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Chapter 1

1.1 Battery for Power Distribution System

1.1.1 Issues in power distribution systems upon introduction of renewable energy

Toward the energy supply system less reliant on fossil fuels and reducing CO>
emission, the renewable energy (solar and wind power) is widely introduced to the power
distribution systems today. In Japan, the installed capacity of photovoltaic cell was less
than 10 GW in 2012, but it increased to c.a. 40 GW in 2016 [1]. Averaged increase per
year during this period is about 26%. Japanese government sets the target value to
introduce the renewable energy in “Strategic Energy Plan” (July, 2018); 22-24% of the
power supply will be provided by the renewable energy in 2030, and it should be major
power source in 2050 [2].

Despite such strong motivations, several problems arise in power distribution
system. Since solar and wind power potential is unstable depending on time and weather
conditions, the voltage of supplied electricity is frequently fluctuated [3-5]. Furthermore,
the intermittent characteristics of the renewable energy makes the electricity supply and
demand unbalanced. It induces the variations in the frequency of the supplied electricity
in the electricity network. Excess energy is supplied in sunny day in Spring and Autumn.
This situation introduces a fatal problem in power distribution system because it can cause
damage in electricity equipment in demand side and suspension in power output in supply
side [6]. Actually, Kyushu electric power company shut out the electricity supply from
PV cells in October, 2018 [7]. In addition, the conventional power distribution system is
designed assuming electricity flow only from the supply side (power plant) to the demand
side (households and factories). However, the renewable energy can be supplied from
demand side, too. This energy flow from the opposite direction (the reverse power flow)
increases the voltage of the supplied electricity [8, 9]. Fig. 1.1 represents several issues

upon introduction of the renewable energy.
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Fig 1.1 Issues in power distribution system upon introduction of renewable energy

1.1.2 Roles of large-scale battery in the power distribution system

To solve these issues, it is necessary to introduce energy storage system in power
distribution system. By storing excess energy (releasing energy upon shortage),
unbalanced power supply and demand can be controlled. Hydro-pumped energy storage
1s one option. Excess energy is stored by pumping up water, and energy is released by
flowing stored water to power generator [10, 11]. However, this system requires the water
reservoir sites and construction periods. Thus, it is unrealistic to control power supply and
demand by this system alone.

Batteries can provide an alternative solution. Excess electricity supply is stored
as chemical energy by charging, and it can be released again by discharge operation.
Furthermore, the batteries are more diversely applied than that of hydro-pumped energy
storage because of rapid response and easiness to install. For example, after starting the
hydropower generation, only 20-30% of the rated output is attained within 1 min. This
value is several % in the case of thermal power generation [6]. On the other hand, battery
can charge or discharge electricity at maximum input/output within a second. In power
distribution systems, battery is used for (1) stabilizing power output of renewable energy,
(2) peak shaving and load leveling, (3) voltage control in power distribution system [3-6,
8,9,12,13].

In the first role, the battery is used with the renewable energy source
(photovoltaic cell or wind power plant). By performing charge-discharge operations
corresponding to power output of the renewable energy, the supplied electricity is
stabilized [3-5]. This operation is beneficial for maintaining the quality (frequency and

voltage) of supplied electricity and determining total energy supply in power distribution
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system.

In the second role, it can store and release the energy corresponding to the
balance of electricity supply and demand. “Peak shaving” and “load leveling” refer to the
battery operation balancing the energy supply and demand; by releasing the energy when
the demand rises or storing energy at excess supply, the unbalanced value is controlled
[14]. This operation requires the longer charge-discharge operation and higher capacity
than those in the first role. It can be achieved either by centralized battery connected with
the power distribution system (large scale battery, MWh to GWh scale) or batteries used
in consumers (several 100 kWh) [15]. The latter battery also requires high energy density
because it is placed even in the household.

In the third role, battery in substation controls the voltage of the supplied
electricity (solve the issue caused by reverse power flow) [3-6, 8, 9]. Currently, the
voltage is controlled by tap changer and step-voltage regulator, but its capability for
controlling rapid voltage variations is limited [16]. Battery is an alternative to this
controlling method. By charge-discharge operations, the fluctuations in voltage of
supplied electricity are stabilized to maintain the voltage within the admissible range for

consumers.

1.1.3 Types of battery and requirements in the power distribution system

Several types of batteries are used in the power distribution systems. For the
battery in household and substation, the battery with high energy density is required
because the placing location is limited. Li-ion battery is often used for such an application
based on high energy density and efficiency [8, 9]. For a battery used for stabilizing the
renewable energy output, or controlling the electricity demand, high energy density is not
necessarily primary requirement because large construction area can be selected. On the
other hand, the scalability to MWh capacity is important. For such an application, sodium-
sulfur battery and vanadium redox flow battery attracts attention [3, 13]. Table 1.1

summarizes the characteristics of various batteries [5, 20].

Table 1.1 Several types of batteries used in power distribution system

Li-ion NaS Vanadium Flow  Nickel-Hydride Lead-acid
Theoretical Energy Density / Wh kg™! ~585 786 100 225 167
Efficiencies / % 85-95 80-85 70-85 85-95 75-85
Durability >3500 cycles 4500 cycles >20 years >3500 cycles 4500 cycles
Cost / USD kWh™! 1200-4000 1000-3000 600-1500 - 300-600
Electrolyte Organic Ceramics Aqueous Aqueous Aqueous
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Although many verification tests for battery in power distribution system are ongoing
over the world, one of the common issues is its high cost [8, 9, 19]. Since the electricity
price increases by introducing the batteries, their cost must be minimized. However, the
cost of battery is generally higher than 600 US$/kWh [20]. This value is considerably
higher than that of hydro-pumped energy storage (200 US$/kWh), and the introduction
of the battery in the electricity network is not economically feasible [10, 11]. Additionally,
wide spread use of Li-ion batteries in electric vehicles and power distribution systems
lead to the serious concern over the resources for the battery components (as discussed in
1.2.1). Furthermore, the care must be taken with respect to flammability of the battery
component; e.g. organic electrolyte in Li-ion and sodium anode in NaS battery.
Considering these situations in battery for power distribution systems, Zn
batteries (Zn-Ni, Zn-Air and flow-assisted battery) have been recognized as potential
candidates for the energy storage system in the electricity network based on several
aspects. First, due to abundant resources and low price of raw materials, Zn battery can
be fabricated at a cost feasible for grid application [21]. Secondly, Zn negative electrode
is advantageous both in high energy density and scalability. Theoretical capacity of Zn is
658 mAh/g. This is much higher than that of graphite anode in Li-ion battery (372 mAh/g)
[22]. Furthermore, Zn can be electrodeposited from aqueous solutions, which makes it
possible to operate charge-discharge cycles of large-scale battery simply by
electrodeposition and anodic dissolution on large-sized current collector. Based on these
advantages, Zn batteries featuring high energy density (e.g. Zn-air battery) and large scale
(e.g. flow-assisted battery) have been suggested. Thirdly, the aqueous solution electrolyte
gets rid of concern over safety issue by fire. Characteristics of Zn negative electrodes are

described in detail in section 1.2.

1.2 Zn Negative Electrode

1.2.1 General features of Zn negative electrodes
History and electrochemical reactions

In 1800, Volta developed voltaic pile comprising of Zn anode, Al or Cu cathode
in sulfuric acid, which is considered as an initiation of research and development of
batteries in human history [23, 24]. Since then, Zn electrodes have been utilized as an
anode material in primary batteries. Laclanché developed the battery with zinc anode,
MnO»/carbon cathode in ammonium chloride solution in 1865, which widened the market

of primary batteries [25]. Alkaline Zn battery was commercialized in 1950s, and has been
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a major primary battery until now. There are several reasons for using Zn as an anode
material [26-29]. First, the redox potential of Zn is negative (—0.76 V vs. SHE) among
the electrode materials usable in the aqueous solution. The discharge reactions is written
as (1.1).

Zn — Zn* + 2¢ (E=0.76 V vs. SHE) (1.1)

In addition, both discharging and charging of Zn anode are characterized by low
overpotential and small Tafel slope [27]. It means a small kinetic barrier for
electrochemical reactions. These features are advantageous to attain high discharge output.
Secondly, it possesses high theoretical discharge capacity (658 mAh/g) which enables
large energy density in small sized battery [26]. Thirdly, its commercial application is not
restricted by limitations in the resources and cost as described below. Also, Zn anode is
compatible with wide variety of aqueous solutions (e.g. sulfate, chloride and alkaline). It
can be combined with many types of cathodes.

The attempts to develop the rechargeable Zn batteries have been made from 19™
century. Zn-Ag was developed in the middle of 20" century [24]. It is mostly used in the
military equipment as well as the spacecraft featuring high specific energy and safety.
However, applications of rechargeable Zn batteries are limited due to the lack of long-
term cyclability as described in the last part of this section. In 1970s and 1980s, many
researches were carried out to develop the rechargeable Zn-Ni and Zn-air batteries.
However, Li-ion battery achieved a great success in the rechargeable battery market in
1990s. In the 21 century, Zn batteries attract the attention again because of lower cost
because of abundant natural resources. Especially, the rapid introduction of renewable
energy motivates researchers and companies to develop the rechargeable Zn-Air, Zn-Ni
batteries to cope with both high energy density and low cost [26-29]. For large scale
applications, Zn flow-assisted battery is recognized to be potentially advantageous for the
scale-up [30-32].

Resources and cost

For the battery applied in grid-scale energy storage, the abundant resources as
well as low fabrication costs must be guaranteed. The cost reduction of Li-ion battery and
its scale-up are major interests in the battery industry [33, 34]. These issues are inherently
challenging because Li-ion battery uses rare metals in its battery components. For
example, Co is often used in the cathode materials (LiCoO») and its increased demand

raised the price of raw materials. During 2017, the price of Co resources was doubled
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compared to the beginning of the year [35]. The price of Li resources was also increased
by more than 30%-50% [35]. This situation motivates the developments of batteries
composed of abundant and inexpensive materials. Zn batteries meet these requirements.

The production of Zn was 13 million ton/year in 2017 at price of c.a 3000
US$/ton (London Metal Exchange, LME price) [36]; c.f- Li was 35 thousand ton/year in
2016 at c.a. 8200 USS$/ton (LiCOs; based value, imported price to Japan) [37].
Furthermore, its production area is world-widely diverse. Fig. 1.2 shows the reserves area
of Zn and Li raw materials [38, 39]. Li is maldistributed especially in Chili. Zn is

produced in many areas, which is good aspect in terms of resources strategy of Japan.

(a)

¥ China ¥ Australia Peru
Kazakhstan ® United States ™ Mexico
Hetc

6% 1%

(b)
—

B Chili ®China ™ Australia ™ Argentina ® etc

Fig. 1.2 Reserves area of (a) Zn and (b) Li resources

Based on the low price of Zn and related battery components, it is often reported
that the battery can be fabricated at low cost. In particular, flow-assisted battery is
advantageous to construct large-scale battery at low cost [21, 30-32, 40-42]. This is
because  charge-discharge  reaction can  be  performed  simply by
electrodeposition/dissolution of Zn on current collector immersed in large-volume
electrolyte as discussed in 1.3.3. This can simplify the fabrication process of the anode
(e.g. kneading of active materials and pasting on the current collector). Gong et al.
estimated the capital cost of Zn-Fe flow-assisted battery to be possibly $100/kWh [21].
This is considerably lower than the cost of currently used hydro-pumped energy storage
in power distribution system (c.a. 200 US$/kWh) [10, 11]. The fabrication cost of Li-ion
battery was around 300 US$/kWh in 2016 [33, 34].

Issue of rechargeable Zn electrode

Despite long history of Zn negative electrodes from 19™ century and the potential
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benefits in the secondary battery, the application of rechargeable Zn batteries are still
limited. Major drawback lies in the limited cyclability of the electrode caused by
morphological changes of electrodes and non-uniform distribution of active materials
[43]. Unlike the graphite anode used in currently used lithium-ion battery where reactions
proceed by intercalation and deintercalation of lithium ions into the stacking of graphene
layer, Zn anode undergoes electrodeposition, anodic dissolution and oxide formation. In
former case, the structure of the active materials can be maintained through cycling
because graphite provides the “container” for Li ions. In contrast, Zn anode itself is
involved in the electrochemical reactions. This makes it difficult to maintain compact
morphologies over long term cycling [26-29]. Redistribution of active materials is often
caused by non-uniform deposition and ZnO formation over electrode surface. It is
strongly required to control such a morphological change of the electrode for the

applications in the secondary batteries.

1.2.2 Reaction mechanisms of Zn negative electrodes

For the battery application, alkaline solution is mainly used as an electrolyte.
This is because it exhibits high conductivity and compatibility with several positive
electrodes (e.g. NIOOH, MnO», Air cathode) [43, 26-29]. Zn is dissolved as zincate ions
(Zn(OH)4*") in alkaline electrolyte. Charge-discharge reaction is written as (1.2).

Zn(OH)s* + 2¢” 2 Zn + 40H" (1.2)
Ligands (OH") are successively dissociated during reduction process to Zn. Bockris ef al.

suggested several reaction steps for Zn electrodeposition and dissolution in an alkaline

solution based on potentiostatic and galvanostatic measurements [46].

Zn(OH):>™ 2 Zn(OH); + OH" (1.3)
Zn(OH);™ + ¢ — Zn(OH),” + OH™ (rds) (1.4)
Zn(OH),” 2 ZnOH + OH~ (1.5)
ZnOH + ¢ 2 Zn + OH" (1.6)

An electron transfer occurs to Zn(OH)3™ and ZnOH species, and the former process is
rate-determining step for the reaction.

Standard deposition potential of Zn is —0.74 V vs. SHE. This means hydrogen
evolution reaction (HER) is thermodynamically favored than Zn electrodeposition in

acidic electrolyte. Therefore, alkaline solution is used to suppress HER. In this case, HER
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occurs by decomposition of water molecule by two-electron reaction.
2H,O + 2¢” —» H, + 20H™ (1.7)

However, Zn possesses a fairly large overpotential for HER. This results in reasonably

high coulombic efficiency during Zn electrodeposition (charging).

1.2.3 Electrodeposition behavior of Zn during charging
Morphological variations of Zn electrodeposits

During electrodeposition of Zn (charging of the anode), one of the major interests
lies in morphology and texture evolution of Zn crystals. This is because an
appearance(brightness) and a corrosion resistance of electrodeposited film are determined
by microstructures of Zn, which are practically important issues [47]. In the battery
operation, morphological variations of Zn are important because they are related to self-
discharge and battery failure as discussed above.

From 1960s, morphological variations of electrodeposited Zn have been widely
studied under various conditions. In 1968, Naybour utilized scanning electron microscope
(SEM) and transmission electron microscope (TEM) for analyzing morphological
variations of Zn formed at constant current densities (—4.0 - =100 mA c¢cm?) [48]. They
found that morphologies of electrodeposited Zn varied from dendrite to layer or granular
shapes, then to mossy structures by decreasing the deposition current. (Typical shapes of
these structures are shown in chapter 2, Fig 2.6.) Formation of dendrite and mossy
structures result in rough surface, which should be suppressed during the battery
operation. At this moment, detailed shapes of mossy structures were not revealed. They
were thought to be consisted of large numbers of small sized crystals. He ascribed the
reason for this deposition behavior to the absorption of hydrogen at low current densities.
They observed the morphological variations induced by electrolyte flow and described
“phase diagram” showing morphological changes to current density and rate of
electrolyte flow. Dendrites formed at higher current density were suppressed by
electrolyte flow [49]. Systematic comparisons were further carried out by Wang et al. by
galvanostatic electrodeposition and SEM analysis in 2006 [50]. They showed the
morphological map describing the effects of current density, deposition time, zincate
concentration, KOH concentration, and temperatures. However, the mechanisms behind
morphological variations were not fully clarified. In short, the dendrite formation is
enhanced under the conditions where Zn electrodeposition was performed under

diffusion-limited condition of zincate ions, i.e., high current density, low zincate
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concentration, and low temperature. Mossy structures were observed at the opposite

conditions to that of dendrite formation.

Nucleation & growth behavior behind morphological variations

In order to understand morphological variations of Zn electrodeposits, nucleation
& growth behavior of Zn is often discussed. In this section, nucleation & growth behavior
behind morphological variations are qualitatively discussed focusing on compact Zn
electrodeposits (layer and boulder), dendrites and mossy structures.

