significant for the initiation of the irregular shape evolution, 

the electrodeposited films of Zn were analyzed after the electrodeposition in short 

duration. The initial stage structures should be analyzed because the nanoscale layer-by-

layer structures are corresponding to the initial structures of the Zn deposits. By checking 

the difference in the layer-by-layer structures when it is deposited with and without Li+, 

the experimental results are compared with the results of the multiscale simulation. Hence, 
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the deposited Zn structures obtained after the short duration of the electrodeposition in 

the low current density condition are observed in this section. Figure 4.4(a) and (b) show 

the SEM images of the electrodeposited Zn at −1.0 mA cm−2 after passing 0.5 C cm−2 in 

the Li+ and K+ condition, respectively. This duration is corresponding to the initial stage 

of the electrodeposition. In the absence of Li+, the layer-by-layer structures with the 

hexagonal corners are accumulated as observed before [23], whereas in the presence of 

Li+, larger area of the layer-by-layer structures appear. Since these structures are obtained 

at the initial stage of the deposition, this can be connected to the results of the KMC 

simulations. The expanded layer-by-layer structures in the Li+ condition are considered 

to be reproduced by the multiscale simulation. As for the case that further amount of Zn 

deposits, mossy structures appear basically even when further amount of the coulomb is 

electrodeposited for Zn with the Li+ addition as shown in Figure 4.5, although the amount 

of the mossy structures may decrease slightly. 

 

 
Figure 4.4. Morphological evolution of the electrodeposited Zn at 0.5 C cm−2: (a) 6.0 M 

KOH, (b) 1.0 M LiOH + 5.0 M KOH. 

 

For evaluation of the crystal orientation of the electrodeposited Zn, the XRD 

measurement was performed for the films after the electrodeposition for passed charge of 

0.5 C cm−2. Figure 4.6 shows the XRD patterns of Zn deposits with the Li+ and K+ 

conditions. The peak of the hcp-Zn (0001) was observed in both conditions. In particular, 

the peak of the Zn(0001) facets becomes larger in the case with Li+, and the peaks of hcp-

Zn (0−111) maintains almost the same intensity in both conditions. This suggests that the 

inside of the Zn deposits with the Li+ addition is piled up as the (0001) plane.  
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Figure 4.5. Morphological evolution of the electrodeposited Zn at 2.0 C cm−2. SEM 

images of the position without evolution of mossy structures of (a) 6.0 M KOH, (c) 1.0 

M LiOH + 5.0 M KOH. (b) and (d) are the magnified pictures of (a) and (c), 

respectively. 

 

As for the concentration of LiOH, 6.0 M LiOH was set in the simulation to compare 

the results of 6.0 M KOH. On the other hand, the concentration in this experiment was 

set as 1.0 M LiOH + 5.0 M KOH to maintain the OH− concentration and to dissolve LiOH 

as large as possible with maintaining the electrolyte stability. The pre-experiment to check 

the dependence of the concentration of Li+ indicated that the Zn crystallinity was not 

drastically changed by the Li+ concentration when it is 0.1 and 0.5 M of the Li+ 

concentration. Hence, the concentration was set as 1.0 M to make the concentration as 

high as possible with keeping the concentration of OH−. However, according to the 

solubility of LiOH, LiOH can be dissolved 5.1-5.2 M [31]. For further analysis of the 

dependence of the Li+ concentration, the preparation way of the electrolyte should be 

improved. In the case that the concentration of Li+ is different, the possibilities of its effect 

can be considered. For example, the interaction between the Zn precursor and Li+ may be 
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changed when the concentrations of both are changed. systematic analysis of this system 

will expand the understanding of the working mechanism of the additives.  

 

 

Figure 4.6. XRD patterns of the electrodeposited Zn at 0.5 C cm−2. Blue and green lines 

indicate the patterns obtained from 6.0 M KOH solution and 1.0 M LiOH + 5.0 M 

KOH, respectively. 

 

Figure 4.7 shows a chronopotentiogram during the galvanostatic electrodeposition 

of Zn in the Li+ and K+ addition. These profiles correspond to the condition of Figure 

4.4(a) and (b). Although the overpotential profiles exhibit the similar trend, a slight 

increase in overpotential was observed in the K+ condition while not in the Li+ condition. 

It is still unclear that this difference in the potential profiles is due to the change of the 

deposition behavior. In order to connect the morphological change and the 

electrochemical analysis, the electrochemical impedance spectroscopy that can give the 

information of the change at the interface will provide valuable insight.  
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Figure 4.7. Chronopotentiograms measured during galvanostatic Zn electrodeposition 
in the condition of 6.0 M KOH (blue line) and 1.0 M LiOH + 5.0 M KOH (green line). 

Current density was −1.0 mA cm−2 and total passed charge was 0.5 C cm−2. 
 

Based on these simulation and experimental results, a mechanism of the Li+ effect 

can be proposed in Zn electrodeposition based on the characteristics of Li+. Since Li+ 

strongly interacts with water molecules, the solvation of Li+ is rigid and water molecules 

are less oriented in favor of interaction with the deposited adatoms and surfaces. This 

reduces the density of water molecules near the surface compared to the K+ condition. 

Therefore, the solvation effect observed in the K+ condition is mitigated near the more 

open facets in the Li+ condition. This results in a difference in interlayer diffusion rates 

between K+ and Li+, with interlayer diffusion occurring more rapid with the addition of 

Li+. This adatom behavior causes layer-by-layer structures to grow preferentially on the 

substrate. It is experimentally confirmed that the Li+ condition produces Zn shape 

evolution with a different crystal structure and microstructure from that in the K+ 

condition, and that the generation of mossy structures is somehow delayed by such a 

mechanism. 
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Conclusions 
 

 

In this chapter, the effect of Li+ addition on the shape evolution at the early stage of 

Zn electrodeposition was analyzed to investigate the effect of the additive that works near 

the surface. Due to the strong interaction of Li+ with water molecules, water molecules 

hardly change their orientation to interact with surfaces and adatoms. This effect causes 

the decrease of the density of water molecules near the surface, and the mitigation of the 

solvation effect for the surface diffusion on open facets such as the interlayer diffusion. 