At intermediate current densities or overpotentials between those for mossy
structure and dendrite formation, layer-like structures and boulder structures are formed.
They are thought to be formed by epitaxially grown Zn on substrate (2D nucleation) and
3D nucleation, respectively. At low overpotential, well-defined facets and stacking of
layer-like structures (microsteps) are observed due to “bunching” of epitaxially grown
film or 2D nuclei. Bunching refers to the formation behavior of microsteps. In principle,
2D nucleation is a periodic process of formation of 2D metal island with one atomic
height and its growth toward lateral direction. Budevski ef al. analyzed 2D nucleation of
Ag during potentiostatic electrodeposition by preparing single crystal Ag without screw-
dislocation [51-53]. After applying the potential, periodic current pulses were observed.
Notably, coulombic charge of each pulse corresponded to the charge needed for
depositing one atomic layer. These phenomena were interpreted as formation of an island
with one atomic layer height, and following deposition occurred until atomically flat Ag

layer was obtained. This situation is schematically shown in Fig. 1.3.

Formation of island with
one atomic height Growth toward lateral direction

o Wy T

Fig. 1.3 2D nucleation of Ag

According to this explanation, only atomically flat surface is obtained after
electrodeposition. However, this is hardly observed in practical situations. Instead, steps
with several nm height (layer-like structures, microsteps) are often observed. This is
formed by growth of some atomic layers at the same time due to limited mobility of
atomic step in real case; the growth rate of another atomic layer on top of existing layer
becomes same, then they are grown at the same time [54-56]. This is thought to be caused
by the presence of impurities on the surface and adsorbate in the electrochemical

environments. This situation is shown in Fig. 1.4.

10
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| TN » R
Fig. 1.4 Microsteps formation during 2D nucleation

In Zn electrodeposition, this growth behavior results in formation of layer-like structures
and ridge structures [57-59]. The different orientation of microsteps have been observed
dependent on texture of underlying substrates [60, 61]. Bunching via surface diffusion of
adatoms is preferentially occurs during Zn electrodeposition because an activation energy
of surface diffusion of adatom was lower than that of direct deposition to kinks, steps and
terrace sites [62-64].

When deposition potential (current density) is increased, boulder structures
(three-dimensional particulate structures) are formed. This is thought to be formed by 3D
nucleation. Rate dependence of 2D nucleation and 3D nucleation on deposition
overpotential is given by eq. (1.8) and (1.9) [63-65].

Jn = Kiexp (72) (1.8)
Jn = K'rexp (72) (19)

Jn denotes nucleation rate, K is constant, and 7 is deposition overpotential. 2D nucleation
rate exponentially increases with 77x but 3D nucleation is dependent on square of 7x.
Therefore, 3D nucleation becomes dominant over 2D nucleation at higher overpotential.

Further increase in the deposition potential results in formation of dendrites. In
general, the dendrite is formed under diffusion limited conditions of ions. Diggle et al.
analyzed the dependence of growth rate of Zn dendrite on overpotential, concentration
and temperature [66]. They confirmed that the growth rate of dendrite increased at higher
overpotential. Initiation time of dendrite was defined as the time when spherical diffusion
at a tip on surface was attained. Transition from linear diffusion to spherical diffusion at
dendrite tip occurred as follows [64, 67]. When the rough surface is schematically drawn
in Fig. 1.5, the surface becomes roughened by following deposition at the presence of
protrusion with smaller radius of curvature (Fig. 1.5(b)).

11
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Fig. 1.5 Relation between radius of curvature in protrusion and diffusion condition
(a) r0>9, (b) r0<d

Grey rectangular shape denotes a substrate, black solid line represents deposits shape,
black dashed line is diffusion layer, and blue dashed line is diffusion flux. In the case of
large radius of the curvature, linear diffusion occurs over entire surface, which maintains
the initial morphologies during electrodeposition. When the radius is smaller than the
diffusion layer thickness, spherical diffusion is established on the tip front (Fig. 1.5 (b))
whereas linear diffusion on bottom (flat) part. This results in locally continuous
deposition on tip and increase in the length. Thus, mass transfer condition has critical
roles in the dendrite formation. In the case of Zn dendrite, growth direction of the tip is
reported to be (110) and (100), while compact deposits (layer-like structures) tend to
expose (001) surface [68, 69]. This is in consistent with Pangarov’s theory, which
assumes the work required for 2D nucleation becomes minimum in the order of (001) <
(110) < (100) by increasing the overpotential. Preferential growth direction is
qualitatively follows this trend by changing the deposition overpotential [70, 71].
Formation of mossy structures at the overpotential below layer-structure
formation is different from general understandings of electrodeposition. At low
overpotential (low degree of supersaturation), epitaxial growth or 2D nucleation is
favored as discussed above, which forms 2D electrodeposits. Despite this, very rough
aggregates are formed at low current density region in Zn electrodeposition. Formation
of mossy structures is recognized at early studies of Zn electrodeposition [48, 57, 72-74].
Several attempts have been made to explain the formation of mossy structures. It is often
postulated that codeposited hydrogen and oxide layer on Zn surface causes an irregular
deposition behavior [48, 73, 75-79]. Wiart et al. carried out successive studies with
electrochemical impedance spectroscopy (EIS) on Zn electrodeposition process, and
proposed the electrodeposition mechanisms in acidic and alkaline solutions. In acidic
media, reaction steps like (1.10) is thought to induce mossy structures by locally
continuous deposition by auto-catalytic manner [75-77]. Zn* expresses catalytically

active sites for following Zn deposition (self-propagating kink).

Zn(I)ags + € — Zn* (1.10)

12
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Hags + ZH(I)ads — 7Zn* + H' (111)

Zn* + Zn(Il) + 2¢” — Zn + Zn* (1.12)

In alkaline solution, Zn deposition is thought to occur through surface layer comprising
ZnO at low cathodic overpotential. Localized deposition is explained by this layer [77-
79]. However, nucleation & growth process during mossy structure formation is still
unclear. Wang et al. carried out SEM and TEM analysis on mossy structures [80]. They
reported that the diameter of filament was in the range of 50 to 200 nm. Preferential
growth direction of the filament is (001) direction, which is in accordance with
Pangarov’s theory at low overpotential. As a whole, general understandings of nucleation

& growth behavior during mossy structure formation is still missing.

Analogy to Li electrodeposition in non-aqueous solutions

Morphological variation of electrodeposits are major interests in the researches
and developments of Li metal anode, too. Li metal anode is potential alternative superior
to graphite-based anode currently used in Li-ion batteries featuring very high energy
density and high voltage [26, 81]. Charge-discharge reactions are electrodeposition and

anodic dissolution of metal Li in organic solvent or ionic liquid.
Li" + e 2 Li (1.13)

Li metal anode also suffers from short-life time mainly due to morphological changes of
Li. When Li dendrite is formed during charging, it irreversibly dissolved during
discharging and residual Li tends to be isolated from current collector by dissolution of
Li filaments from its root as shown in Fig. 1.6. This remaining Li is called “dead” Li [82-
83].

(@) (b)

,(ssolution from root

Filament formation ) Disconnected from substrate

Current Collector Current Collector

Fig. 1.6 Formation of dead Li
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As is the case of Zn electrodeposition, the morphologies of Li vary dependent on the
deposition conditions. Irregular shaped deposits are formed both at high and low current
density regions [84, 85].

Different mechanisms were suggested for formation of irregular shaped deposits
at high and low current density regions. At high current density, dendrite formation is
governed by concentrations of Li ions near the surface [86]. From in situ observation by
optical microscope, the initiation of dendrite could be correlated with “Sand” time
measured from chronopotentiograms [86]. Sand time corresponds to the time when the

surface concentrations of reactant becomes zero as described by eq. (1.14).

(zoCoF)?
tsanda = TDapp 46;;)2 (1.14)

D is diffusion coefficient, zo is the chare of the cation (1 in Li"), F is Faraday’s constant,
J is the current density, co is concentration in bulk. #, is the transference numbers of
lithium cations and related anions. Direct measurements of Li* concentrations were
performed by in situ "Li MRI analysis by Grey et al [87]. Li* depletion was confirmed at
the onset of dendrite formation. In contrast, such a correlation between morphological
evolution and ionic concentrations was not found at lower current density regions. Monig
et al. observed mossy structures were grown by incorporation of reduced Li not to growth
front but to root of the deposits (root growth) [88-90]. Many researchers postulated that
solid-electrolyte interface (SEI) is non-uniformly formed on the Li surface, and it induces
locally concentrated deposition [86-90]. SEI is formed by reductive decomposition of
electrolyte on Li surface due to more positive reduction potential of solvent than that of
Li. Thus, the formation of mossy structure is thought to be initiated by localized
deposition by non-uniform SEI formation. This implies that formation of mossy structures
during Zn electrodeposition is also affected by non-uniform surface properties, but they
are not decomposition products of electrolyte. (Unlike Li electrodeposition, aqueous

solutions are used in Zn electrodeposition.)

1.2.4 Anodic dissolution of Zn and ZnO formation

According to pourbaix diagram of Zn in H>O, various complexes are formed
between Zn*>* and OH™ such as Zn(OH),, Zn(OH);~, and Zn(OH)s>". In the battery
application, electrolyte contains more than 1.0 mol dm > KOH. At this condition (pH more
than 14), Zn(OH)4>" is a major complex. Therefore, discharge reaction of Zn negative

electrode can be written as (1.15).
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Zn + 40H 2 Zn(OH)> + 2¢ (1.15)

During dissolution, zincate concentration increases and OH™ decreases. The zincate
concentration is beyond the solubility limit [91-93]. Then, ZnO is formed by (1.16) or
(1.17).

Zn(OH)s>~ 2 ZnO + H,O + 20H™ (1.16)
Zn + 20H" 2 ZnO + H2O + 2¢ (1.17)

Formation of ZnO results in passivation of the electrode; following dissolution of zinc is
inhibited by the presence of ZnO layer on the electrode surface. Linear sweep
voltammograms during anodic polarization generally shows active to passive transition
[94, 95].

In the battery operation, ZnO layer affects the performance of the electrode. First,
discharge capacity is limited not by the amount of Zn but by ZnO formation [96-98].
Second, the reactions reversibility is influenced by ZnO layer [96-98]. Third, ZnO
formation induces redistribution of active materials over electrode surface [44, 45]. These
aspects will be discussed in 1.3.4. In the following section, previous studies regarding
chemical nature of passivated film, mechanisms of ZnO formation during discharge,
structural analysis of ZnO by Raman spectroscopy, and crystal growth of ZnO are

discussed.

Chemical nature of passivated film on Zn

Investigations on passivation behavior of Zn has been carried out from 1940s,
and it becomes important research topics in middle of 20" century because it is recognized
as important process in the battery applications [24].

Early studies on passivated film focused on the nature of passivated film (color,
appearance, chemical composition). Presence of y-Zn(OH),, e-Zn(OH),, and ZnO were
confirmed in passivated film by X-ray diffraction (XRD) [99]. Zn(OH), are generally
formed at low OH™ concentrations, while the majority of the component was ZnO at high
OH™ concentration. Although the reason for this behavior is not clarified, the dehydration
reaction of Zn(OH): (1.17) may proceed under high OH™ concentration due to decreased
H>0 activity [97, 101, 102]. Still, the discrepancy exists about the formation of Zn(OH)»

even under similar dissolution condition. (e.g., In situ Raman analysis shown below did
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not detect Zn(OH); even at low KOH concentrations.)

Zn(OH), — ZnO + H,0 (1.18)

In 1969, Power and Breiter classified passivation films into type I and type II
based on color and its appearance [103]. Type I is white, loose, and flocculent films
formed at the absence of convection. Type II was compact and appears to form directly
at the surface. Its color is light grey to black. They were formed under stirred electrolyte,
and positive anodic potential in quiescent electrolyte. Based on temporal changes in color
and appearance in optical microscope during potential sweeping, they claimed that
passivated films have duplex character in quiescent electrolyte; type I films covered the
type II film. Formation of type II film was recognized as an active to passive transition
(Dissolution of Zn was still possible after forming type I film due to the porous structures
of the film, but it is suppressed by dense type II film). However, they did not provide any

structural information about each type.

Mechanisms for ZnO formation during anodic dissolution

As a mechanism for ZnO formation during anodic dissolution, two mechanisms
are proposed. One is dissolution-precipitation mechanisms and the other is solid-state
reaction [94, 95, 99]. In former process, ZnO is precipitated in supersaturation zone with
zincate species near the surface. In the latter process, ZnO is directly formed from Zn
substrate by reaction (1.17) by attacking of OH™ to Zn. Dissolution-precipitation
mechanisms are recognized as a major process because the properties of passivated films
are in consistent with this process [93, 99, 104]. First, a passivated layer comprises of not
monolayer but 3D structures sometimes having several um thickness. Formation of such
a film may not occur in solid-state reaction where Zn surface is spontaneously passivated
by film formation. Second, the precipitation of ZnO is coupled with changes in ionic
concentrations of zincate and OH™ concentrations as discussed below [91-93].

In 1979, Szpak performed SEM analysis on discharge products on Zn electrode
in KOH solution [104]. They confirmed various morphologies like thistle-like structure,
carpet-like growth and boulder-type growth. These morphologies were caused by
different nucleation and growth behavior of ZnO in the supersaturated solution near the
surface. Duplex nature observed in the study of Power and Breiter was thought to
originate from densification of precipitated ZnO on the surface. However, the resolution
power of SEM images was insufficient to identify micro/nanostructures of ZnO.

Liu et al. assumed changes in the growth mechanisms of ZnO during

16



Chapter 1

galvanostatic dissolution based on chronopotentiometry and the modeling of mass
transfer [105]. At initial stages of dissolution, only zincate formation occurs because it
did not reach the solubility limit. Then, the formation of type-I film starts by dissolution-
precipitation mechanisms in supersaturation zone near the surface. After forming porous
and flocculent films on the surface, OH™ diffuses through this layer during Zn dissolution.
Finally, solid-state reaction occurs by depletion of OH  at the surface. At this point,
potential plateau was observed in chronopotentiograms. This solid-state reaction accounts
for the formation of type-II films and duplex nature of the passivated film.

Although conclusive information is still missing about the duplex nature of the
passivated film, it is evident that nucleation & growth process of ZnO is coupled with
dynamic changes in the concentration of zincate and OH™ at the surface. Arise et al.
carried out successive studies on this aspect by using horizontally upward faced electrode
to demonstrate the battery operation [91-93]. In 2006, they utilized holographic
interferometry to measure the ionic mass-transfer rates of ionic species (Zn(OH)4*~, K*
and OH") during anodic dissolution of Zn [91]. They constructed a transient diffusion
model to simulate the concentration changes at the surface, which was agreed with the
interferometric results. At this moment, the formation of ZnO is not considered. In 2010,
similar techniques were applied to numerically simulate the potential transients during
anodic dissolution [92]. By applying Butler-Volmer equations based on calculated
transients of ionic concentrations at the surface, the overpotential was determined. This
value was in good agreement with the experimentally measured value at low current
density region. However, the deviations were clearly observed at higher current density
region because of ZnO precipitation by higher degree of zincate supersaturation than that
at low current density. Qualitative correlations between surface concentration of ions and
ZnO crystal growth were found by SEM, too [93].

In summary, dissolution-precipitation mechanism is recognized as a major
process governing ZnO precipitation during anodic dissolution of Zn. Since this process
is strongly dependent on the degree of zincate supersaturation in electrolyte (near the
electrode surface), the properties of electrolyte remarkably affect the ZnO formation
behavior, which motivated many researchers to investigate effects of solution condition
on the battery performance as discussed in 1.3.4. However, it is still not fully understood
how such a process affect crystal structures and morphologies of precipitated ZnO as
demonstrated in studies by Szpak and Arise [93, 104]. These aspects are important for

maintaining the reversibility of the negative electrode [106, 107].
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In situ Raman analysis

In order to obtain information about the structure of discharge products, Raman
spectroscopy is often used. Advantages of Raman scattering are (1) capable of revealing
crystal structures of ZnO at an atomic scale (e.g. the presence of crystal defects and strain
can be revealed by observed vibration mode and peak shift), (2) no need for vacuum
condition and capability of in situ measurements in the electrolyte, (3) fast data
acquisition time compared to X-ray diffraction. Based on these advantages, some
attempted to analyze the structure of discharge products during charge-discharge cycles
by in situ Raman measurements.

In 1989, Wiart performed the analysis during potentiostatic polarization [108].
At rest potential, the presence of the native oxide layer was confirmed, which was thought
to be related with irregular deposition behavior at low overpotential (the formation of
mossy structure). This oxide layer could be eliminated by applying cathodic overpotential.
During anodic polarization, ZnO was formed, and no signal corresponding to Zn(OH)>
was observed. Different peaks were evolved depending on dissolution conditions; major
peak was located at 560 cm™! during early stages of dissolution, or after passivation at
positive potential. Prolonged polarization resulted in evolution of another peak at 440
cm !, Different peaks originate from the various lattice vibrations of ZnO like Fig. 1.7
[109, 110].

e
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Figl.7 Lattice vibration of wurtzite ZnO and corresponding Raman scattering

Former peak is assigned to E; longitudinal optical (LO) phonon mode and latter peak is
E> mode of lattice vibrations of ZnO. E; (LO) mode is evolved when crystal defects are
introduced to the lattice. When excess Zn is introduced in the interstitial sites of wurtzite
Zn0O, which induces the resonant Raman scattering from E; (LO) mode [111]. E> mode is
generally observed for crystalline wurtzite ZnO [109, 110].