On the other hand, it was also suggested that more detailed understanding could be 

achieved by examining effects other than electrostatic interactions. In particular, the 

solvation effect of the interruption of the surface diffusion is reduced, and the diffusion 

becomes more rapid in the Li+ condition in this simulation. The experiments also suggest 

that this rapid interlayer diffusion alters the growth of layer-by-layer structures in the 

early stage of electrodeposition. Compared to the K+ condition, the layer-by-layer 

structure growth is expanded more in the Li+ condition, confirming the correspondence 

between the experiment and simulation. The clarification of the mechanism of the effect 

from the liquid phase on the surface diffusion and on the deposition behavior is expected 

to make a progress for further understanding of the Zn electrodeposition mechanism. In 

particular, the mechanism of the influence of Li+ on the phenomena at the surface obtained 

by the results of this chapter can lead to the design of new additives in the future, 

analyzing the effect of Li+ as a typical example. 
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5.1. Introduction 
 

 

In Chapter 4, the additive of Li+ was focused on as an additive that exhibits its effect 

from the solution side at the solid-liquid interface. Additives show the various working 

mechanism for the electrodeposition. However, the analysis of the effect of additives at 

molecular level is still difficult due to the complicated condition at the solid-liquid 

interface. Hence, in addition to the analysis for the solution side, it is important to clarify 

the working mechanisms of additives that deposit earlier than the main deposits on the 

surface and exhibit their effects.  

As for the additives that can show their effect on the surface with the earlier 

deposition, metal additives have been attracting attention to avoid the irregular shape 

evolutions including the mossy structures and dendrites. For its suppression of both 

dendrite and mossy structures, the use of metal additives such as Pb, Sn, and Bi, which 

electrodeposit at more positive deposition potentials than Zn, has been considered. It has 

been suggested that Sn [1-3] and Bi [4-6] have the effect of changing the crystal structure 

and morphology of the electrodeposited Zn on the substrate. In particular, Pb addition has 

been shown to give characteristic nano-level Zn shape evolution at low current densities 

[7-9]. Previous studies have also suggested that Pb has little effect on the charge transfer 

process of Zn deposition, even if the deposition potential of Zn during electrodeposition 

becomes more negative due to Pb addition [7,10]. This indicates that the analysis of the 

process after the charge transfer is essential for elucidating the Zn deposition behavior 

with Pb. Analysis of the mechanism of the effect of Pb, which suppress irregular shape 

evolution at both low and high current densities, would be helpful in elucidating the 

mechanism of the effect of additive species on the surface. However, in electrodeposition 

with additives, it is challenging to understand the nanoscale phenomena. Since the 

deposition of the metal additive proceeds before the deposition of Zn, the behavior of Zn 

on such additive is significant.  

In this chapter, density functional theory (DFT) calculations based on the first-

principles calculations are performed in addition to the electrochemical measurements 

that analyze Zn crystal growth to clarify the mechanism of deposited Zn atom behavior 
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during the electrodeposition in the presence of trace amount of Pb. This analysis will 

provide a micro- and nanoscale understanding of the mechanism of additive action in 

electrodeposition. 
 
 

5.2. Methods 
 

5.2.1. Zn electrodeposition with the Pb addition  

 

 

Zn electrodeposition on the negative electrode was performed with alkaline zincate 

solution. Two types of solution were prepared: one contained 1.0 mmol dm−3 PbO (Kanto 

Chemical, Cica-reagent grade, >99.9%) + 6.0 mol dm−3 KOH (Kanto Chemical, Cica-

reagent grade) + 0.1 mol dm−3 ZnO (Kanto Chemical, Cica-reagent grade), and the other 

6.0 mol dm−3 KOH + 0.1 mol dm−3 ZnO. For adjusting the Pb solution, PbO was dissolved 

into 48 wt% of KOH solution, and the ZnO dissolved into the solution. All solutions were 

deaerated by nitrogen bubbles before electrochemical measurements. According to the 

Pourbaix diagram, the stable state of PbO in the high pH solution is Pb(OH)3
− [11]. All 

solutions were deaerated by bubbling nitrogen before electrochemical measurements for 

10 min.  

Electrochemical measurements were performed using a three-electrodes system. Cu 

plate prepared by chemical mechanical polishing was used as the working electrode. This 

Cu plate was mirror finished by automatic lapping polishing machine (MA-400D, 

Musashino Denshi Co., Ltd.) with polishing slurry mainly based on ultrahigh purity 

colloidal silica (PLANERLITE-7101, Fujimi Incorporated). For the cross sectional 

scanning electron microscopy (SEM), the alternative working electrode was used as Cu 

(100nm)/Cr (10 nm) layer on Si(111) wafer prepared by electron beam evaporation 

(ULVAC, EBX-6D). The working electrode was placed horizontally at the bottom of the 

cell facing upward to the reference electrode to prevent the influence of the undesirable 

natural convection near the electrode that causes nonuniform deposition along the vertical 

direction. Hg/HgO (Inter Chemie. Inc.) was utilized as the reference electrode. Zn wire 
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(Nilaco, 99.99%) was utilized as the counter electrode, which was wrapped around the 

pipe of the reference electrode.  

The Cu working electrode was immersed in 45.0 mL ultrapure water (18.2 MΩ cm) 

+ 5.0 mL 96 wt% of sulfuric acid for 30 s, and the Zn counter electrode was immersed in 

180 mL pure water + 20.0 mL 96 wt% of sulfuric acid for 10 s before the electrochemical 

measurements. After surface treatment, the electrodes were rinsed with pure water and 

dried in N2 air.  

All electrodeposition processes were performed using an electrochemical 

measurement system (HZ-7000, Hokuto Denko) at room temperature (23 °C). The current 

densities of all galvanostatic electrodepositions were set to −5.0 mA cm−2. The surface 

morphology of the electrodeposited Zn was observed using scanning electron microscopy 

(SEM, SU-8240). The crystal structure of the deposit was analyzed in the out-of-plane 

and in-plane directions using an X-ray diffractometer (XRD, Rigaku, Rint-Ultima III) at 

the Materials Characterization Central Laboratory, Waseda University [12].  
 
 
5.2.2. DFT calculations for the deposited Zn atom with co-deposited Pb atomic layers  

 

 

DFT calculations in this chapter are also performed by Quantum ESPRESSO code 

[13,14] that the RISM component is implemented by Nishihara [15]. Kohn–Sham 

equations [16] were solved using a plane-wave basis within the ultrasoft pseudopotential 

framework [17,18]. The cutoff energies for the wave functions and augmented charge 

were set to 40 and 320 Ry, respectively. The Perdew–Burke–Ernzerhof form of the 

generalized gradient approximation was used to calculate the exchange correlation 

energies [19]. A unit cell was sampled with Monkhorst–Pack k-point grids [20] of 2 × 2 

× 1. Geometrical optimizations were performed with convergence thresholds of 10−4 Ry 

and 10−3 Ry/Bohr for energy and force, respectively. ESM-RISM was used to reproduce 

the electrochemical solid–liquid interface [15,21] as well as the other chapters. The 

Kovalenko–Hirata closure model was used for the Laue-RISM calculations [22], which 

is a mixed boundary condition calculation in which the supercell only expands in the x- 

and y-directions. The electrolyte condition was assumed to be a 6.0 M KOH solution. The 
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simple point charge model was used for the classical force field parameter of water [23], 

and the optimized potential for liquid simulation was selected for the parameters of K+ 

and OH– [24,25]. The temperature was set at 300 K. Lennard–Jones parameters (ε, σ) 

were set to (0.790 kcal mol−1, 3.46 Å) for Zn, which is identical to the previous chapters, 

and (2.93 kcal mol−1, 3.18 Å) for Pb [26], respectively. The kinetic energy cutoff for the 

solvent correlation functions of the RISM components was set at 144 Ry, and the 

convergence thresholds for one-dimensional and three-dimensional RISM were set at 10–

8 and 10–5 Ry, respectively. 

 

 
Figure 5.1. Slab model of the Zn(0001) surface. Z axis is directed to the righthand side. 
All balls show the Zn atom. The right side of the slab is used as the surface where the 

deposited atoms adsorb. 
 

A slab model consisting of four atomic layers with 64 atoms of the Zn(0001) surface 

was constructed based on the Zn hexagonal close-packed (hcp) structure as shown in 

Figure 5.1. The deposited Pb layers on the Zn(0001) surface was optimized to evaluate 

Pb alignment on the Zn surface by modelling the structure based on the experiments. The 

behavior of deposited Zn atoms was analyzed by optimizing the incorporation of 

deposited Zn atoms into defects of the Pb layer. The relative energies, ∆E, were calculated 

by subtracting the total energy of the system of the deposited Zn atom located at the 

position near the solution side, Eouter, from that at the position near the Zn slab side, Einner, 

namely, ∆E = Einner − Eouter. If ∆E is negative, the elementary step assumed can proceed 

thermodynamically. In addition, the charge of the calculation models was set as neutral, 

since deposited Zn atoms on the surface appear after the charge transfer process that is 

the reduction of zincate ion, Zn(OH)4
2−. 
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5.3. Results and Discussion 
 

5.3.1. Crystal structures of the Zn electrodeposits with the Pb addition  

 

 

The galvanostatic electrodeposition of Zn is performed without and with the Pb 

addition at low current density (−5.0 mA cm−2) to analyze the Pb effect at the initial stage 

of the Zn shape evolution. The deposits are observed without and with the Pb addition 

after the galvanostatic deposition of the passed charge of 0.25 C cm−2 (−5.0 mA cm−2 for 

50 s) (Figure 5.2(a) and (b)). In the case without Pb addition, a layer-by-layer structures 

are observed. This is similar to the morphology reported in the previous study [7,27,28], 

which can be the initial shape of the Zn electrodeposits at low current density. In contrast, 

when Pb is added, hexagon-like structures are observed. The electrodeposits are also 

observed cross-sectionally after the electrodeposition without Pb addition for passed 

charge of 1.0 C cm−2 and 2.0 C cm−2 (−5.0 mA cm−2 for 200 s and 400 s) (Figure 5.3(a)-

(d)). It was found that dense Zn is deposited on the substrate in the case without Pb 

addition. On the other hand, the pillar-like structures are observed as the growing shape 

of the initial fine hexagonal electrodeposits. The height of the pillar-like structures is 

almost 500 nm after the electrodeposition passed charge of 2.0 C cm−2. It is indicated that 

the pillar-like structures are elongated with respect to the increase of the passed charge.  

 

 

Figure 5.2. SEM images of the Zn morphology after the Zn galvanostatic 

electrodeposition that passed charge is set at 0.25 C cm−2 (at −5.0 mA cm−2 for 50 s): (a) 

without Pb, (b) with Pb. Both images are taken at the same scale. 
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Figure 5.3. Cross-sectional images of the of the Zn morphology after Zn galvanostatic 

electrodeposition at −5.0 mA cm−2: (a) without Pb at 1.0 C cm−2 (for 200 s); (b) without 

Pb at 2.0 C cm−2 (for 400 s); (c) with Pb at 1.0 C cm−2 (for 200 s); and (d) with Pb at 2.0 

C cm−2 (for 400 s). All images were taken at the same scale. 