D. Scherson analyzed ZnO formation during discharging of Zn negative
electrode by in situ Raman spectroscopy. During discharging of the commercial primary
Zn/MnO:; battery, they confirmed the formation of crystalline ZnO near the last stages of
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discharging. They did not find any signals originating from Zn(OH)> [112]. In 2003, the
analysis was further carried out under various discharging conditions, e.g. different
concentration of KOH, discharge time, applied potential [113, 114]. In addition to
crystalline ZnO (characterized by evolution of E> mode of ZnO), the formation of ZnO
with crystal defects (Zn excess in interstitial sites, characterized by evolution of E{(LO)
mode) was notable. This is the case especially at early stages of dissolution and at positive
oxidation potential though the formation process of ZnO underlying these changes are

not clarified.

Crystal growth of ZnO in chemical synthesis technique

In the field outside the battery, ZnO attracts attention as a functional material
having semiconductive properties. Its wide band gap, transparency and non-toxicity are
appealing points in several application fields like photovoltaic cell, thermoelectric device
and so on [115-118]. For such applications, ZnO films and nano-particles are prepared by
sputtering, chemical or physical vapor deposition, hydrothermal synthesis and
electrodeposition [119-122].

In chemical synthesis of ZnO in aqueous solution (e.g. hydrothermal synthesis
and electrodeposition), ZnO is basically formed by supersaturation of zincate ions in
alkaline solution. Several similarities are expected in its growth behavior during anodic
dissolution of Zn. Under hydrothermal growth of ZnO, Li et al. assumed nucleation of

ZnO took place via dehydration reactions of zincate species like (1.19) [123].
Zn(OH)s>~ + Zn(OH)* — Zn,O(OH)s* + H,0 (1.19)

Each nucleus grows by incorporation of zincate ion (growth unit) into crystals.

ZnxOy(OH),# 229~ + 7Zn(OH)4*>” — Znx+10y41(OH):2@ 222~ + H,0  (1.20)

The reaction order to zincate ions are known vary depending on the precipitation
condition of ZnO. At the presence of ZnO seed layer (existing ZnO nuclei), the reaction
follows the first order reaction on zincate ion. However, at the presence of silicate or Li*
in the solution, the reaction order was reported to be changd [101, 124]. Such a change is
ascribed to alteration to the rate determining step (r.d.s) for ZnO formation; by the
presence of adsorbate and dopant on/in the crystal, r.d.s may change from decomposition
at the surface to nucleation (dehydration reactions between zincate species) because of an

inhibition on the former reaction [124].
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Similar discussion was applied for anodic dissolution, too. Dirkse thought
polymeric zincate species like Fig 1.8 are formed in supersaturated zincate solutions
though these structures have not been clarified and identified in the solution yet [100].
Szpak also claimed that nucleation & growth is governed by the formation of zincate
polymeric species and its growth by addition of Zn(OH);™ [104]. However, less attempts
have been made to explain morphology and crystal structures of precipitated ZnO based
on this concept.

O\H O\H O\H

OH—2Zn—0— Zn—0—2Zn-—

\ \ \
OH OH OH

OH ~__ /O\ /O\ -

Zn Zn Zn_
OH/ \O/ \O/ N
/o
OH—2Zn— O0— Zn--—

Fig. 1.8 Structure of polymeric zincate species

1.3 Research and Development of Zn Batteries

1.3.1 Controlling methods for Zn negative electrode

Until now, several controlling methods has been invented to overcome the issue
of morphological changes and redistribution of active materials. Here, these methods are
briefly introduced. An emphasis is placed on explaining the role of each controlling

method in interfacial phenomena.

Additive / Composition of electrolyte

By adding chemical species altering the electrochemical behaviors of Zn
negative electrode in the electrode or electrolyte, the cyclability can be improved.
McLarnon and Cairns listed several additive candidates for Zn negative electrode [43].
Since organic species are often used in electrodeposition industry, their effects are also
considered in battery operation, too. Following roles have been suggested; (1)
suppressing the formation of dendrite by modifying the surface reaction by adsorption on
the surface [125-127], (2) Changing the formation behavior of discharge products by
interactions with oxide species [128-130], (3) promoting ZnO formation by altering the
properties of electrolyte (water and OH™ activity) [97]. Although some of them are
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beneficial for improving the cyclability of the electrode, addition of organic species
sometimes causes an increase in the solution resistance (decrease in ionic conductivity),
and there is a concern over decomposition of organic species during electrochemical
reactions [97, 131]. Therefore, the care must be taken with respect to battery performance
and stability of additive species during long term cycling.

Inorganic additives (ionic species and metal) also attract attention. During
electrodeposition, it has been recognized that addition of metal species in electrolyte or
electrode can alter the morphological evolution of electrodeposited Zn [43, 132].
Especially, lead addition is known to suppress dendrite and mossy structures [133-136].
This aspect will be discussed in detail in 1.3.2. During discharge, a composite electrode
like calcium-zincate can improve the cyclability mainly by decreasing the solubility of
discharge products and suppressing the redistribution of active materials (described in
1.3.4) [137, 138]. A drawback of this methods is a decrease in the specific capacity by
introduction of elements which does not contribute to the electrochemical reactions [137].
Types of anion in Zn salt or supporting electrolyte also has influences on charge-discharge
behavior. For example, nitrate ions are known to induce the formation of mossy structures
[139, 140]. Such a change originates from the reaction of anionic species itself (reductive
decomposition) or specific adsorption on the electrode surface, and following changes in
nucleation & growth behavior of Zn [141-143]. Similarly, the cationic species also alters
the electrochemical behaviors by forming surface alloy or changing the double layer
structures [ 144, 145]. ZnO formation behavior is known to be affected by ionic species
(acetate, nitrate, alkali cations) in hydrothermal synthesis or electrodeposition, but this

aspect is rarely examined during anodic dissolution of Zn [115, 118, 123, 124].

Shape of active materials

In addition to electrolyte composition and electrode materials (Zn, ZnO,
conductive supporting agents, binder and additives), the shapes of active materials are
known to influence the cyclability of the electrode. In general, smaller particles with large
surface area are preferred because active surface area can be maximized, and substantial
current density can be decreased [26-29]. For example, Wen ef al. tried to synthesize ZnO
with various morphologies and use them as active materials for Zn electrodes. They found
that “hollow-fusiform” ZnO exhibited better electrochemical activity and cyclability than
conventional ZnO powder and hexagonal pyramid-like structures [106, 107].

However, unlike the graphite anode in lithium-ion batteries, initial morphologies
of Zn active materials are no longer maintained after several cycle numbers. This is

because metal Zn is dissolved into electrolyte and ZnO precipitation occurs with
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supersaturation of zincate. In other words, it is required to control Zn and ZnO

morphologies not only at initial state but also during electrochemical reactions.

Electrolyte flow

In electrodeposition process, electrolyte flow is often introduced to decrease the
concentration overpotential by enhancing mass transfer of ionic species near the electrode
surface. This is achieved by thinning diffusion layer thickness on the electrode.

Introduction of electrolyte flow is advantageous for the battery operation as well
in terms of increasing the voltaic efficiency, suppressing the dendrite, and avoiding the
supersaturation and ZnO precipitation (materials redistribution). For Zn batteries, a
battery using electrolyte flow is called “flow-assisted battery”. (In conventional flow
battery like vanadium redox-flow battery, ionic species are converted each other during
charge-discharge cycles, but the active materials are converted between metal Zn and
Zn*" in “flow-assisted” battery.) Since electrodeposition (charging) can be directly
performed on a current collector, a large-scale battery can be fabricated much easier than
the conventional batteries using pasted electrode [30-32, 40, 41]. Details and previous

studies regarding flow-assisted battery is described in 1.3.3.

Current collector (Substrate)

In flow-assisted battery, the charge-discharge reactions are performed directly
by electrodeposition and anodic dissolution of Zn on current collector. In this case, current
collector is analogous to a substrate for Zn electrodeposition. In general, the
electrodeposition behavior is affected by substrate properties. McBreen et al. investigated
effects of various substrates on Zn electrodeposition behavior, and found that
morphologies and texture of electrodeposited Zn were influenced by types of substrate.
Alloy formation with substrate, and misfit between the Zn basal plane and the lattice of
underlying metal is the reasons for various growth behaviors [146, 147]. Banerjee ef al.
compared charge-discharge behaviors of Zn on various substrates [148]. Coulombic
efficiency was dependent on the substrate metals, and Sn exhibited the best performance
due to compact Zn electrodeposition on this substrate. However, they concluded that use
of Sn was unrealistic because Sn itself was severely corroded in alkaline electrolyte. Also,
the choice of current collector is restricted by cost, too. Therefore, application of this idea
is limited due to the durability and cost of substrates metals although electrodeposition

behavior can be controlled by choosing appropriate current collector,.
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Separator

In general, the role of separator in the Zn battery is separating the electrolyte to
cathode and anode sides, but to maintain hydroxide ions permeable through the
membrane. Polyethylene (PE), polypropylene (PP), polyvinyl alcohol (PVA), and
polyamide are often used as materials for the membrane of separators [27, 28]. One of
the problems regarding the separator is that zinc ionic species are sometimes migrate
through the open structures (pores) of the membrane, which increases the concentration
polarization and decreases the cycle efficiencies. Several approaches have been invented
to solve this problem. Kiros et al. introduced Mn(OH), particles to the membrane and
avoided zincate migration [149]. Sulfonation of microporous membrane resulted in high
anionic transport numbers and better cyclability [150]. Sometimes, separators are useful
to retard the dendritic growth by physically blocking the tip of dendrites [151].

For the application in the flow-assisted battery, however, it is sometimes claimed
that separator can be eliminated because of enhanced mass transfer and direct
electrodeposition/dissolution on current collector, which is advantageous for reducing the
total cost of the battery [40, 42].

Some of these controlling methods are proved to be beneficial for improving the
cyclability of Zn negative electrodes. However, there are sometimes compromise between
the cyclability and other battery performances (e.g. specific capacity, conductivity, voltaic
efficiency). Knowledge in the electrodeposition process of Zn is valuable even for the
battery application because its reaction corresponds to the charging reaction. Nevertheless,
there are several differences between electrodeposition and charging operation of the
battery. First, electrodeposition is performed at a certain fixed current density or applied
potential. It means suitable current can be selected based on coulombic efficiency and
morphologies. In contrast, the battery operation requires wide range of charging currents.
The cyclability and performance should be maintained under these conditions. Second,
the maintenance in electrodeposition conditions (e.g. composition of electrolyte) is
performed occasionally to sustain the quality of electrodeposits, but battery requires long
term cyclability without such an maintenance [152, 153]. Third, not only
electrodeposition but also anodic dissolution is performed in the battery operation. This
requires that the charging products (electrodeposited Zn) can be reversibly oxidized to Zn
ions or ZnO again. Among these methods, effects of metal additive, electrolyte flow, and

solubility of zincate are further discussed below.
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1.3.2 Metal additives for controlling Zn electrodeposition

Effects of metal species in the electrolyte on Zn electrodeposition behaviors have
been important topics in the electrowinning process, and several papers were published
regarding this matter [ 154-158]. In this case, metal species are not additives but impurities
in the solution. For example, Mackinnon ef al. summarized the effects of several metal
impurities [154]. Their effects have been mainly discussed with respect to deposition
potential of Zn, coulombic efficiency, morphology and texture evolution (crystal
orientation). Especially, the coulombic efficiency during Zn electrodeposition is
significantly influenced by impurity metals. For example, In and Tl improved the
coulombic efficiency, but Sn and Ge decreased the efficiency. Interestingly, the current
efficiency periodically changed depending on the atomic number of additive metals.
These trends were explained by periodic changes in exchange current for hydrogen
evolution reaction (HER) of metals; at the presence of impurities with high overpotential
(low exchange current) for HER, the coulombic efficiency improves. Thus, the changes
in the electrodeposition behavior is thought to originate from codeposited metal species.
However, morphological changes by impurities are not explained.

Among several impurities effect, Pb is often analyzed because Pb is one of the
major impurities contained in the mineral resources of Zn (smithsonite) [159, 160]. Pb
improves the coulombic efficiency probably due to higher overpotential for HER than
that of Zn. Additionally, it increases the overpotential for Zn electrodeposition, and
induces morphological changes. Wiart et al. carried out electrochemical impedance
spectroscopy (EIS) on Zn electrodeposition with Pb impurities in sulfate electrolyte
focusing on changes in the elementary steps for Zn electrodeposition [161, 162]. They
concluded that rate constant of some elementary steps for Zn electrodeposition like (1.21)
and HER were decreased by the presence of Pbag, but charge transfer reactions involved
in Zn electrodeposition were not modified by Pb [161, 162, 167]. Similar effects were
elucidated even in alkaline solution by Mao et al. with the polarization analysis [133].
The changes in morphological features (suppression of dendrites and mossy structures)

are also ascribed to these changes in elementary steps for Zn electrodeposition.
ZnH," + H + e — Zn + Hy (1.21)
Similarly, positive influences of metal additives have been recognized from
1970s during the development of Zn negative electrode. For primary batteries, it is

beneficial for avoiding self-discharge by suppressing HER [163-165]. Furthermore, their

potential effects in compact Zn electrodeposition motivated many researchers to shed
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light on additive effects in secondary Zn batteries [43, 26-29, 50, 132, 166-172]. However,
the use of Pb in Zn battery is unrealistic because of its toxicity; RoHS regulation limits
the commercialization of electric devices containing Pb in the components [173, 174].
Thus, alternative additive species are required. From above described effects of additive
metals, general requirements for additive species are (1) having more positive deposition
potential than Zn (codeposition with Zn), (2) having high overpotential for HER
(avoiding loss of the coulombic efficiency), (3) soluble in alkaline electrolyte, and (4) no
toxicity. Based on these requirements, Bi, Sn and In are potential candidates for obtaining
compact Zn electrodeposition [31, 50, 168, 172, 175]. However, there are several
questions unanswered. First, less attention has been paid to the mechanisms behind the
morphological changes by these species. Although correlations between morphological
change and suppressed HER is postulated, there is no direct evidence. Moser et al. carried
out in situ XRD analysis on Zn electrodes with Bi additives, and found that Bi was
reduced prior to the Zn electrodeposition [168]. They thought Bi provided the conductive
path for active materials of the negative electrode. However, Y. S. Meng et al. claimed
that an improved cyclability could not be explained only by the increased conductivity
[175]. Furthermore, there is no systematic comparisons between the different additive
species on compact Zn electrodeposition and the battery characteristics. Quantitative

criteria for the use of additive metals in Zn batteries 1s still missing.

1.3.3 Flow-assisted Zn battery

In the conventional battery design, active materials of Zn (powder of metallic Zn
and ZnO) are pasted on the current collector and tightly assembled in the battery. Aim of
this architecture is to achieve high energy density by densely packed active materials in
the battery. On the other hand, a different architecture has been suggested for attaining
scalability of the battery; charge-discharge reactions are performed directly on the current
collector in flowing electrolyte containing Zn>" ions [30-32, 40, 41]. In other words, the
power unit (electrodes) and the energy storage unit (electrolyte tank) are separated [40].
Such a battery is called flow-assisted Zn battery. Fig. 1.9 shows a schematic image of the

flow-assisted battery.
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Fig. 1.9Schematic image of flow-assisted battery

There are several advantages of flow-assisted battery. First, simple structures make it
possible to fabricate large-scale batteries at low cost. Scale-up is easily achieved by just
enlarging the electrode size and electrolyte volume. Second, concentration overpotential
during the charge-discharge reaction can be minimized by thinning diffusion layer by
introduction of an electrolyte flow. This is beneficial for increasing the voltaic efficiency,
mitigating the dendrite growth of Zn, and avoiding side reactions (HER on negative
electrode and oxygen evolution reaction, OER on positive electrode). Formation of ZnO
during the discharge is suppressed under electrolyte flow because the supersaturation of
zincate is not attained at the surface. It means charge-discharge reactions can be
performed simply by deposition and dissolution of metal Zn on current collector.