 

The pillar-like structures were obtained under the Pb-added condition. It is important 

to identify whether the deposition of the pillar continuously proceed without Pb once the 

pillar appears on the surface because the timing when Pb influences the Zn deposition 

should be understood. Hence, two-step electrodeposition is performed with changing the 

solution at the first step and the second step to clarify that the pillar-like structures grow 

only in the presence of Pb. In the first step, galvanostatic electrodeposition with the 

solution with the Pb addition is carried out for passed charge of 1.0 C cm−2 (for 200 s) to 

deposit the pillar-like structures, and then the solution is changed to the one without the 

Pb addition followed by the electrodeposition of the second step after the cell was rinsed 

twice by the solution used in the second step. The electrodeposits obtained after these two 

steps are observed (Figure 5.4(a)-(d)). A large hexagonal boulder-like structure is 

deposited on top of the pillar-like structures. In addition, the side views of the deposits 

show that the pillar-like structures have grown non-uniformly and are generally shorter 
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than those in Figure 5.3(d) which shows the structures at the same amount of passed 

charge. The boulder-like structures are about 100 times larger than diameter of a pillar-

like structure, suggesting that Zn is electrodeposited in these boulder-like structures in 

this second step. The same two-step electrodeposition was carried out using a solution 

with Pb in both first and second steps (Figure 5.5). The pillar-like structures are observed 

as same as the single-step electrodeposition with the Pb addition. This indicates that the 

pillar-like structures of Zn are only deposited with the co-deposition with Pb. 

 

 

 
Figure 5.4. SEM images of the Zn morphology after the two-step galvanostatic 

electrodeposition at −5.0 mA cm−2 composing of the first-step electrodeposition with Pb 

for passed charge of 1.0 C cm−2 (for 200 s) and the second-step electrodeposition 

without Pb for passed charge of 2.0 C cm−2 (for 200 s). (b) is the magnified image of 

(a). (c) is a cross-sectional image of the boulder-like structure. (d) is a cross-sectional 

image of the pillar-like structures after the two-step electrodeposition.  
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Figure 5.5. SEM images of the Zn morphology after the two-step galvanostatic 

electrodeposition at −5.0 mA cm−2 composing of the first-step electrodeposition with Pb 

for passed charge of 1.0 C cm−2 (for 200 s) and the second-step electrodeposition with 

Pb for passed charge of 2.0 C cm−2 (for 200 s). (b) is a magnified image of (a). 

 

As for the deposition potential profile with respect to the surface condition and the 

solution (Figure 5.6), large overpotential is observed at the initial stage in the case without 

Pb on the Zn pillar-like structures, which corresponds to the condition of Figure 4. This 

trend is considered to be due to the overpotential required for nucleation in the initial 

stage of the electro-deposition [7,29]. In this case, it is considered to be the overpotential 

required for nucleation when the Boulder-like structures are generated on the pillar-like 

structures. In contrast, the potential negatively shifts smoothly in the electrodeposition on 

the Zn pillar used the solution with the Pb addition. This is because the pillar-like 

structures are deposited beforehand, and the deposition proceeds on the pillar-like 

structures. As the deposition proceeds, the potential shifts gradually to more negative 

region in this case, and it is expected that the potential will be the same as that deposited 

on the Cu substrate.  

These results suggest that the Zn pillar-like structures need to co-deposit with Pb in 

order to continue to grow. Although Pb is deposited at a more positive deposition potential 

than Zn, which reminds a site-blocking effect for the Zn deposition caused by the earlier 

deposition of Pb on the substrate surface, the co-deposition of Zn and Pb is significant for 

the growth of this pillar-like structures, rather than the site-blocking effect by such earlier 

deposition of Pb.  
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Figure 5.6. Chronopotentiogram of the galvanostatic deposition of Zn with respect to 

the substrate conditions. Blue line shows the profile during the electrodeposition with 

the Pb addition on the Zn pillar deposited by the first step electrodeposition with Pb 

addition. Red line shows the profile during the electrodeposition without the Pb addition 

on the Zn pillar deposited by the first step electrodeposition with Pb addition. Black line 

shows the profile during the electrodeposition with Pb addition on the polished Cu 

plate. Current density was −5.0 mA cm−2 and deposition time was 200 s in all 

electrodepositions. Passed charge was set at 1.0 C cm−2.  

 

In order to analyze the crystal structure of the pillar-like structures, XRD 

measurements were carried out on the electrodeposited film with the pillar-like structures. 

The crystal plane whose normal vector is perpendicular to the substrate is characterized 

by out-of-plane measurement (Figure 5.7(a)). An hcp-Zn(0001) peak is observed at 36°, 

which is overlapped with Pb(200). The existence of Pb(200) is difficult to confirm 

because the intensity derived from Zn is much larger than that of Pb(200). A peak around 

43° shows hcp-Zn(0−111), which overlaps face-centered cubic (fcc) -Cu(111) peak of the 

Cu substrate. This peak mainly originates from the Cu substrate because the peak intensity 
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does not change with the passed charge. A peak at around 42° is probably due to Zn 

corrosion products or Zn-Cu alloys based on the previous study [30,31]. A peak derived 

from an fcc-Pb(111) appeared at approximately 31°, indicating the co-deposition of Pb. 

This suggests that Pb(111) may be present in the upper part of the pillar-like structures. 

The crystal structures oriented perpendicular to the substrate were evaluated using in-

plane XRD measurements (Figure 5.7(b)). An hcp-Zn(0−110) peak at 39° was observed 

as a characteristic peak of the sidewalls of the pillar structures. This peak was not 

observed in Figure. 5.7(a) or in the XRD patterns of the electrodeposited Zn films without 

the Pb addition [27]. Moreover, an fcc-Pb(111) peak at 31° was observed, suggesting that 

Pb was also present at the sidewalls of the pillar-like structures in the (111) orientation. 