Some attempts were made from 1970s to fabricate Zn flow-assisted battery [ 176,
177]. However, it attracts major attention after 2010s, when the needs for the grid-scale
energy storage system grows; it is recognized that large-scale battery can be developed
with considerably lower cost than that of Li-ion batteries [21, 30-34, 41, 42]. Better
cyclability of the flow-assisted battery than that of pasted electrode was confirmed.
However, it is also recognized that short-circuiting tends to happen even under electrolyte
flow [42, 178].

The group in the City University of New York carried out successive studies on
the Zn flow-assisted batteries. In 2010, they observed the growth behavior of Zn
electrodeposits inside the microfluidic device [178]. Short-circuiting occurs by the
formation of porous electrodeposits. Such an analysis is further performed by fabricating
the battery [179]. They concluded that electrolyte flow itself was beneficial for improving
the performance and suppressing the dendrite formation. However, the reconditioning
(dissolution at low discharge rate) is required at certain numbers of cycles to attain better
cyclability because electrodeposited Zn tends to be inactive and remain on the electrode
after discharge. Furthermore, they investigated morphologies of electrodeposited Zn

under various charging conditions (current density, electrolyte flow rate and zincate
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concentrations) by SEM, and constructed the “map” showing the relation between the
electrodeposition condition and the morphologies [180]. They found that mossy
structures preferentially formed at low current density and high zincate concentrations
which are opposite conditions to that of dendrite formation. The influences of such a
morphological change on charge-discharge behavior, and mechanism behind the
variations were further analyzed by using rotating disk electrode (RDE) [181]. Current
efficiency during the charge-discharge reactions decrease when dendrites and mossy
structures were formed, and the value suddenly decreased after several 10 cycling.
Formation of compact Zn electrodeposits is beneficial to maintain the high current
efficiency. Introduction of electrolyte flow (rotating the electrode) improves the current
efficiency at higher charging rate (dendrite growth), but it has no positive influences on
the value at low current density. In other words, mossy structure formation is less
influenced by mass transfer of Zn species than that for dendrite formation. They also
developed bench-scale battery (25 kWh), and it exhibited more than 1000 cycles at cost
of c.a. 400$/kWh. However, it still suffers from short-circuiting by the formation of
mossy structures [42].

In summary, although flow-assisted batteries are promising candidates for the
applications in large-scale energy storage, morphological changes of Zn negative
electrode are still problematic issues. Especially, the formation of mossy structures at
lower current density region is problematic because it seems difficult to suppress the
formation of this structure only by varying the electrolyte flowing rate. Therefore, it is
strongly required to obtain compact Zn electrodeposits over wide range of charging
currents. Profound understanding of nucleation & growth behavior of electrodeposited

Zn provides a basis for such a control.

1.3.4 Controlling methods based on low zincate solubility

For achieving high energy density (e.g. in Zn-air battery), conventional pasted
electrode where active materials (Zn and ZnO particles) are pasted on the current collector
is used. In this case, ZnO is inevitably formed on the electrode during discharge due to
lack of electrolyte flow and rapid charge-discharge rates [26-29]. Therefore, in addition
to electrodeposition process during charging, ZnO formation during discharge is often
considered as a major target for controlling electrode reactions. Among many attempts to
control discharging behavior, one of the major strategies is to form insoluble discharge
products on the electrode surface. In general, the formation of zincate is favored in
alkaline zincate solution, and the precipitation of ZnO occurs only when supersaturation

condition is attained. Soluble zincate formation in the electrolyte is recognized as a cause
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of the battery failure based on two reasons. First, Zn dendrite is easily deposited upon
charging process because concentration of zincate ions near the surface is depleted during
electrodeposition [97, 98]. Second, by the concentration gradients over the electrode
surface due to natural convection, the amount of ZnO precipitates varies depending on
the position of the electrode [44, 45], which induces redistribution of active materials over
the surface. To overcome these issues, many researchers tried not to form soluble zincate
but to fix the discharge products on the electrode surface; when the discharge products
(solid) is fixed on the electrode, the charging can be performed without a depletion of
reactant species, and redistribution is mitigated by suppressing the concentration
variations. This charge-discharge cycles are analogous to Pb-acid battery where Pb and
PbSO4 were reversibly converted during the cycles [97, 182]. These situations are

schematically drawn in Fig. 1.10.
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Fig. 1.10 Schematic images during charging (a) after forming soluble zincate during

discharge and (b) after forming insoluble discharge products.

Several methods have been developed to fix the discharge products on the electrode
surface. One is decreasing the solubility of zincate in the electrolyte by modifying the
composition, or by introducing additive species [97, 183, 184]. For example, Nakata et
al. added propylene carbonate (PC) to decrease H,O activity, which promoted ZnO
formation immediately after the dissolution started [97]. By adding PC, the cyclability
improved via suppression on dendrite formation during charging. Calcium addition in the
electrode is known to alter the chemical nature of the discharge products; the product
became not ZnO but calcium-zincate, and its solubility in alkaline solution is very low
[137], which contributed to the reversible conversion between Zn and the discharge
product. Another method is physically fixing ZnO on the surface by coating the electrode
by an ionomer or introducing separator not permeable to zincate ions [185]. Since zincate
ions cannot diffuse away from the electrode, the supersaturation is easily attained in these
conditions.

These methods are beneficial for improving the cyclability of the electrode, i.e.
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maintaining the high coulombic efficiency, avoiding the capacity fading and suppressing
the dendrite. However, there are some drawbacks. First, discharge capacity is sometimes
limited by lowering zincate solubility because once Zn electrode is totally covered by
ZnO, following dissolution reaction becomes impossible. For example, in the case of PC
addition mentioned above, the passivation capacity decreased in the order of magnitude
[97]. Second, KOH solution generally possesses high conductivity, but this advantage
may be sacrificed by modifying the composition, which results in the loss of the voltaic
efficiency [97, 128-130]. Furthermore, the electrode still suffers from sudden drop in the
discharge capacity and the coulombic efficiencies during cycling. Although dendritic
growth is sometimes considered as a cause of such a battery failure, there is no detailed
analysis regarding the failure conditions of Zn negative electrode. Some researchers
mentioned that there is concern over irreversible reduction of ZnO to Zn, and hydrogen
evolution reaction (HER) on ZnO layer [186]. They cause capacity fading and low

coulombic efficiencies.

1.4 Scope and Strategy of This Thesis

As described above, many researches have been performed for controlling
charge-discharge cycles of Zn negative electrodes. For the application in flow-assisted
battery, introduction of electrolyte flow is effective to suppress the formation of dendrite,
and actual testing of the energy storage system is also carried out to exhibit better
cyclability than that of the conventional pasted electrodes. However, these batteries still
suffer from morphological changes of the electrode; highly filamentous mossy structures
are often observed upon charging under low current density or under electrolyte flowing
conditions.

Towards achieving high energy density and rapid charge-discharge cycles, ZnO
formation is inevitable. Some studies recognized that the acceleration of ZnO formation
is beneficial to improve the battery reversibility by suppressing dendrite and
redistribution of active materials, but less attempts were made to understand nucleation
& growth process of ZnO. In other words, although macroscopic effects of ZnO formation
(whether it is precipitated or not) has been discussed, the strategies to control
microstructure of ZnO and its influence on electrode reaction is lacking.

Based on these backgrounds, the scope and strategies of this thesis is described

as follows.
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1.4.1 Zn electrodeposition during charging

For controlling charging behavior of Zn negative electrode especially for Zn
flow-assisted batteries, it is required to understand and control the morphological
evolution of mossy structures. Although there were some studies regarding the
mechanisms of mossy structures formation, nucleation & growth process behind this
irregular deposition behavior is not fully understood. Therefore, in chapter 2, deposition
behavior of mossy structures is investigated in detail. First, its growth behavior is
compared to dendrite formed at high current density region via in-situ optical microscope
analysis. Based on macroscopic growth behavior of the structure, its characteristic growth
process is discussed. Then, by focusing on early stages of morphological evolution by
SEM and TEM, nucleation & growth process behind mossy structure formation is
elucidated. Mechanisms of mossy structure formation is discussed in this context.

Towards retarding formation of mossy structure during operation of the battery,
the effects of metal additives are thoughtfully investigated in chapter 3. By investigating
electrochemical behaviors of Zn and its crystal growth in additive containing solution,
the involvements of additive species in Zn electrodeposition process are elucidated. In
order to demonstrate the applicability of metal additives, their effects are investigated in
Zn-Ni flow-assisted battery under conditions close to the practical battery operation.
Through these investigations, a guiding principle to use metal additives in flow-assisted

battery is established.

1.4.2 ZnO formation during discharge

Based on its characteristic formation process (precipitation via supersaturation
in the solution near the electrode), nucleation & growth process behind ZnO formation is
investigated in chapter 4. Especially, the effects of electrolyte composition and
microstructures of Zn electrode on ZnO formation are analyzed by electrochemical
measurements, SEM and XRD. /n situ Raman spectroscopy was also performed to shed
light on dynamic changes of the crystal growth of ZnO during discharge. Importance of
ZnO formation in charge-discharge cycles of the electrode is pursued based on the
electrochemical behavior of passivated electrode (e.g. re-charging after ZnO formation).

Chapter 5 focuses on controlling methods for Zn dissolution and ZnO formation.
Especially, the effects of Li" on discharge behavior is analyzed. Although Li" is often used
as an additive in chemical synthesis (hydrothermal growth) of ZnO or electrolyte for the
battery, their involvements in discharge reaction is not fully understood. Furthermore,
charging behavior after passivation reveals the beneficial effects of Li" to suppress surface

roughening of the electrode. They are why Li" effects are investigated in this chapter.
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Through comparative study to chapter 4, the involvements of Li" in dissolution of Zn and
ZnO formation are revealed. From these studies, it is clarified that what factors should be

controlled toward achieving high energy density and rapid charge-discharge cycles.
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2.1 Introduction

During the charging of Zn negative electrode, Zn is electrodeposited on the

electrode by reaction (2.1).

Zn(OH)4>~ + 2¢” — Zn + 40H" (2.1

Unlike the currently used graphite anode for Li-ion battery in which Li ion is intercalated
into the graphite structures, metallic phase of active material is directly formed on the
electrode. Accordingly, the shape of the electrode tends to vary during charge-discharge
cycles by forming various morphologies of Zn crystals. In the conventional pasted
electrode for Zn-Ni and Zn-air battery, the formation of dendritic Zn (leaf-like or fractal
structures of Zn crystals) is often considered as a cause of the battery failures [1, 2]. By
continuous deposition of dendrites, they penetrate the separator between the negative
and positive electrodes, and cause the short-circuiting by reaching the positive electrode.
Dendrite is known to be formed under the diffusion limited condition of Zn ions; when
Zn*" is depleted near the electrode surface, deposition is localized on protrusion
structures by forming a spherical diffusion layer around the structure [3, 4]. In the case
of flow-assisted battery in which Zn electrodeposition is performed under electrolyte
flow, dendrite formation can be suppressed by enhanced mass transfer of Zn ions.
Despite this fact, flow-assisted batteries also suffer from severe morphological
changes of the electrode during reactions. Turney et al. performed charge-discharge
cycles of the Zn-Ni flow-assisted battery, and found that highly filamentous, mossy
structures are formed upon the battery failure [5, 6]. Evolution of mossy structures is
also problematic for the battery because it can cause the short-circuiting, plugging of the
electrolyte flow path, and loss of coulombic efficiency by detachment of the structure
from a current collector. Ito ef al. investigated morphological variations of Zn
electrodeposits in the Zn-Ni flow-assisted battery in various conditions (zincate
concentration, electrolyte flow rate, and current density), and mossy structures are
formed even under electrolyte flowing conditions [6]. The most characteristic point of
mossy structure formation is that it is preferentially formed at charging at low current

density. Accordingly, the formation of mossy structure is governed by a different factor
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other than mass transfer of Zn*".

The formation of mossy structures in Zn electrodeposition has been recognized
from early studies in Zn electrodeposition or Zn negative electrode. The correlations
between electrodeposition conditions and mossy structure formation is investigated [ 7,
8]. Many researchers tried to explain the mechanism for this irregular deposition
behavior. A common argument is that mossy structure is caused by the uneven chemical
or physical state of the electrode surface. For example, a screw-dislocation on the Zn
crystals is considered to induce continuous deposition on this site [9, 10]. Side-reactions
like hydrogen adsorption and oxide formation are often correlated with mossy structure
formation [7, 11, 12]. Among several explanations, the possibility of oxide formation on
Zn surface gains the most of attentions for this moment. Wiart et al. analyzed
electrodeposition behavior at low overpotential by electrochemical impedance
spectroscopy (EIS), and established the model describing Zn electrodeposition occurring
under oxide layer on the surface [13-16]. However, less attention has been paid to the
dynamic growth behavior of mossy structures and the nucleation & growth process
behind the irregular deposition. And, it has not been clarified how non-uniformity in the
surface state or the reaction mechanism affect the nucleation & growth behavior.

Objective of this chapter is to elucidate the nucleation & growth behavior of Zn
behind the mossy structure formation at low overpotential. For this purpose, an evolution
of mossy structures was in situ analyzed by an optical microscope, and its deposition
behavior was compared with dendrite. By focusing on an early stages of mossy structure
formation, a characteristic nucleation & growth process of Zn at electrodeposition at low
overpotential was revealed. Electrodeposition mechanisms behind such a process are

discussed.

2.2 Methodology

2.2.1 Analysis on the polarization behavior and morphological variations of Zn

The polarization behavior and morphological variations during Zn
electrodeposition were analyzed by performing Zn electrodeposition on Zn or Cu
substrates. Zn substrate is mechanically polished Zn plate (>99.5%, 0.30 mm thickness,

Nilaco). Mechanical polishing was performed by a mechanical lapping polishing machine
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(MA-400D, Musashino Denshi Co., Ltd.) with a colloidal silica slurry (Semi-Sperse 25,
Cabot Microelectronics Corp.). After that, surface was slightly etched in the mixture of
1.0 mL of 35% hydrochloric acid + 100 mL pure water. Cu electrodes were Cu plate
(>99.9%, 0.30 mm thickness, Nilaco) or Cu layer on Si wafer (Cu (100 nm)/Cr (10 nm)
on Si(111)) prepared by electron beam evaporation (EBX-6D, ULVAC). Mechanical
polishing was performed on Cu plate as carried out for Zn plate. Cu electrode was
immersed in 45 mL pure water + 5.0 mL 96% sulfuric acid for 30 s before electrochemical
measurements. A counter electrode was Zn plate (>99.5%, 0.30 mm thickness, Nilaco),
and a reference electrode was Hg/HgO (Inter Chemie. Inc.). A counter electrode was
immersed in 45 mL pure water + 5.0 mL 96% sulfuric acid for 30 s before measurements.
Potential shown below will be described vs. Hg/HgO. The working electrode and the
counter electrode were vertically placed in an electrochemical cell facing each other. The
reference electrode was placed between the electrodes. The surface of the working
electrode was confined to 0.50 cm? by an electrode holder. Schematic image of the cell

and the photograph of the holder are shown in Fig. 2.1.
(a) (b)

C.E. R.E. / WE.

Fig. 2.1 Electrochemical cell and an electrode holder for the working electrode.

Electrolytes for Zn electrodeposition were 6.0 mol dm > KOH + 0.10 — 0.50 mol
dm3 zincate. For preparing the electrolyte, 48wt% KOH (UGR grade, Kanto Chemical)
was first diluted to 6.0 mol dm™ by pure water. Then, ZnO (reagent grade, Kanto
Chemical) was dissolved in this solution to obtain desire concentration of zincate ions.
The electrolyte was deaerated by nitrogen bubble for 10 min before the measurements.
For analyzing effects of cation species in the electrolyte, ZnO was dissolved in 50wt%
CsOH (99%, Sigma-Aldrich) to yield 5.7 mol dm™ CsOH + desired concentration of
zincate. Li containing solution was prepared by dissolving LiOH+H>O (reagent grade,
Kanto Chemical) in pure water, and mixing it with KOH to yield 5.0 mol dm KOH +
1.0 mol dm™ LiOH. Electrochemical measurements were carried out by using the

electrochemical measurement system (HZ-7000, Hokuto Denko). Linear sweep
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voltammetry (LSV) of Cu electrode in 6.0 mol dm> KOH + 0.50 mol dm zincate was
measured by sweeping the potential from rest potential to —2.0 V. Electrodeposition was
performed both by potentiostatic and galvanostatic conditions. Deposited amount of Zn
(thickness of electrodeposited Zn film) was controlled by stopping the deposition at
certain passed charge for deposition. Electrodeposition was mainly performed at room
temperature (24°C). Rotating disk electrode (RDE) was also used for analyzing Zn
electrodeposition behavior under electrolyte flow. In this case, Cu plate was used as a
working electrode (confined surface area = 0.50 cm?), and it was horizontally downward
faced to a Zn counter electrode.

Electrochemical impedance spectroscopy (EIS) of Zn electrode in a different
alkaline solution was performed by using HZ-7000 equipped with a frequency response
analyzer (FRA). A working electrode was Zn wire embedded in epoxy resin with mirror-
finished surface (shown in Fig. 2.2, surface area = 1.96 X 10 cm?). This electrode was
horizontally upward faced to counter electrode (Pt mesh, Nilaco) and reference electrode
(Hg/HgO). Alternating current was superimposed at frequency ranging from 100 kHz to
100 mHz at AI=+100 uA cm 2=196 nA at REST potential. Measurements points were 5
points / decades. Prior to EIS measurements, the electrode was polarized at —1500 mV
for 3 min to eliminate native oxide layer on Zn surface, then holding at REST potential
for another 3 min. Curve fittings of the impedance data to an equivalent circuit were
carried out by using a software provided by Hokuto Denko (EIS version 1.0.23).

Surface morphology after electrodeposition was analyzed by optical microscope
equipped with CCD camera (VC-3000, Omron) and scanning electron microscopy (SEM,
S-5500 or SU-8240, Hitachi). Laser scanning confocal microscope (LSCM, VK-9510,
Keyence) was also used for analyzing the surface morphology and evaluate surface
roughness. Transmission electron microscopy (TEM, JEM-2010, JEOL) was performed
by preparing the TEM samples by focused ion beam etching (FIB, JIB-4000, JEOL) on
electrodeposited film on Zn plate. Coulombic efficiency during electrodeposition was
evaluated by anodic dissolution at potentiostatic condition (—1.37 V) immediately after
electrodeposition at —1.42 V, =1.46 V, and —1.48 V in 6.0 mol dm > KOH + 0.50 mol
dm™ ZnO. The efficiencies were calculated by comparing passed charge during anodic
dissolution to that during electrodeposition. Anodic dissolution was stopped after the
anodic current dropped to 0 mA. In addition, the efficiency was calculated from the
deposited amount of Zn evaluated by inductively coupled plasma emission spectroscopy
(ICP-AES, 5500x, Agilent). This analysis was performed after dissolving the
electrodeposited Zn on evaporated Cu in 5.0 mL nitric acid. Analyte was diluted to 100

mL before the measurements.
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2.2.2 In situ analysis by optical microscope
Cross-sectional view

Growth behavior of Zn dendrites and mossy structures were in situ observed by
an optical microscope equipped with CCD camera (3R-MSUSB601, 3R system). A
working electrode was Zn wire (>99.99%, 0.50 mm¢, Nilaco) embedded in an epoxy
resin; edge of the Zn wire was polished, and electrodeposition was performed on this
surface. This electrode was prepared by following scheme. First, zinc wire was inserted
into a pipette tip, and epoxy resin (Epohold Resin-Quart, Aqra) and curing agent (Epohold
Hardener, Aqra) were poured in it. After solidification of the resin (c.a. 12 hours), the
pipette tip was removed, and the electrode surface was polished by abrasive papers up to
#1200. Finally, the mirror-like surface was obtained by the mechanical lapping polishing
machine as described above. After the polishing, the electrode was immersed into 1.0 mL
35% hydrochloric acid + 100 mL pure water for 10 s.

(2) (b)

Fig. 2.2 Preparation of the working electrode for in situ analysis; (a) Zn wire in a pipette

tip, (b) Zn wire embedded in a epoxy resin, and (c) Zn wire after polishing the surface.

After the polishing, the electrode was immersed into 1.0 mL 35% hydrochloric acid + 100
mL pure water for 10 s. This electrode was fixed in a polystyrene case and Zn wires
(>99.99%, 0.50 mm¢, Nilaco) were also introduced as a counter and a quasi-reference
electrode. The Photograph of an electrochemical cell is shown in Fig. 2.3.

(b)

Fig. 2.3 Photograph of an electrochemical cell used in in situ analysis; from (a) top of

the cell and (b) cross-sectional direction of the cell.
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Zn electrodeposition was performed in 6.0 mol dm > KOH + 0.25 mol dm™ zincate at
galvanostatic condition at —10 mA c¢cm 2 and —80 mA cm 2. The working electrode was
placed vertically in downward or upward faced to the counter electrode during the
measurements. Morphological evolution was observed by the CCD camera from the
cross-sectional direction of the electrode (corresponding to the viewpoint of Fig. 2.3 (a)).
Surface morphology after the electrodeposition was also investigated by SEM (VE-7800,
Keyence or SU-8240, Hitachi). For this analysis, electrodeposits formed at —10 mA cm >

were detached from the electrode and pasted on carbon tape.

Top view

Surface morphologies were analyzed from top of the electrode, too. For this
analysis, Zn plate was placed on polystyrene case, and the surface area was confined to
0.28 cm? (6.0 mm¢) by polytetrafluoroethylene (PTFE) tape. A Zn wire was placed
around the working electrode. Electrodeposition was performed at galvanostatic
condition in two-electrode configuration in 6.0 mol dm™ KOH + 0.25 mol dm zincate.
Prior to the in situ observation, Zn electrodeposition was performed at —20 mA cm 2 for
500 s. This initial deposition was introduced in order to monitor the morphological
changes from initially deposited conditions (layer-like structures). Surface morphology
during electrodeposition was observed by optical microscope (DZ2 Zoom Microscope,
Union Optical Co., Ltd.) equipped with a CCD camera (ARTCAM-130, ARTRAY Co.,

Ltd.). Zn electrodeposition was performed at —5.0 mA cm 2 and —20 mA cm 2. The

schematic image of an electrochemical cell is shows in Fig. 2.4.

g Optical Microscope

‘71‘ 3.5cmX3.5¢cm

Fig. 2.4 Schematic image of in situ observation during electrodeposition from top of the

deposits

2.2.3 Pulsed electrodeposition at different current densities
Effects of pulsed electrodeposition on Zn electrodeposition behaviors were
investigated by comparing potential profiles, morphological evolution and coulombic

efficiencies. Zn electrodeposition was performed on an electron beam evaporated copper

49



Chapter 2

plate as described in 2.2.1. An electrolyte for electrodeposition was 6.0 mol dm > KOH +
0.50 mol dm™ zincate. Four deposition conditions were set; (1) galvanostatic
electrodeposition at —5.0 mA cm 2 for 600 s, (2) pulsed electrodeposition at —5.0 mA cm >
for 1 s and 0 mA cm 2 for 1 s (600 cycles), (3) galvanostatic electrodeposition at =50 mA
cm 2 for 60 s, and (4) pulsed electrodeposition at =50 mA cm 2 for 1 s and 0 mA cm 2 for
1 s (60 cycles). Total passed charge in each condition was set to 3.0 C cm 2. Surface
morphology after electrodeposition was investigated by an optical microscope and SEM
as performed in the analysis on the early stages of electrodeposition. Coulombic
efficiency (n) during electrodeposition at each condition was evaluated by anodic
dissolution of electrodeposited film at +10 mA cm 2. By using the time (¢ sec) required
for the potential becomes positive (—1320 mV), the coulombic efficiency was evaluated
by (2.2).

_ —10mAxts
~ 3000mcC

x 100 (2.2)

Analysis on surface morphology was performed as described in 2.2.1.
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2.3 Results and Discussion

2.3.1 The polarization behavior and morphological variations at different deposition
potential

First, the polarization behavior during Zn electrodeposition was analyzed by LSV.
Figure 2.5 shows the current during potential sweep from REST potential to —2.0 V. A

working electrode was electron beam evaporated Cu on Si wafer.
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Fig. 2.5 LSV during cathodic scan in 6.0 mol dm* KOH + 0.50 mol dm zincate at

scan rate of 20 mV s~ .

From —1.4 V, rapid increase in the current is observed. This corresponds to the
electrodeposition reaction of Zn from zincate ion [17-19].

Zn(OH)s*> + 2¢ = Zn + 40H” (2.3)
The current exhibits a peak around —1.5 'V, then it decreases until potential reaches about
—1.8 V. This indicates that Zn electrodeposition is under diffusion limited controlled
below —1.5 V. At this potential region, thickness of the diffusion layer on the Zn surface
increases, which decreases the current for Zn electrodeposition. The current increases
again below —1.8 V. Bubbles evolves on the surface at this region. It corresponds to
hydrogen evolution reactions (HER) by the decomposition of water molecule.

H,O + 2¢ = H, + 20H" (2.4)

Since HER decreases the coulombic efficiency during the charge-discharge cycles,
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charging (Zn electrodeposition) should be performed at the potential above —1.8 V [20].

Morphological variations of the electrodeposited Zn at different deposition
potentials were analyzed by potentiostatic deposition of Zn from 6.0 mol dm> KOH +
0.50 mol dm zincate on Zn substrate. Prior to electrodeposition at each potential, Zn
was electrodeposited at —1460 mV for 60 s. This process was introduced to avoid
influence of native state (e.g. native oxide) of Zn substrate on electrodeposition. Based
on the potential shown in LSV, electrodeposition was performed at —1420, —1460, —1520,
—1620 and —1720 mV. Electrodeposition was stopped at passed charge of 5.0 C cm 2. Fig.

2.6 shows SEM images of the electrodeposits at each deposition potential.

@

\

5.0 pm

Fig. 2.6 SEM images of Zn electrodeposits formed at (a) —1420, (b) —1460, (¢) —1520,
(d) —1620 and (e) —1720 mV. Passed charge for deposition is 5.0 C cm 2. (a) and () are

images taken from cross-sectional direction of the electrode.

At —1460 and —1520 mV, compact deposits comprising stacking of layer-like structures
are obtained. Grain boundaries between the particle is less defined at —1460 than that at
—1520 mV. These morphologies corresponded to layer-like structures (—1460 mV) and
boulders (—1520 mV) as described in the previous paper [7, 8]. At negative deposition
potential, defined particles rather than continuous layers are formed due to the transition
from two-dimensional (2D) nucleation to three-dimensional (3D) nucleation at high
overpotential [4, 21]. At more negative potential below the current reaches the peak value
in LSV, rough deposits appear. At —1620 mV; plate-like structures are oriented vertical to

the substrate. Leaf-like structures with many branches are formed at —1720 mV. They are
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dendrites formed under the diffusion limited condition of zincate ions. In addition, very

rough deposits are formed at —1420 mV. Fig. 2.7 shows enlarged image of these structures.

Fig. 2.7 SEM images of Zn electrodeposits formed at —1420 mV.

These rough deposits comprise filamentous deposits. This structure is called mossy
structures, a characteristic morphology to Zn electrodeposits formed at low overpotential
[7, 8, 22]. In electrodeposition at low overpotential, the deposited film generally exhibits
low surface roughness because electrodeposition at low overpotential prefers the deposits
with minimum product of surface area and surface free energy (an equilibrium shape of
the crystal) [23, 24]. The formation of mossy structure is unique because it enlarges the
electrode surface area. Practically, mossy structure formation is problematic especially
for the flow-assisted battery [6]. Rough deposits are easily detached from the current
collector, which decreases the coulombic efficiency and causes a plugging of electrolyte
flow path. Furthermore, it is difficult to control the evolution of mossy structures only by
electrolyte flow unlike the dendrite formed at higher overpotential [6, 8]. Actually, the
battery failure of the flow-assisted battery often occurs by the evolution of mossy
structures [5, 6].

2.3.2 In situ analysis on morphological evolution of Zn electrodeposits
Cross-sectional view

In order to monitor the dynamic growth behavior of mossy structures and Zn
dendrites, Zn electrodeposition was performed on edge of Zn wire (500 um¢) embedded
in an epoxy resin, and the morphological evolution was in situ observed by an optical
microscope equipped with CCD camera. Electrodeposition was performed by
galvanostatic conditions at —80 mA cm 2 to deposit dendrites and =10 mA cm ? to observe
the formation of mossy structures in 6.0 mol dm > KOH + 0.25 mol dm 3 zincate. Fig. 2.8

shows the potential profiles at each current density and the electrode configuration.
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Fig. 2.8 Potential profiles during galvanostatic electrodeposition of Zn on Zn electrode
(500 pm¢) at (a) =80 mA cm 2 and (b) —10 mA c¢m 2. Electrodeposition at =10 mA cm 2
was performed in upward faced and downward faced working electrode.

CCD images during electrodepositions are shows in Fig. 2.9 to Fig. 2.11.

Fig. 2.9 In situ CCD images during electrodeposition of Zn at =80 mA c¢m 2 (cross-

sectional view).
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8000 s 9000 s 10000 s

Fig. 2.10 In situ CCD images during electrodeposition of Zn at —10 mA c¢cm 2 in upward

faced electrode (cross-sectional view).

200 um

10000 s

Fig. 2.11 In situ CCD images during electrodeposition of Zn at =10 mA cm 2 in

downward faced electrode (cross-sectional view).

Length of the rough deposits were measured by measuring the vertical length from the
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surface of working electrode to the top of the electrodeposit as demonstrated in Fig. 2.12.

They are plotted versus deposition time in Fig. 2.13.

(2) (b) (©)

Fig. 2.12 Measurements of the length of rough electrodeposits
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Fig. 2.13 Length of rough electrodeposits at =80 mA cm 2 and —10 mA cm 2.
SEM images of the electrodeposits after the measurements are shown in Fig. 2.14. The

electrodeposits formed at —10 mA cm 2 (upward faced) were detached from the electrode

and transferred on a carbon tape for SEM observation.
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Fig 2.14 SEM images of electrodeposited Zn after in situ measurements at (a), (b) —80
mA cm 2 and (c), (d) —10 mA cm 2 in upward faced electrode. (b) and (d) are higher

magnification images than (a) and (c).

When electrodeposition is performed at —80 mA cm 2, the potential immediately
dropped below —300 mV and potential oscillation is observed. Such a potential oscillation
indicates the dendritic growth of electrodeposited Zn; periodicity was observed upon the
formation of stacking of plate-like structures like Fig. 2.6 (d)) [25]. This study expected
oxidation and deposition were partially and periodically occurred on the plate-like
structures, and the potential was thought to oscillate by variations in the local current
density. From CCD images and the length of the rough deposits, the irregular deposits
rapidly grow at initial stages of deposition where the potential stays at negative value and
oscillates. This corresponds to the rapid growth of dendrite structures under the diffusion
limited condition; the current is concentrated on the tip of dendrites because the shape of
the diffusion layer is hemispherical at the tip, while it is planner on a compact part [3, 4,
26]. However, after increasing the surface area by forming dendrites, the potential
becomes positive and the growth rate slows down due to a decrease in the substantial
current density. These behaviors result in similar potential profiles (Fig. 2.8 (a)) and the
plots of the dendrite length (Fig. 2.13 (a)).

In the case of —10 mA cm™2, the potential stays in positive value corresponding
to before reaching the diffusion limited condition in LSV. The rough deposits
continuously grow during the entire measurements. From SEM images, these deposits are

composed of filamentous structures. These deposits are mossy structures formed at low
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current density region. There are two characteristic points during the mossy structure
formation. First, the growth rate does not decrease even after forming the rough deposits.
This means an increased surface area by mossy structure does not contribute to the
following electrochemical reactions. Second, morphological features at the outer surface
are maintained during the deposition as shown in Fig. 2.15; the front shape of the
electrodeposits is unchanged during the electrodeposition. This indicates that the
electrodeposition does not occur on the outer surface of mossy structure but inside the
structures, which is in stark contrast with the dendrite growth where deposition occurs on
the tip of the structures. Thus, the growth of mossy structures occurs by non-uniform Zn
electrodeposition in the certain growth sites inside the structures. Similar
electrodeposition behavior is observed during Li electrodeposition in organic solvent;
filamentous structures of electrodeposited Li is reported to grow not by deposition on the
tip but by incorporation of Li atom to the root of the filament [27, 28]. This case was
explained by the formation of solid electrolyte interface (SEI) on electrodeposited Li;
non-uniform SEI layer resulted in variations in the local current density and localized
deposition on the root of the filaments [29]. In current case, it is noteworthy that the
localized deposition inside the mossy structures occurs even in an aqueous electrolyte
where SEI formation never occurs. From SEM images of mossy structures like Fig. 2.14,
it is difficult to identify such a certain growth sites inside the filamentous deposits. In
order to shed light on a non-uniform growth of the filament, early stages of the filament

formation will be analyzed in detail in section 2.3.3, below.

(a) (b) (©)

Fig. 2.15 Morphological features of the outer surface of mossy structures during

deposition.
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Top view

For discussing the non-uniform electrodeposition behavior, mossy structure
formation behavior was in sifu analyzed from top view, too. The images taken at —5.0 mA
cm 2 and —20 mA cm 2 are shown in Fig. 2.16 and Fig 2.17, respectively. At higher current
density below that for the dendrite formation, suppression or delay in the mossy structure
formation was expected. Fig 2.18 shows enlarged images of the area shown in the red

square (the surface corresponding to compact deposit) at 480 s in Fig. 2.16.