Peaks derived from the (0001) or Pb(200) and (0−111) facets of hcp-Zn were also 

observed. Peak at 36° may be attributed to Pb(200) because of the existence of the Pb(111) 

on the top layer. If this is derived from Zn(0001), the decrease of these peaks with respect 

to the increase of the amount of passed charge was caused by the growth of the pillar-like 

structures in the vertical direction to the substrate. These results indicates that the Zn 

pillar-like structures grow in the [0001] direction, while the sidewalls are oriented to the 

(0−110) plane. In addition, there is a possibility that Pb(111) is formed at both the top and 

side of the pillars. 
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Figure 5.7. XRD patterns of electrodeposited Zn with Pb addition at 1.0 (black line) 

and 2.0 C cm−2 (red line): (a) out-of-plane and (b) in-plane. 

 

 

5.3.2. Behavior of the deposited Zn atom at the Pb layer on the Zn surface  

 

 
In conjunction with the above results, previous study suggested that the Pb content 

of the Zn electrodeposit with 1.0 mM Pb addition is approximately 1% [35]. Although the 
heat of sublimation of Zn is lower than that of Pb (115 kJ mol−1 for Zn and 179.5 kJ mol−1 
for Pb), the surface energy of the Zn(0001) plane is lower than that of the Pb(111) plane 
calculated by the equivalent crystal theory (0.32 J m−2 for Zn and 0.27 J m−2 for Pb) [36]. 
This suggests that Pb may be present on the surface by forming a layer on the topmost 
surface due to the difference in surface energy. Hence, it is hypothesized that the Pb layer 
exists on the Zn pillars. The other possibilities will be discussed in the later section. The 
Pb behavior on the Zn surface should be clarified at the atomic scale. Based on these, Pb 
structures are optimized on the Zn(0001) surface by DFT calculations to identify the 
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presence of Pb on the Zn surface. Structural optimization of a Pb layer on the Zn(0001) 
surface is carried out shown in Figure 5.8.  
 

 
Figure 5.8. Optimized structures of the Zn(0001) surface covered with the Pb layer: top 
views of the Zn surface (a) with a single Pb layer, (b) with a double Pb layers. (c) and 

(d) are the side views of (a) and (b), respectively. Purple and gray balls show the Zn and 
Pb atoms, respectively. Green and red lines in (a) and (b) indicate the area of the 

supercell.  
 

The result shows that the Pb layer is stable with nine Pb atoms per sixteen Zn atoms 
of the Zn(0001) surface, suggesting that Pb covers the Zn surface. The Pb atoms align 
similar to the (111) facet. The average bond length between adjacent Pb atoms in this 
structure is 3.56 Å. That of the Pb(111) plane is 3.50 Å. The structure with double Pb 
layers is also optimized shown in Figure 5.8(b), and it is indicated that the Pb atoms are 
arranged similar to the (111) facet as well as the case with the single Pb layer. In 
combination with the triangular structures formed by the Pb atoms, it is suggested that Pb 
forms a structure similar to the (111) facet on the surface. These calculations are in a good 
agreement with the results obtained by the XRD measurements. Therefore, it can be one 
of the possibilities from both the experimental and theoretical results suggest that Pb(111) 
covers the Zn surface because of the low surface energy of Pb(111). In addition, the 
formation of this Pb layer may change the underpotential deposition (UPD) behavior of 
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Zn at a less negative applied potential owing to the prior deposition of Pb on the substrate. 
Metal–metal interactions are important in the behavior of UPD, and the interaction 
between Pb and Zn can be different from that between the substrate metal and Zn. In 
particular, as shown in Figure 5.8, the DFT results indicate that Pb deposits on the Zn 
metal and attaches the solution side during the co-deposition of Pb and Zn. Zn cannot 
form the alloy with Pb. This suggests that the interaction between Pb and Zn is not enough 
strong to form the UPD layer on Pb layers. Hence, the occurrence of Zn UPD is difficult 
when Zn is co-deposited with Pb. However, the mechanism of the Zn continuous 
deposition in the presence of Pb layers on top of the Zn surface remains unclear. 

The behavior of Zn atoms under the condition that the Pb(111) plane covers Zn 
surface is analyzed to elucidate the significant characteristics of Pb and Zn, which lead to 
the continuous deposition of bulk Zn. The adsorption of a deposited Zn atom on the Zn 
surface covered with a single Pb layer is structurally optimized shown in Figures 5.9(a) 
and (c). It is found that the deposited Zn atom adsorbs close to the hollow site of the Pb 
layer. The incorporation structures of the deposited Zn atom on the Zn layer after the 
penetration through the Pb layer was optimized and shown in Figures 5.9(b) and (d). The 
deposited Zn atom attaches on the hollow-hcp site of the Zn layer. The calculated relative 
energy, ΔE, compared to that of the adsorption of the Zn atom on the Pb layer was −64.7 
kJ mol−1. This indicates that the deposited Zn atom is thermodynamically more stable 
with attaching on the Zn layer than on the Pb layer.  

The incorporation behavior of the deposited Zn atom inside the Pb layer is 
investigated for understanding of the migration of the Zn atom. The results of 
incorporation of the deposited Zn atoms on double Pb layers are shown in Figures 5.10(a) 
and (c). The Pb defect was introduced to model the co-deposition of Zn and Pb. The Zn 
atom is incorporated into the defect, and then the Zn atom is exchanged with the Pb atom 
of the inside Pb layer. The energy difference, ΔE, is −8.41 kJ mol−1, suggesting that the 
deposited Zn atoms are thermodynamically able to migrate into the interior and reach the 
Zn layer. This incorporation is mainly due to the difference in surface energy between the 
Pb(111) and Zn(0001) facets. The exposure of Pb stabilizes the system and results in the 
incorporation of Zn into the interior. The difference in the surface energy allows the 
deposited Zn atoms to reach the interior. This indicates that Zn continues to deposit as a 
metal even in the presence of the Pb layers on the Zn surface. For further understanding 
of the Zn atom behavior, the pathway of the migration inside the Pb layer should be 
analyzed. One of the strategies to model is introducing the two defects in both top and 
bottom layers. The potential curve of the migration of the Zn atom inside the Pb layer will 
lead to the further understanding of its behavior. 
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Figure 5.9. Optimized structures of the deposited Zn atom on the Zn(0001) surface 

covered with the single Pb layers: top views of (a) the adsorption structure and (b) the 
incorporation structure of the deposited Zn atom with the Pb layer on Zn metal. (c) and 
(d) are the side views of (a) and (b), respectively. Ball colors indicate the same elements 

as Figure 5.10. Red dotted circles show the deposited Zn atoms. 
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Figure 5.10. Optimized structures of the incorporation of the deposited Zn atom into the 
defect of the double Pb layers on the Zn(0001) surface: top views of incorporation into 

(a) the surface layer and (b) the inside layer. (c) and (d) are the side views of (a) and (b), 
respectively. Ball colors indicate the same elements as Figure 5.10. Red dotted circles in 

(a) and (b) show the deposited Zn atoms. 
 