TS ST e . > 5 ST Vs

1205%

50 pm

Fig. 2.16 In situ CCD images during electrodeposition at —5.0 mA cm 2 (top view).
White arrows indicate the formation of mossy structures. A red square at 480 s

corresponds to an enlarged area in Fig. 2.18.
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480 s 600 s _ 720 s 840 s

Fig. 2.18 Enlarged images of the surface corresponding to compact deposit at —5.0 mA

cm 2. White arrows indicate characteristic structures maintained during

electrodeposition.
At —5.0 mA cm 2, mossy structures are observed immediately after starting the

electrodeposition (60 s, white arrows). Three other structures were formed from compact

electrodeposits around 300 s. The density is further increased around 480 s. Thus, mossy
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structures are successively formed during the observation. Upon such a successive
formation of mossy structures, there are minor variations in the surface morphological
features at compact deposits (Fig. 2.18). This means the deposition locally occurs on
mossy structures, and local current density outside the mossy structure becomes low. At
—20 mA cm 2, initiation of mossy structure is delayed, and density of the structure is lower
than that at —5.0 mA cm 2. However, once it is formed, it continuously increases in the
size. Also, other mossy structures are formed at later stages of deposition. Accordingly,
mossy structures covered the surface at longer duration of electrodeposition even at
relatively higher current density. Continuous electrodeposition in mossy structures
indicates variations in the local current density, which possibly induces the successive
formation of mossy structures as shown in Fig. 2.19; after decreasing the current outside

the existing mossy structure, new structures are successively formed.

™) Local current density Ml Layer-like structures

Substrate mossy structures

i

(1) 1(2) 3) \ 1 , @)
AT ST 1

(a) Initial stages of deposition (b) Growth of mossy structure (c) Successive formation
of the structures

Fig. 2.19 Schematic image of the successive formation of mossy structures by variations

in the local current density

2.3.3Analysis on early stages of the mossy structure formation
Morphological evolution of mossy structures at initial stages of electrodeposition

From in situ analysis shown above, the mossy structure formation was
characterized by the non-uniform electrodeposition at low current density. Once mossy
structures were formed, it induced variations in the local current density, and mossy
structures were successively deposited. Although an increase in the current was effective
to delay the formation of mossy structures, it was difficult to maintain the compact Zn
electrodeposits for long duration. In order to understand the nucleation & growth behavior
behind the mossy structure formation, early stages of deposition where mossy structure
was initiated from compact electrodeposit were investigated. Morphological evolution at

—5.0 mA cm 2 and —10 mA cm 2 were compared in 6.0 mol dm > KOH + 0.25 mol dm®
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zincate. Lower concentration of zincate than in the above study was used to avoid a faster
transition from compact deposits to mossy structures at higher zincate concentration [8].
Fig. 2.20 shows the potential profile during the electrodeposition. Fig. 2.21 shows optical

microscope images of electrodeposits at passed charge for deposition of 5.0 C cm™2.

-1420

—5.0mA cm™

-1430
-1440
-1450 |

—10 mA cm™

-1460 [

Applied Potential E vs.(Hg/HgO) / mV

-1470 . . . .
0 1 2 3 4 5
Passed charge for deposition/ C cm™

Fig. 2.20 The potential profile during the galvanostatic electrodeposition at —5.0 mA

cm 2 and —10 mA cm 2.

(b)

Fig. 2.21 Optical microscope images of Zn electrodeposits at (a) —5.0 mA cm 2 and (b)
-10mAcm2at5.0Ccm 2.

At—5.0 mA cm 2, dark colored deposits corresponding to mossy structures cover
the electrode surface, while bright colored compact deposits are formed at —10 mA cm .
RMS roughness of each deposit is 7.3 and 0.4 um. Cross-sectional SEM images of these
deposits are shown in Fig. 2.22.
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1. Zn electrodeposits

© (d)

Fig. 2.22 Cross-sectional SEM images of Zn electrodeposits at (a), (c) —5.0 mA cm >
and (b), (d) —10 mA cm 2 at 5.0 C cm 2. (c) and (d) are higher magnification images of
(a) and (b).

Filamentous structures are formed at —5.0 mA cm 2, while compact deposits are
maintained at —10 mA cm 2. However, from higher magnification image, compact
deposits are maintained at initial stages of deposition. Filaments are thought to transiently
initiated from the compact deposits at lower current density. Such an initial stage of
filament formation was further analyzed by SEM from top view in Fig. 2.23.
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Fig. 2.23 SEM images of Zn electrodeposits at (a), (¢) —5.0 mA cm 2 and (b), (d) —10
mA cm 2 at 5.0 C cm 2. (c) and (d) were higher magnification images of (a) and (b).

At initial stages mossy structure formation in higher magnification images, filamentous
structures are initiated from the stacking of layer-like structures (microsteps). The
formation of microsteps is observed at —10 mA cm 2, but the size of the terrace (the top
surface of stacking of layer-like structure) is much larger than that at —5.0 mA cm 2. Thus,
a difference between Fig. 2.23 (¢) and (d) is that the microsteps growth toward lateral
direction is suppressed at lower current density. Instead, deposition occurs locally and
continuously on the filamentous structures.

The above-mentioned assumption (the mossy structure formation by suppressed
evolution of microsteps) is testified by changing the potential after forming mossy
structures; mossy structures are formed by potentiostatic deposition at —1420 mV until
passing 3.0 C cm 2, then the potential was stepped to —1480 mV. After passing another
1.0 C cm™2 at this potential, surface morphology was analyzed by SEM.
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Fig. 2.24 SEM images of mossy structures after potential step from —1420 mV (3.0 C
cm 2) to —1480 mV(1.0 C cm ™).

At the bottom part of mossy structures, filamentous structures with c.a 100 nm diameter
are formed. However, at the top parts of the deposits corresponding to deposits formed at
2" potential step (—1480 mV), the stacking of layer-like structures appears inside the
filamentous structures. This observation confirms that the filament formation is
characterized by suppression on the growth of microsteps to the lateral direction and

continuous deposition on the top of the microsteps.

FIB processing and TEM analysis on electrodeposits

Surface morphologies at different current densities were analyzed by TEM. For
performing TEM analysis, the samples were prepared by FIB processing. Fig. 2.25 shows
the surface morphology of Zn electrodeposits formed at —5.0 mA cm 2 and =10 mA cm >

on Zn substrate during FIB processing.
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Fig. 2.25 SEM images during FIB processing of Zn electrodeposits formed at (a), (c)
—5.0 mA cm 2 and (b), (d) —10 mA cm 2. (a) and (b) are SEM images of initial
morphology of the surface. (c) and (d) are SEM images after etching the surface. Thin

plates at the center of images were transferred to the TEM grid.

Prepared samples were transferred to the TEM grids. Obtained TEM images are shown
in Fig. 2.26.
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Deposited

surface

Fig. 2.26 TEM images of samples prepared by FIB on electrodeposits formed at (a), (c)
—5.0 mA cm 2 and (b), (d) =10 mA cm2. (c) and (d) are higher magnification images of
(a) and (b). White arrows denote the surface of the electrodeposits. Red circle on (a)

shows a magnified area in Fig. 2.27.

As discussed in SEM analysis, the surface area of an exposed terrace on each microstep
structure is smaller at —5.0 mA cm 2 than that at —10 mA cm 2; a flat terrace is observed
at the surface of the electrodeposit at —10 mA c¢m 2, while many microsteps with a
narrow terrace are formed at —5.0 mA cm 2. Thus, the evolution of microsteps to the
lateral direction is suppressed, and the formation of a new step structure is favored at
lower current density. Atomic structure at the step (a red circle in Fig. 2.26 (a)) was

analyzed by observation at higher magnification in Fig. 2.27.

/]

5 nm

Fig. 2.27 TEM images of electrodeposited Zn at —5.0 mA cm 2. An enlarged image
denotes the lattice fringe in the deposit.
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Although it is difficult to obtain a clear image over the entire surface, the lattice
fringe is observed in the area shown by a red square. The closed packed plane of the Zn
lattice is likely to be horizontally arranged to the microsteps. In other words, the terrace
of microstep is basal plane of hcp-Zn, (002) plane. This is in accordance with previous
predictions by optical microscope and SEM analysis [30, 31, 25]. Mossy structure itself
also preferentially grows to (002) direction [22, 32, 33]. Therefore, mossy structure is
initiated by continuous deposition on the terrace of microsteps, (002) surface. After
describing the coulombic efficiencies during electrodeposition at different applied
potential, the formation process of mossy structure via microsteps growth is discussed in
234.

Coulombic efficiency at different applied potentials

In order to discuss the mechanism behind the mossy structure formation at low
overpotential, the coulombic efficiency was evaluated after electrodeposition at different
applied potential. Initially, Zn electrodeposition was performed at —1420, —1460 and
—1480 mV until reaching 5.0 C cm2. Then, the electrodeposited film was anodically
dissolved at —1.37 V in a same solution. Additionally, amount of Zn species in
electrodeposited film prepared by the same conditions were measured by ICP-AES. Fig.
2.28 shows LSCM images of the samples for ICP-AES analysis.

(@) (b) ©
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Fig. 2.28 LSCM images of surface morphologies of the electrodeposited Zn on Cu at (a)
—1420 mV, (b) —1460 mV and (c) —1480 mV at 5.0 C cm 2.
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Fig. 2.29 LSCM images of surface morphologies of the electrodeposited Zn on Cu at (a)

—-1420 mV, 1.5 C cm ™2, (b) —1420 mV, 3.0 C cm 2, (¢) —1420 mV, 5.0 C cm 2, (d) —1460
mV, 1.5 C cm 2, (e) —1460 mV, 3.0 C cm 2, and (f) —1460 mV, 5.0 C cm™2.

Fig. 2.30 shows the current profiles during the anodic dissolution
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Fig. 2.30 Current profile during the anodic dissolution of electrodeposited film at
different applied potential with passed charge for deposition of 5.0 C cm 2.
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Fig. 2.31 Current profile during the anodic dissolution of electrodeposited film at at (a)
—1420 mV and (b) —1460 mV with various passed charge for deposition.

The calculated current efficiencies are summarized in Table 2.1.

Table 2.1 Current efficiencies evaluated by anodic dissolution and ICP-AES

Potential/mV  Passed charge / C cm™2 M unodic dissolution/ 70 M 1cp-aEs / %0

—1420 L.5 84 90
—1420 3.0 82 88
—1420 5.0 83 91
—1460 1.5 85 96
—1460 3.0 92 95
—1460 5.0 90 95
—1480 5.0 91 95

At each condition, the coulombic efficiency does not reach 100%. Several reasons are
expected for the loss of the coulombic efficiency; (1) side reactions (hydrogen evolution)
occurs during Zn electrodeposition, (2) electrodeposited Zn became electrochemically
inactive during the anodic dissolution, (3) deposited Zn is re-dissolved again. To discuss
these possibilities, following things are notable. First, the coulombic efficiency is low at
the conditions mossy structures are formed (—1420 mV). In previous study, the large
surface area of mossy structure can be considered to be a cause of corrosion of Zn, which
may induce a dissolution of Zn or oxide formation (corresponding to (2) and (3) in the
above possibilities). However, the coulombic efficiencies are less dependent on the
passed charge for deposition. This means the efficiency is low even before forming mossy
structures. Accordingly, decrease in the coulombic efficiency is caused not only by the

corrosion of electrodeposited Zn but also by inherent factors affecting Zn
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electrodeposition. Furthermore, in all deposition conditions, the value calculated by ICP-
AES is higher than that evaluated by the anodic dissolution. This suggests
electrodeposited Zn becomes partially inactive during the anodic dissolution. In other
words, although Zn species exists in the deposits, it cannot react during the anodic
dissolution. This situation can happen when ZnO is formed during electrodeposition or
by corrosion immediately after electrodeposition.

From these results, it is likely that the decrease in the coulombic efficiency
occurs due to factors (1) or/and (2). First possibility is that hydrogen is codeposited during
Zn electrodeposition. However, increased efficiency in ICP-AES compared to anodic
dissolution cannot be explained by HER only. Another possibility is that ZnO is formed
at electrodeposition at low overpotential. Actually, previous study suggested that ZnO can
be formed by the disproportionation reaction between reaction intermediates for Zn

electrodeposition like (2.5).
2ZnOH — Zn + ZnO + H;O (2.5)

These factors can be considered as causes of irregular deposition behavior at low

overpotential as discussed in 2.3.4.

Effects of cation speceis and concentration of zincate ion on mossy structure formation
As described above, the effects of current density or deposition overpotential on
mossy structure formation is evident; mossy structure is preferentially formed at low
overpotential. However, less attention has been paid to effects of zincate concentration in
the electrolyte on mossy structure formation, while it is well known that dendrite is
suppressed at high zincate concentration. Some studies expected that mossy structure is
suppressed at low zincate concentration region [6, 8]. However, influence of zincate
concentrations on the deposition process at low overpotential region is not clarified. To
understand this, galvanostatic electrodeposition was performed at different concentration
of zincate ions. First, Zn electrodeposition was performed at —5.0 mA cm 2 in the
vertically faced electrode (Fig. 2.1). Fig. 2.32 shows the potential profiles during
electrodeposition at different current density, and Fig. 2.33 shows SEM images after

electrodeposition.
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Fig. 2.32 Potential profiles during the galvanostatic electrodeposition of Zn at —=5.0 mA

cm 2 for 1000 s in a static electrolyte at various concentrations of zincate.

¢ 2.5um

Fig. 2.33 Surface morphologies of electrodeposited Zn at —5.0 mA cm 2 for 1000 s in
6.0 mol dm> KOH + (a) 0.1 mol dm > zincate, (b) 0.25 mol dm zincate, (c) 0.50 mol

dm3 zincate.

As previously discussed, mossy structures formation is suppressed at lower concentration

(0.10 mol dm™). From chronopotentiograms, the potential negatively shifts during

electrodeposition in 0.10 mol dm™ zincate solution, which indicates an increase in the

concentration overpotential; zincate concentration is depleted at the surface. These trends

were further analyzed by using RDE for various concentrations of zincate. Advantages of
RDE is a higher diffusion limited current by the forced convection. In other words, surface

concentration can be maintained higher than that in a static electrolyte. Fig 2.34 shows
the potential profiles during the electrodeposition using RDE in 6.0 mol dm™> KOH +
zincate, and corresponding SEM images are shown in Fig. 2.35 (low magnification
images) and Fig. 2.36 (high magnification images).
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Fig. 2.34 Potential profiles during the galvanostatic electrodeposition of Zn at —=5.0 mA

cm 2 for 1000 s under electrode rotation at 600 rpm with various concentrations of

(d)

1.0 mm

Fig. 2.35 SEM images (low magnification) of electrodeposited Zn at —5.0 mA cm 2 for

zincate.

1.0 mm

1.0 mm

1.0 mm 1.0 mm

1.0 mm 1.0 mm

1000 s under electrode rotation at 600 rpm in (a) 0.40, (b) 0.30, (c) 0.20, (d) 0.10, (e)
0.050, (f) 0.025 mol dm™>, and (g) 0.010 mol dm > zincate solutions.
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Fig. 2.36 SEM images (high magnification) of electrodeposited Zn at —5.0 mA cm 2 for
1000 s under electrode rotation at 600 rpm in (a) 0.50, (b) 0.40, (c) 0.30, (d) 0.20, (e)
0.10, () 0.050, (g) 0.025 mol dm3, and (h) 0.010 mol dm zincate solutions.

From 0.10 to 0.025 mol dm > in Fig. 2.35, the trend is similar to that in a static electrolyte;
mossy structures evolve at higher concentrations of zincate. Compact deposits are
obtained at 0.025 mol dm 3, then dendrites are formed at 0.010 mol dm 3. However, at
concentration more than 0.20 mol dm >, the formation of mossy structure is suppressed
on center part of the electrode. Furthermore, microsteps becomes less defined than that at
0.050 mol dm™3, this trend is not observed in a static electrolyte. Accordingly, mossy
structures are suppressed either by continuous growth of microsteps (as discussed in SEM
and TEM analysis above in a static electrolyte) or by the formation of less defined Zn
facets.