These results suggest the deposition mechanism of continuous Zn growth if 

deposited Pb is present on the Zn surface. First, Pb was electrodeposited, followed by Zn. 

This deposition order is based on the difference in deposition potential between Pb and 

Zn. During co-deposition of Pb and Zn, Pb forms a (111) layer, into which Zn is 

incorporated. The continuous incorporation of the deposited Zn atoms allowed for the 

continuous growth of the pillars so that the Pb layer covers the top layer. This behavior 

of Zn and Pb is due to the difference in surface energy of the plane. This mechanism is 

useful for studying the working mechanism of additive species that exhibit effects at the 

surface.  

The Pb covering layer can be a factor for the evolution of the Zn pillar-like structures. 

It can be considered that this Pb deposit can cover the (0−110) plane, which inhibits the 

deposition of Zn on the plane. The overpotential during the Zn electrodeposition with the 

Pb addition is increased and negatively shifted from the pure Zn electrodeposition as 
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compared with the results in Chapter 4. Hence, there is a possibility that Pb layer inhibits 

the deposition on the (0−110) plane and the surface area of the Zn deposition is decreased. 

In order to clarify the shape evolution mechanism with the Pb addition, it is important to 

analyze the Zn shape evolution further with respect to the multiscale evolution. Details 

are described in the next section. 

 

 

5.3.3. Hypotheses for Zn deposition mechanisms with Pb and verification methods  

 

 

In this chapter, the behavior of Zn atom in the Pb layer on the surface was analyzed 

by simulation, assuming that Pb is present on the surface. It was found that Zn can go into 

the interior, suggesting that Zn can grow even when it is covered with the Pb layer. 

However, there are hypotheses that could be verified by further experimentation. They 

are listed below. 

 

- The thickness of the Pb layer is different from that assumed in this study. 

- Pb deposits not only on the surface but also as a single crystal, covering the entire 

surface (Figure 5.11(a)). 

- Pb grows not only on the surface but also as a single crystal, covering only the 

(0−110) plane (Figure 5.11(b)). 

 

 
Figure 5.11. The hypotheses of the Pb deposition structures with the Zn pillars. 

 

As for the first one, single and double Pb layers were assumed as representative 
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thicknesses in this study. According to the out-of-plane XRD results, the thickness is 

considered to be submicron meter order, and it may be worthwhile to investigate the 

behavior in thicker layers. On the other hand, considering the content of Pb is 

approximately on the order of 1%~, the Pb layer can be thinner or sparse. In the second 

case, the XRD result may be derived from the Pb(111) plane of the crystal. In this case, it 

is expected that other Pb planes will be detected. However, since the peak position of the 

Pb(100) plane overlaps with that of the Zn(0001) plane, it is difficult to examine, so it is 

effective to observe the other peaks. In the third case, the exposed Zn area is considered 

to be favorable for continuous deposition. X-ray photoelectron spectroscopy (XPS) is 

considered to be effective in verifying the distribution of Pb. Since the pillar structures of 

Zn are not uniformly elongated perpendicular to the substrate, it is difficult to detect the 

deposition on the particular orientation, although it is possible to examine the extent to 

which Pb is present on the exposed surface. Furthermore, in both cases, XPS 

measurements on the structures obtained by the two-step electrodeposition as shown in 

Figure 5.4 are helpful to verify whether Pb is present on the surface or not. 

In all cases, the side walls of the pillar composed of the (0−110) plane is considered 

to be covered with Pb. A possible mechanism for the growth of the pillar-like structures 

is that the surface energy of the (0−110) plane is reduced by Pb. This may make the growth 

of the (0−110) plane slow and thus grow the pillar-like structures. One way to verify this 

is to compare the surface energies of the Pb-covered (0001) and (0−110) surface by the 

first-principles calculations. Since the supercell of the (0−110) surface as the simulation 

model is different from the (0001), it is necessary to examine in detail the coverage and 

the orientation of the Pb(111) plane that is thought to be formed on the (0−110) surface. 

In the case of deposition with the hypothesis that Pb covers the (0−110) surface, the 

following suppression mechanism of the mossy structure by Pb is considered: The Pb 

layers on the surface increases the number of the reaction points by making the uncovered 

area working as the active sites. This allows the reaction active sites where the mossy 

structure can deposit to appear and react in the whole area instead of being concentrated 

in a certain point. It is still unclear whether the active site is on the (0001) surface or 

whether the deposited atom on (0−110) are incorporated into the surface and elongated in 

the [0001] direction. It may be necessary to analyze the difference in adsorption energy 
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of zincate ions on these surfaces and the behavior of Zn atoms as in the analysis performed 

here. 

 

 

5.3.4. Expected contribution of these analyses to large-scale energy storages from 

these analyses  

 

 

The series of the analyses thus far are expected to contribute to the development of 

large-scale storage batteries. There are two main points that can be expected. The first is 

to propose new additives to extend the practical use and life of the zinc negative electrodes, 

and the second is to contribute to other battery systems to improve their performance by 

the establishment of simulation methods, especially modelling methods. 