From fundamental understandings of nucleation & growth of electrodeposited
metals, morphological changes from compact to dendrite is interpreted in term of changes
in surface concentration of zincate species near the electrode surface as discussed in
section 1.2.3. When zincate ions are depleted, Zn deposition proceeds under diffusion-
limited condition. However, at lower current density region or high concentration region,
their effects on mossy structure formation has not been explained reasonably; although
concentration of adatoms may alter the deposition behaviors (nucleation density), its
value may not be changed under the galvanostatic condition at low current density region
where diffusion-limited condition is not attained. From analysis on the growth behavior
of mossy structures described above, the formation process of mossy structure seems
governed by non-uniform surface properties of Zn electrode rather than mass transfer of
ionic species in the electrolyte. This is analogous to Li electrodeposition under the

presence of SEI [28, 29]. Furthermore, it is difficult to explain the inconsistent (non-
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linear) dependence of mossy structure formation on Zn concentration under forced
convection.

These findings suggest that the formation of microsteps and non-uniform surface
reaction are influenced by ionic species in the electrolyte. For example, Wiart et al.
claimed that the formation of mossy structures were promoted under the presence of
anodically dissolved zincate species (ADZ), which was supposed to induce the formation
of surface layer on Zn electrode [13-16]. Here, different explanation is attempted by
focusing on the charge of ionic species. Based on the fact that the concentration
dependence is non-linear, and microsteps formation is altered at different concentration
region, I assume it is not reasonable to explain the mossy structure formation only by
zincate concentration alone. Since Zn(OH);~ and Zn(OH), as well as zincate are
negatively charged (chapter 1, eq. (1.3) to (1.6)), deposition behavior may be altered by
surface charge, too. To testify this assumption, Zn electrodeposition was carried out in
5.7 mol dm™> CsOH + 0.044 mol dm > or 0.10 mol dm zincate by using a RDE at —5.0
mA cm 2 for 1000 s. Since Cs* has larger ionic radius (lower charge density) than that of
K, its interaction with electrode surface in outer Helmholtz plane may be weaker than
that of K" or Li". Fig. 2.37 shows the potential profiles during electrodeposition and Fig.
2.38 shows SEM images after electrodeposition.
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Fig. 2.37 Potential profiles during the galvanostatic electrodeposition of Zn at —5.0 mA
cm 2 for 1000 s under electrode rotation at 600 rpm in 5.7 mol dm> CsOH + 0.044 mol

dm™3 or 0.10 mol dm zincate.
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Fig. 2.38 SEM images of electrodeposited Zn at —5.0 mA cm 2 for 1000 s under
electrode rotation at 600 rpm in 5.7 mol dm > CsOH + (a), (c), (¢) 0.044 mol dm ™ or
(b), (d), (f) 0.10 mol dm3 zincate. (c), (e) and (d), (f) are higher magnification images

than that of (a) and (b), respectively.

Influences of cations species in Zn electrodeposition process are evident from following
things. First, deposition potential is negatively (c.a. 20 mV) shifted after changing the
cation species from K to Cs*. From SEM images, compact Zn surface is obtained by
using CsOH solution. The formation of microsteps and mossy structures are totally
changed; stacking of horizontally aligned microsteps are no longer observed, and plate-

like structures are vertically deposited on the surface.

EIS analysis in different alkaline solutions

In order to shed light on the effects of cation species in the Zn electrochemical
behavior, EIS was measured on Zn electrodes in different alkaline solutions (without
zincate ions) at REST potential. A Zn wire embedded in a epoxy resin was used as a
working electrode because a clear capacitive loop was not observed in the electrode
configuration shown in Fig 2.1 or RDE. EIS was successively measured in the different

electrolyte by using the same electrochemical cell and replacing the electrolyte. Two sets
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of experiments were carried out because there was a concern over the reproducibility by
using Zn wires for EIS measurements; variations in surface conditions (e.g. scratches
formed during polishing) easily altered the impedance. First set of experiments were
performed by changing the alkaline solution from 6.0 mol dm > KOH, 1.0 mol dm > LiOH
+ 5.0 mol dm™* KOH, then to 5.7 mol dm> CsOH solutions. Another set of experiments
were performed in the opposite order; CsOH, KOH + LiOH, then to KOH. Nyquist plots
obtained at frequency range 10 kHz to 1 Hz are shown in Fig. 2.39.
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Fig. 2.39 Nyquist plots measured for Zn electrodes in the different alkaline solution

Obtained Nyquist plots exhibits a typical capacitive semicircle and inductive features at
low frequency region. The latter inductive feature is often observed for Zn electrode in
alkaline solution, which is caused by the potential dependent changes in the coverage of
reaction intermediates (e.g. ZnOHaq) during electrodeposition or dissolution of Zn [34,
35]. Shape and size of a capacitive semicircle vary between each experimental set
possibly due to different surface conditions of the employed working electrode. Therefore,
quantitative comparison is difficult from this result, and only qualitative trend is discussed.
When same surface condition is assumed in each experimental set, it is notable that charge
transfer resistance (intersection points of the plots at lower frequency to dashed line (—Im

7=0) corresponds to sum of the solution resistance Rs and charge-transfer resistance Re()
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increases in CsOH solution, while the difference in the solution resistance is less
remarkable. This indicates that the elementary steps for electrodeposition or anodic
dissolution of Zn are suppressed in CsOH solution. This trend is in consistent with
increased overpotential for Zn electrodeposition. Also, in chapter 5, enhanced anodic
dissolution by Li" addition will be discussed. Therefore, electrochemical reactions of Zn
are facilitated by the presence of Li" or K at the surface. This is possibly due to
significant interactions of reaction intermediates of Zn (e.g. Zn(OH); ") with cation having
large charge density (charge density is in the order; Li™>K"™>Cs"), which may facilitate
the certain elementary step. Similar trend was observed in Pt oxidation in alkaline
solution; the stability of the reaction intermediates of Pt changed by interaction with Li"
on the surface [36]. Therefore, cation species also affect the non-uniform deposition
behavior through interacting with negatively charged reaction intermediates, and
localized deposition is possibly induced by non-uniform distribution of cation (Li* or K*)
species on the surface. Furthermore, the inductive features at low frequency region is
considerably different in CsOH solution; inductive semi-circle more clearly appears than
that in KOH or LiOH solution. Since the inductive features at this region originate from
potential dependence of coverage of Zn intermediates, its potential dependence may be
varied by different interactions with cation species.

At this moment, it is difficult to quantitatively carry out the fitting to obtained
Nyquist plots due to lack of understandings on the inductive features at low frequency
region and variations by surface conditions of Zn electrodes. For qualitative comparison
of the capacitive feature, fitting is performed for the frequency range 10 kHz — 10 Hz
based on the equivalent circuit shown in Fig. 2.40. To simplify the response, solution
resistance (Rs) connected to parallel constant phase element (CPE) and charge-transfer

resistance (R2) are considered [37].

CFE

Fig. 2.40 Equivalent circuit composed of Rs, R and CPE

CPE is introduced instead of capacitor to consider the different surface conditions (e.g.
roughness) of the electrode. Since obtained capacitive semicircles in Fig. 2.39 are
distorted from perfect semicircles, it is impossible to fit the curve to the equivalent circuit

with general capacitor. Fitted curves are shown in Fig. 2.41. Values for Rs, R, CPE

78



Chapter 2

constant (Tcpg) and CPE exponent (p) are summarized in Tables 2.2. Apparent

capacitance, C can be calculated from CPE constant and exponent from (2.6) and surface
area=1.96x107% cm? [37].

C = Tepp /P RA-P)/P (2.6)
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Fig. 2.41 Fitted curves to Nyquist plots obtained in various alkaline solutions for (a)-(c)
first experiment and (d)-(f) second experiment. (a), (d) KOH, (b), (¢) KOH + LiOH, (c),
(f) CsOH solutions.

Table 2.2 Value of resistance and CPE in the fitted curve to Fig. 2.39(a)

KOH KOH + LiOH CsOH
R,/ kQ 12.2 9.72 10.3
Tepg/ F 57! 1.40 % 10°8 1.69% 107 1.28 % 1078
p/- 0.8076 0.8118 0.8239
R,/ kQ 117 115 139
Calculated C / pF cm ™2 1.55 2.03 1.69
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Table 2.3 Value of resistance and CPE in the fitted curve to Fig. 2.39(b)

KOH KOH + LiOH CsOH
R,/ kQ 14.0 14.1 15.3
Tepg/ F P! 423x%10° 437x107° 1.49x107°
p/- 0.9000 0.8940 1
R,/ kQ 133 139 159
Calculated C / puF cm™ 0.939 0.925 0.758

The calculated values vary depending on experiments. Especially p value is
different in Table 2.2 and 2.3 possibly due to the different surface state (e.g. roughness is
expected to be low in 2™ experiment based on the p value close to 1). This limits the
applicability of the analysis, and the order of some values are not in consistent between
two experiments. Therefore, it is difficult to discuss the trends other than charge-transfer
resistance mentioned above; R> increases in CsOH solution in both experiments. Since
cation species are known to alter the capacitance value, it is noteworthy to discuss
different capacitance value in each solution [38]. Qualitatively, the capacitance increases
in the Li" containing solution than that in Cs* containing solution despite large hydration
radius of Li". This implies that cation with large charge density can considerably interact
with Zn surface, which results in higher capacitance. But, conclusive results are still
missing due to a different order in the first and second experiment (KOH solution exhibits
2" highest value in first experiment and the highest value in second experiment.). For
future research, it would be valuable to analyze the EIS spectra quantitatively by focusing
on capacitance and inductive features. Especially, the latter is closely related to
elementary steps for Zn electrodeposition as previously pointed out [34, 35]. Although it
1s still difficult to conclude effects of cation species in electrochemical behaviors and
surface morphologies, its effects (including the concentration dependence) are

rationalized in 2.3 .4.

2.3.4 Mechanisms of the mossy structure formation

From in situ optical microscope analysis on the formation behavior of mossy
structure, it was characterized by non-uniform electrodeposition of Zn at low
overpotential region. Despite increase in the surface area of electrodeposits, the
deposition locally and continuously occurred inside the structure. At microscopic level,
SEM and TEM investigations on the early stages of mossy structure formation revealed
that filamentous structure was initiated from microsteps. The growth of microsteps

toward the lateral direction is suppressed at low overpotential. This situation is
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schematically shown in Fig. 2.42.
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Fig. 2.42 Formation process of mossy structures from microsteps

From fundamental understandings of metal electrodeposition, the suppression of
microsteps growth at low overpotential is unique because electrodeposition at low
overpotential generally favors two-dimensional structures with low surface roughness
(minimum product of surface free energy and surface area) [4, 23]. Since Zn basal plane,
(002) plane is the close packed surface, it has the lowest surface energy among Zn crystal
facets. This means Zn is electrodeposited in a manner exposing the rough surface with
higher surface free energy than that of basal plane. This is the opposite to the trend
mentioned above.

This growth process is interpreted as locally continuous deposition on the terrace
sites of microsteps. Mitsuhashi et al. claimed that continuous 2D nucleation tends to occur
on basal plane because this plane has larger terrace than other plane, and the ad-atom
mobility on this surface is low [32]. However, this explanation does not clarify why it is
favored under low overpotential. There must be factors which induce localized
depositions on microsteps structures.

From previous studies, some researches assumed that Zn surface in alkaline
solution was covered by oxide layer, and Zn electrodeposition occurs through this layer
[13-16]. The oxide formation from reaction intermediate of Zn
electrodeposition/dissolution is considered like (2.4). Also, hydrogen adsorption is often
considered as a cause for the irregular deposition behavior especially in acidic media as
discussed in (1.11) [39, 40]. In current study, it was confirmed that the coulombic
efficiency during Zn electrodeposition was low even at initial stages of deposition where
mossy structure did not sufficiently evolve, which was not explained by the corrosion of

mossy structure. This indicates that the side-reactions (hydrogen adsorption or oxide
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formation from reaction intermediates) are considerable factors affecting nucleation &
growth behavior; by forming Haq on terrace sites or partial passivation of steps by ZnO,
nucleation is favored at the terrace of microsteps.

Additionally, comparison between effects of K™ and Cs* poses a new viewpoint
from interfacial structure of Zn electrodes. Since deposition potential of Zn is negatively
shifted (charge-transfer resistance is increased in EIS) and microsteps formation is altered
(uniform nucleation is promoted) by Cs*, Zn deposition process is considerably
influenced by interactions between negatively charged Zn intermediates like Zn(OH)*",
Zn(OH)*" and cation species. When K is used, it interacts with zincate species by high
charge density (small ionic radius). This facilitated the reaction and higher mobility of
intermediate species at the surface where K is adsorbed (this refers to non-specifically
adsorbed cation, or cation in outer Helmholtz plane) [36]. Well-defined facets with large
terrace formed in KOH solution may originate from such an interaction. Upon formation
of mossy structure, there is possibly non-uniformity in the distribution of cationic species
over the electrode surface (facet selective adsorption of K*). Limited mobility of Zn
intermediate may result in localized deposition. Such an interaction may be diminished
in CsOH solution because of low charge density (large ionic radius) of Cs*. Deposition
of large, well-defined facet is suppressed due to limited mobility of intermediate species.
Instead, deposition is forced to occur through large number of nucleation event, which
requires the higher degree of supersaturation of ad-atoms (higher deposition
overpotential.) As a similar effect to Cs”, tetra-alkyl-ammonium cation (TAA") is known
to possess the suppression effects on dendrite [41]. It was reported that the suppression
effects were enhanced by long alkyl chain (suppression effects were in the order of
methyl<ethyl<propyl group). The reason was ascribed to physical adsorption of TAA" on
Zn surface via alkyl chain, and the physical covering in active sites for Zn
electrodeposition. Considering that Cs* possesses similar effects on compact Zn
electrodeposition, not only physical blocking but also an electrostatic interaction of Zn
intermediate species in the electrical double layer is responsible for different
electrodeposition behavior; such an interaction is also expected to be weak with TAA™
because of the bulky structures.

The concentration dependence of mossy structure formation is rationalized from
the interactions between cations and reaction intermediates. At low concentration (but
higher than that for dendrite initiation), compact Zn electrodeposits with microsteps
structures are formed (Fig. 2.36(g)). Here, K' can considerably interact with intermediate
species on the surface because K* is not sufficiently surrounded by negatively charged

zincate in the solution. Then, reaction intermediates possess high mobility to form well-
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defined facet. At intermediate concentration range (e.g. Fig. 2.36(f)), interaction between
K" and surface becomes partially weak due to increase in the negatively charged zincate
in electrolyte. In this case, Zn species may accumulate on the surface which can interact
with K*. Then, deposition is localized on this facet. Further increase in the zincate
concentration shields cation species in the solution, and it results in suppression in the
interaction between cation and the surface. In this case, deposition occurs regardless of

non-specifically adsorbed cation, which induces a deposition of less-defined microsteps.

2.3.5 Morphological changes during pulsed electrodeposition

Pulsed electrodeposition is one of the effective methods to suppress the irregular
electrodeposits. By periodically setting the electrodeposition and halt of reactions at rest
potential, the depletion of ionic concentrations during the deposition is recovered at rest
potential. Which may suppress the formation of dendrites under diffusion limited
conditions. However, the morphological changes of mossy structures by pulsed
electrodeposition are not understood. Here, electrodeposition behaviors of dendrites and
mossy structures under pulsed electrodeposition and galvanostatic conditions are
compared.

Figure 2.43 shows potential profile during galvanostatic electrodeposition at
—5.0 mA cm 2 and =50 mA ¢cm 2 in 6.0 mol dm > KOH + 0.50 mol dm> zincate. Passed

charge for deposition was set to 3.0 C cm 2,
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Fig 2.43 Potential profiles during the galvanostatic electrodeposition in 6.0 mol dm™
KOH + 0.50 mol dm™ zincate at (a) —5.0 mA cm 2 and (b) —50 mA cm 2.

At —5.0 mA cm 2, the deposition potential is slightly shifted to the positive value. On the
other hand, the potential drops to the negative value around 20 s and oscillates at =50 mA
cm 2. Since the deposition potential reaches below —1800 mV, hydrogen evolution occurs
and Zn electrodeposition may proceed under the diffusion-limited condition. This trend
indicates the evolution of dendrites as discussed in Fig. 2.8. Pulsed cycle is introduced at

each current density. The potential profile is shown in Figs. 2.44 and 2.45.
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Fig. 2.44 Potential profiles during the pulsed electrodeposition at —5.0 mA cm 2 for 1 s

and 0 mA cm 2 for 1 s; (a) entire profiles, profiles, enlarged profile at (b) 0 s — 60 s, (c)
600 s- 660 s, and (d) 1140 s — 1200 s.
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Fig 2.45 Potential profiles during the pulsed electrodeposition at =50 mA cm 2 for 1 s

and 0 mA cm 2 for 1 s; (a) entire profile, enlarged profile at (b) 0 s — 60 s, and (c) 60 s —

120 s.
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In the case of lower current density, the potential value stays in the similar value to that
at constant current, c.a. —1420 mV. On the other hand, at high current density, deposition
potential becomes much positive than that at constant current. Since the most negative
value during deposition is c.a. =1500 mV around 30 s, zinc electrodeposition proceeds
before reaching the diffusion-limited condition. This means the surface concentration of
zincate is recovered during REST period.