Regarding the first point, in this dissertation, the layer-by-layer structures before the 

evolution of the mossy structures are simulated and the effects of additives with different 

working mechanisms are analyzed. This understanding will lead to the design of new 

additives in the future. As for the insight of the electronic structure obtained from the 

comparison between Zn and Cu, one guideline is to propose processes that change the 

electronic state of Zn such as the additives included into the Zn metal or the substrate. 

The result that the solvation structure affects the surface diffusion behavior, as in the case 

of Li+, indicates that the parameters of surface diffusion can be adjusted by setting the 

solution conditions. For example, if it can be proposed the additive that shows a strong 

effect of solvation on the surface, increasing the activation energy of the (0001) surface 

diffusion is possible. This can result in the suppression of two-dimensional nucleation 

and suppressing the spread of the (0001) plane that appears at the bottom of the mossy 

structure. In addition, additives that show an effect on the surface, such as Pb, may show 

an effect for the control of the deposition behavior by a change in surface energy or 

specific adsorption. As mentioned above, if the stabilization can be achieved on a specific 

facet by controlling the surface energy, crystal growth of Zn can be controlled. As for an 

additive that shows an effect through adsorption, if it allows Zn to grow through defects 

as in this simulation, it may cover the specific points where nanofilaments can form and 
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suppress their growth. In contrast, the enhancement of the reaction on certain points can 

provide increase of the number of the certain points to react with, which allows the Zn 

precursor to gather at a specific point that can generate the mossy structures. In the other 

viewpoint, the clarification of the effect of Pb addition enables to aim for a Pb-free process. 

This is a material for considering new candidates for the electrodeposition process that 

could not be achieved without the use of Pb. It is thought that this will lead to an 

environmentally friendly process. In summary, the analysis to this point has provided 

knowledge for the practical use of Zn negative electrodes and the extension of the life of 

Zn batteries. If the Zn negative electrode can be applied in this way, it will contribute to 

increasing the number of options for large-scale storage batteries, and it is expected to 

increase the number of options for high-safety batteries. 

 Second, the establishment of modelling as a simulation method enables to 

understand the electrochemical processes related to the battery, which leads to the 

improvement of the battery performance by contributing to the analysis of other battery 

systems. The development of the KMC simulations will contribute to understanding the 

atomic phenomena on the other metal negative electrodes such as Li and Mg. Since the 

solid electrolyte interphase (SEI) is formed on the Li negative electrode, the modelling of 

the internal behavior of the surface, where SEI formation and other processes occur, is 

important. Considering the existence of such a surface layer, the results of first-principles 

calculations for the addition of Pb in this chapter will provide insight. The behavior of Li 

inside the SEI layer can be discussed if it is modelled precisely, though it shows 

amorphous structures which is different from the Pb layers. As analyses using molecular 

dynamics and other methods are reported [37], it is considered effective to combine such 

a method to provide the KMC parameters. This simulation can be applied to the analysis 

of the diffusion of Li ions into SEI. Thus, the analytical method of this study itself will 

help to analyze other battery systems. 

It is important to utilize the results obtained from this analysis and the modelling 

methods as useful knowledges for the future use of Zn negative electrodes. It is expected 

that the combination of these simulations and experiments will lead to further 

development for use in renewable energy and distributed energy systems. 
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Conclusions 
 

 

    In this chapter, the crystal structure of Zn electrodeposits and the behavior of the 

deposited Zn atom in the presence of Pb were analyzed by the electrochemical 

measurements and DFT calculations. The results of these experiments and calculations 

suggest that the pillar-like structures only grow with the Pb-added condition, and that the 

deposited Zn atoms can reach the Zn metal with the defect in the Pb layers when Pb(111) 

covers the Zn surface. This indicates that the pillar-like structures of the electrodeposited 

Zn grows continuously even in the presence of the deposited Pb layers. Owing to the 

lower surface energy of Pb(111) compared to that of Zn(0001), Pb is more easily exposed 

to the solution and forms the (111) surface as the stable state. The difference in surface 

energies explains that the deposited Zn atoms can reach the bulk Zn and continuously 

grow as Zn crystals. This mechanistic understanding of the continuous Zn growth in the 

presence of additives on the surface provides insight into the design of more effective 

additives for next-generation batteries in the future, as well as the mechanism of general 

additives used in electrochemical deposition processes. Although Pb is not suitable for 

industrial use due to its toxicity, this finding can be used as an example for more efficient 

search and design of new additives in the future. 
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With the growing demand for safe and inexpensive large-scale energy storages in 

view of the stable supply of renewable energy and efficient operation of electrical grid 

such as the concept of demand response, secondary batteries using the Zn negative 

electrode have attracted much attention as the post-Li-ion batteries. A challenge to its 

application in the society is the irregular shape evolution on the negative electrode during 

charging. In particular, an irregular deposition structure called mossy structure appears at 

low overpotential conditions, showing the growth of the micro-sized layer-by-layer 

structures in the early stage of its deposition. However, the key factor for the layer-by-

layer structures are still unclear though it is necessary to understand the growth process 

as the initial step. Since phenomena during electrodeposition proceed on multiscale, from 

atomic reaction to growth at nano-level, it is challenging to understand the mechanisms 

using a single method in detail. In order to extend the analysis to the nano- to micro-scale 

phenomena, the Kinetic Monte Carlo (KMC) simulation is a useful tool because it can 

reproduce the motion of individual atoms based on the parameters obtained from first-

principles calculations. In addition, the combination of Effective Screening Medium 

(ESM) and Reference Interaction Site Model (RISM) that can treat the solid-liquid 

interface in the first-principles calculations can be applied to obtain the parameters of 

KMC with the information of the electronic state. This dissertation aims to clarify the 

dominant factor in the growth mechanism of the layer-by-layer structures at the initial 

stage of the deposition on the Zn negative electrode, and to provide insight into the 

guideline for the suppression of the irregular shape evolution. The Zn growth process in 

electrodeposition was studied by complementing multiscale simulations using first-

principles calculations and KMC simulations based on the ESM-RISM method with 

experimental analysis, and the mechanism of the effect of additives at the solid-liquid 

interface was also investigated.  

This chapter summarizes the results obtained in each chapter and show the 

significant factor for the Zn shape evolution from the multiscale viewpoint to provide 

valuable insight for future guidelines for morphological control of Zn negative electrodes. 

 

In Chapter 2, a multi-scale simulation with the density functional theory (DFT) 

calculations based on the first-principles calculations was constructed and utilized to 
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analyze the mechanism of the layer-by-layer structures depositing under irregular shape 

deposits with the aim of analyzing the growth mechanism and identifying its dominant 

factors during the initial stage of Zn electrodeposition on the Zn negative electrode.  

The results of DFT calculations revealed that the surface diffusion at smooth 

Zn(0001) is rapid and the interlayer diffusion at the step-edge structures of Zn(0001) is 

moderately slow. The KMC simulations with the parameters indicated that this specific 

surface diffusion behavior of Zn causes the layer-by-layer structures at the nanometer 

scale, which was also observed in the experiments. Furthermore, the shape evolution after 

the deposition of the layer-by-layer structures is discussed to propose the hypotheses of 

the growth mechanism and plans for further analysis. From the analysis of this chapter, it 

is concluded that the specific surface diffusion behavior of Zn adatoms on the smooth 

Zn(0001) surface and the step-edge structure is a dominant factor in the shape evolution 

of the layer-by-layer structures.  

 

In Chapter 3, the electronic state of the Zn adsorbed atom and surface is analyzed by 

DFT in order to clarify the origin of the specific surface diffusion behavior of Zn proposed 

in Chapter 2. 

The results of the local density of states revealed that the specific surface diffusion 

behavior originated from the weak interaction of the 3d orbitals in Zn due to the stability 

of the 4s orbitals because a fully occupied state of electron configuration of Zn with 3d10 

4s2 are stable. This results in the rapid surface diffusion on the densely packed plane 

surfaces. Furthermore, the interaction between the 3d orbitals of the surface and adsorbed 

atoms is stronger at the step-edge structures, suggesting the origin of the high activation 

energy in the interlayer diffusion. From this analysis, the orbital interaction in the fully 

occupied orbitals of Zn was found to be the origin of the specific surface diffusion 

behavior of Zn.  

 

In Chapter 4, Zn electrodeposition with the Li+ addition was analyzed by multi-scale 

simulations constructed in Chapter 2 and electrochemical measurements to clarify the 

effect of Li+ as an additive that exhibits its effect from the liquid phase side at the solid-

liquid interface.  
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The comparison with the K+ condition suggests that the effect of the Li+ addition lies 

in the change of the solvation structure in the vicinity of the surface. This decreases the 

activation energy of surface diffusion at high-index surfaces such as the step-edge 

structure and (0−110) surface. In the Li+ condition, the simulations and experiments 

indicated the preferential growth of the layer-by-layer structures. This analysis suggests 

a mechanism for the Zn deposition with the Li+ addition: Li+ forms large solvation spheres 

with water molecules and alters the interaction between the surface and water molecules, 

thereby mitigating the effect to interfere the surface diffusion. Consequently, the 

activation energy for the interlayer diffusion is lowered with the Li+ addition. As proposed 

in Chapter 2, surface diffusion on the flat Zn(0001) surface and the interlayer diffusion 

are significant in the Zn shape evolution. The change in behavior of the interlayer 

diffusion due to the Li+ addition results in the larger are of the layer-by-layer structures. 

These simulation and experimental results provide insight into the working mechanism 

of additives affecting the liquid phase at the solid-liquid interface. 

 

In Chapter 5, in order to understand the working mechanism of the additive, which 

is electrodeposited earlier than Zn, the Zn deposition behavior with the Pb additive was 

analyzed by the electrochemical measurements and first-principles calculations. 

The Zn electrodeposition from the solution with Pb suggest yielded a characteristic 

Zn pillar-like structure, which is deposited only when both Pb and Zn are present in 

solution with a crystal orientation of the Zn(0−110) plane on its sidewalls and the 

Zn(0001) plane on the bottom. Based on the hypothesis that Pb(111) covers on Zn, the 

Pb-coated Zn surface model constructed suggested that the deposited Zn atoms can pass 

through the Pb-covered layer and reach bulk Zn thermodynamically. This behavior can 

be attributed to the difference that the surface energy of the Pb(111) plane is smaller than 

that of the Zn(0001) plane. This difference in surface energy allows Pb to exist on the 

surface and also allows deposited Zn atoms to be incorporated into the interior. Moreover, 

the other possibilities of the existence of the Pb deposits are hypothesized and discussed 

how it is verified. Through the discussion, the strategy to control the morphological 

change is proposed for further analysis. At the end of the chapter, the contribution to the 

large-scale energy storage is discussed. These experiments and first-principles calculation 
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analyses clarified the behavior of deposited Zn at the atomic level and provided useful 

insight for investigating the working mechanism of additives that exhibit their effects on 

the surface. 

 

This dissertation focused on the Zn growth process on Zn negative electrodes from 

the atomic and molecular level to the nanoscale by a complementary combination of 

multiscale simulations and experiments to identify the dominant factors in layer-by-layer 

structures at the initial stage of the Zn deposition, which provide insight for the 

development of the controlling condition of the Zn shape evolution. These analyses 

extend the scale of analysis for the initial stage of electrodeposition. In addition, it 

provides valuable insight for investigating nanoscale phenomena from the electronic state 

perspective. The investigation of working mechanism of additives at the atomic and 

molecular level indicated that the behavior of the deposited Zn atoms on the surface are 

significantly affected by the physical properties such as the solvation and surface energy. 

This research will be helpful for developing conditions to control the morphology of the 

Zn negative electrode during charging. 
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