Morphological variations were analyzed by an optical microscope and SEM after
the galvanostatic electrodeposition and pulsed electrodeposition. Results are shown in

Figs. 2.46 and 2.47, respectively.

Fig 2.46 Optical microscope images of Zn electrodeposits formed after (a) galvanostatic
electrodeposition at —5.0 mA cm 2, (b) pulsed electrodeposition at —5.0 mA cm 2, (c)
galvanostatic electrodeposition at =50 mA cm 2, and (d) pulsed electrodeposition at —50
mA cm 2.
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Fig. 2.47 SEM images of Zn electrodeposits formed after (a) galvanostatic

electrodeposition at —5.0 mA cm 2, (b) pulsed electrodeposition at —5.0 mA cm 2, (c)
galvanostatic electrodeposition at =50 mA cm 2, and (d) pulsed electrodeposition at —50
mA cm 2.

At lower current density, the evolution of mossy structure is evident from the dark colored
deposits in an optical microscope image. Although the density of the structures decreases
by introducing the pulsed cycle, its elimination is impossible. Furthermore, this decrease
in the density may be caused by partial dissolutions of the structures during REST
potential as discussed below. In contrast, pulsed electrodeposition is effective to suppress
the formation of dendrite at higher current density region (Figs. 2.47 (c) and (d)). This is
because electrodeposition under the diffusion-limited condition can be avoided by
introducing the pulsed cycle as discussed in the potential profiles.

The Coulombic efficiency during each electrodeposition is evaluated by
performing galvanostatic dissolution at +10 mA cm ™2 after electrodeposition in each

condition. Fig. 2.48 shows the potential profiles during the dissolution.
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Fig. 2.48 Potential profiles during the galvanostatic dissolution of electrodeposited Zn
formed by galvanostatic electrodeposition and pulsed electrodeposition at (a) —=5.0 mA
cm 2 and (b) =50 mA cm 2.

The Coulombic efficiency, n is evaluated by the time required for potential increase (¢
sec) to the positive value, (2.2). Table 2.4 shows the calculated value.

Table 2.4 Coulombic efficiency during the galvanostatic and pulsed electrodeposition

Deposition Condition Coulombic Efficiency / %
Constant Current (—5 mA cm™2) 89
Pulsed Deposition(—5 mA cm™) 77
Constant Current (=50 mA cm2) 80
Pulsed Deposition (=50 mA cm™) 92

At high current density, the coulombic efficiency is improved by the pulsed
electrodeposition. This is because hydrogen evolution is suppressed by avoiding the
diffusion-limited conditions of zincate. On the other hand, the coulombic efficiency is
worsened by the pulse during mossy structure formation. This indicates that partial
dissolutions occur on mossy structures due to a large surface area by the filamentous
electrodeposits.

Thus, although pulsed electrodeposition is effective to suppress the formation
of dendrite at high current density by enhancing the mass transfer of zincate ions, it has
the negative influence on the Coulombic efficiency at low current density region. This
is because the filamentous structures are corroded upon introduction of REST potential.
This demonstrates that different strategies other than controlling mass transfer are

required for suppressing the mossy structure formed at low current density region.
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Conclusion

Evolution of mossy structures during electrodeposition of Zn at low
overpotential or current density was investigated to elucidate nucleation & growth
process behind the irregular deposition behavior. From in situ optical microscope
observation, a continuous increase in the surface area was observed during the mossy
structures formation under the galvanostatic condition. In other words, the growth rate
didn’t decrease even after forming the rough deposits. This was in contrast with dendritic
growth at higher current densities where an increase in surface area resulted in decreased
growth rates. This result indicated that the formation of mossy structures was
characterized by a non-uniform current distribution in the structures; not all surface
contributed to the reaction, but an electrodeposition locally and continuously occurred in
certain sites inside the structures. At initial stages of the electrodeposition, mossy
structures were initiated from the stacking of layer-like structures (microsteps). SEM and
TEM analysis revealed that the growth of microsteps towards lateral directions were
suppressed at low overpotential, and an electrodeposition continuously occurred on the
terrace sites of microsteps. Thus, mossy structures are thought to be initiated by non-
uniform evolution of microsteps. Such a deposition behavior was coupled with the low
Coulombic efficiencies during electrodeposition, which suggested that the non-uniform
deposition behavior was caused by hydrogen adsorption or oxide formation on microsteps.
Furthermore, cation species in the electrolyte are thought to interact with the reaction
intermediates of Zn deposition; cation with large charge density can facilitate the
electrodeposition and dissolution reactions. This affects the crystal growth behavior

(microsteps evolution) of electrodeposited Zn.
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3.1 Introduction

As demonstrated in chapter 2, one of the major drawbacks of Zn flow-assisted
battery is the evolution of mossy structures during charging. Controlling methods are
required to suppress the formation of mossy structures and maintain the compact deposits
during the charge-discharge cycles. Although a control of electrolyte flow is one of the
possible methods, it is difficult to maintain the compact deposits at thicker Zn film
(corresponding to the deep depth of charge) [1-4]. One of the major methods for
controlling morphological evolution of electrodeposits is using an additive. For example,
the addition of polyethylene glycol (PEG) or polyethylenimine (PE) exhibited the
suppression effects on the formation of dendrites [5, 6]. However, the use of organic
species in the battery is sometimes unrealistic because they can be decomposed during
the reaction and cannot tolerate the long-term cycling. Furthermore, they often decreased
the conductivity of the electrolyte and increased the overpotential for electrodeposition,
which are disadvantages to gain high voltaic efficiencies [5, 6].

As an alternative method for the organic additives, metal additives often attract
attention for controlling the morphological evolution of Zn negative electrode [7-9]. For
example, by adding Pb ion in the electrolyte, the formation of mossy structures is
suppressed [10-13]. In general, these effects are ascribed to codeposition of additive metal
with Zn; after deposition of additive species with Zn, electrodeposition behavior of Zn is
altered depending on the chemical property of the codeposited metal [14-17]. However,
several aspects need to be further clarified. First, there are a lot of uncertainties about the
substantial involvements of the additive species in Zn electrodeposition. For example,
although the suppressed hydrogen evolution by additive species is often correlated with
a compact electrodeposition, its validity is not clear [11, 15, 16, 18]. Second, despite
several additive species reported before, there are no comparable studies between additive
species. In addition to their effects on a compact electrodeposition, an influence on
charge-discharge characteristics is also important for practical use.

Based on these backgrounds, aim of this chapter is to clarify the effects of metal
additives (Pb, Sn and In) in the Zn electrodeposition process, and establish the systematic
basis to apply the metal additives for the practical battery operation. For first purpose,

electrodeposition behavior of Zn with additive species were thoughtfully investigated in
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three-electrode configuration by focusing on the electrochemical behavior during
electrodeposition, morphology, texture and composition of the electrodeposits. Latter
aspects were discussed based on the analysis of the additive effects under the conditions
close to the practical operation (e.g. wide-range of current densities, deep depth of charge,
introducing electrolyte flow, performing charge-discharge cycles) of the Zn-Ni flow-

assisted battery.

3.2 Methodology

3.2.1 Analysis on effects of metal additives on morphological evolution of Zn

Effects of the additive species were analyzed by using the electrochemical cell
used in chapter 2; the working electrode and the counter electrode were vertically faced
each other. The working electrode was electron beam evaporated Cu on silicon wafer. A
mechanically polished Zn (99.5%, 0.30 mm thickness, Nilaco) or Sn plate (99.9%, 0.50
mm thickness, Nilaco) with mirror-finished surface was also used as a working electrode
for linear sweep voltammetry (LSV) and comparing morphological evolution. Electrode
surface area was 0.50 cm? confined by the electrode holder.

The electrolyte containing additive species (Pb, Sn or In) were prepared as
follows. Basically, metal sources without a foreign counter anion (e.g. CI” or NO3") are
used in order to investigate the effects derived only from the cation species. An exception
was indium; since the solubility of In(OH); and In>Os3 is limited in alkaline solutions,
InCl3-4H,0 was used as a In source. For Pb containing solution, 5.0 mmol dm~ PbO
(reagent grade, Kanto chemical) was first dissolved in 48wt% KOH (UGR grade, Kanto
chemical). This solution was diluted by pure water to obtain 6.0 mol dm~ KOH + 0.010,
0.10, 1.0 mmol dm ™ PbO. Sn containing solution was prepared by first dissolving 0.10
mol dm~ K>SnOs-3H,0 (99.9%, Sigma-Aldrich) in pure water, then this solution was
mixed with 48wt% KOH to yield 6.0 mol dm— KOH + 5, 10, 25, 50 mmol dm > K>SnO;-
3H0. For In additive, 5.0 mmol dm ™ InCls-4H>O (97%, Sigma-Aldrich) was directly
dissolved in 6.0 mol dm™> KOH and this solution was diluted to yield 6.0 dm> KOH +
0.10, 1.0 mmol dm ™ InCl3-4H>0. To investigate the effects of types of In salts, In(OH)s
(99.99%, Sigma-Aldrich) was also directly dissolved in 6.0 mol dm~ KOH to yield 1.0

mmol dm™ In(OH); solution. For each solution, 0.25 mol dm™> ZnO (reagent grade,
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Kanto chemical) was dissolved in the final step to form zincate ions. The solution without
additive was 6.0 mol dm > KOH + 0.25 mol dm zincate. The composition of electrolytes

are summarized in Table 3.1.

Table 3.1 Composition of the electrolyte

Concentration / mol dm™

KOH 6.0
Zno 0.25

PbO 0-1.0%107

K,SnO; - 3H,0 0-50%1072

InCl,-4H,0 0-5.0%107

In(OH), 0,1.0 X103

Electrochemical measurements were performed by using an electrochemical
measurements system (HZ-7000, Hokuto Denko). LSV was performed by sweeping the
electrode potential from REST potential to —2.0 V at scan rate of 20 mV s™!. Zn
electrodeposition was performed by galvanostatic condition at —5.0 mA cm ™2 for 1000 s.

Surface morphologies of electrodeposited Zn was analyzed by an optical
microscope equipped with Charge Coupled Device (CCD) camera (VC-3000, Omron)
and SEM (SU-8240 and S-5500, Hitachi). Surface roughness of the electrodeposited Zn
was evaluated by a laser scanning confocal microscope (VK-9510, Keyence). Crystal
structures of the deposits were analyzed by X-ray diffraction (XRD, Rint-Ultima III,
Rigaku). The content of Pb and Sn in the deposit was analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, 5500x, Agilent) after dissolving the Zn
electrodeposits in nitric acid solution. The depth profile of the deposits composition was
analyzed by glow discharge optical emission spectroscopy (GDS, GDA750, Rigaku). The
chemical state of In in the film was analyzed by X-ray photoelectron spectroscopy (XPS,
JPS-9010TR, JEOL).

95



Chapter 3

3.2.2 Controlling charging behavior of Zn-Ni flow-assisted battery by In and Sn
additives

The effects of In and Sn additives were investigated under the conditions close
to the practical operations of Zn-Ni flow-assisted batteries. This analysis was performed
in R&D Center Kagoshima, Kyocera Corporation during the internship work. As a current
collector for the negative electrode (a substrate for Zn electrodeposition), a copper plate
(0.30 mm thickness, Taiho Trading Co., Ltd.) was used. A positive electrode was Ni(OH)»
on a Ni current collector. An electrode surface area of each electrode was defined to 50
cm? by the channel plate and the rubber covers shown in Fig. 3.1(a). The distance between
the electrodes were 2.2 mm. The capacity of the positive electrode was 2160 mAh
(equivalent charge = 155.5 C cm™2). The capacity and charge-discharge rates mentioned
in this section were based on this value; i.e. 1C rate means 2160 mA =43.2 mAcm 2. A
membrane separator between negative and positive electrode was not introduced in this
study, which was analogous to previous studies of the Zn-Ni flow-assisted battery [18,
19]. Such a cell configuration was possible because the concentration polarization was
not increased even without separator under electrolyte flow though an influence of
intermixing of reactant and byproducts was inevitable as discussed in the results section
[9]. An electrolyte for the analysis was 6.5 mol dm> KOH + 0.60 mol dm ™ zincate
solution. This solution was prepared by first dissolving ZnO (reagent grade, >99.0%,
Kanto chemical) in deionized water at 80 °C. Desired concentrations were obtained by
adding KOH (reagent grade, >86.0%, Kanto chemical) and deionized water. Higher KOH
concentration than section 3.2.1 was chosen because it exhibited higher conductivity. Also,
zincate concentration was increased to suppress the formation of dendrite during charging.
As an additive, K2SnOs3-3H20 or InClz - 4H,O was added to the electrolyte. Initial
concentration of the additive species was 50 mmol dm >, and this solution was diluted to
obtain desired concentrations of additives. Electrolyte flow was introduced by a cassette
tube pump (SMP-21AS, As-one) from the inlet located at the bottom of the cell to the
outlet at the top. For the analysis on the morphological variations at several charging rates,
the electrolyte was not circulated but flown from the reservoir to the bottle for the wasted
electrolyte to avoid a decrease in the zincate concentrations of the electrolyte. During

charge-discharge cycles, the electrolyte was circulated between the cell and the reservoir.
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After reactions, deionized water was circulated for 10 min before disassembling the cell.
Then, Zn negative electrode was rinsed with deionized water again and dried in air. The

charge-discharge conditions of the cell is shown in Table 3.2.

(b) (©)

Fig. 3.1 Electrochemical cell for analysis of Zn-Ni flow-assisted battery. (a) Channel
plate inside the cell, (b) rubber plate defining the electrode surface area and the distance

between the electrodes, (c) outer appearance of the cell.

Table 3.2 Charge-discharge conditions of Zn-Ni flow-assisted battery

Depth of charge 540 mAh /2160 mAh
Charging rate C/20 - 1C rate
Flow rate 0.2,1.0,2.0 mL/sec
Temp. R.T. (24-25°C)

Charge-discharge operations were performed by the battery cycler (Bio-Logic,
BCS-815). For analyzing the morphological variations after charging and charge-
discharge cycles, the capacity was mainly limited to 540 mAh in order to avoid the
degradation on the positive electrode at deep depth of charge. Surface morphologies of
the negative electrode after reactions were investigated by a digital camera, an ptical
microscope (SMZ445, Nikon) equipped with a CCD camera (Dino-Eye Premier M,
Thanko). SEM (6700 F, JEOL) was also used for analyzing the microstructures of Zn
electrodeposits. Composition of Zn, Sn and In were analyzed by ICP-AES (ICPS-8100,

Shimazu). The analyte was prepared by dissolving the electrode in nitric acid solution.
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3.3 Results and Discussion

3.3.1 Effects of metal additives on morphological evolution of Zn
Effects on the polarization behavior during Zn electrodeposition

Based on previous researches regarding the additive effects on Zn negative
electrode, additive species are supposed to meet following requirements. These criteria is
qualitatively inferred from previous researches and its validity and underlying mechanism
are investigated through this chapter. First, additive metals should be codeposited with
Zn. For example, Moser confirmed Bi electrodeposition prior to Zn deposition, which
was thought to provide a conductive path for the active materials (Zn powders) [20].
Second, the overpotential of deposited additive for HER is sufficiently high to avoid self-
discharge (decrease in Coulombic efficiency) [7, 9, 18, 21, 22]. Since the electrochemical
reactions (Zn electrodeposition and water decomposition) can occur on codeposited metal,
HER is also promoted depending on the additive metals. HER during charging is
sometimes correlated with the mossy structure formation, too. Accordingly, metal with
low melting point is often used as an additive for Zn battery because they have higher
overpotential for HER. In this chapter, I attempt to understand another underlying reason
why the metal with low melting point is beneficial for Zn negative electrode. Third,
additive species should be soluble in an alkaline solution as ion though some previous
studies used additives as powders (oxide particles) [8, 11, 20]. This feature is
advantageous for the application in flow-assisted battery in terms of the scalability and
cost; it 1s possible to control the charge-discharge cycles simply by introducing additive
species in the electrolyte.

Based on these criteria, effects of Pb, Sn and In were investigated as additives to
suppress the formation of mossy structures. As and TI are also expected to have high
overpotential for HER, but they have a toxicity [23]. There is some literature about Bi
addition effects [19, 24], but it is relatively expensive [25]. Pb is well-known additive to
obtain compact Zn electrodeposits previously [10-13]. However, effects of Sn and In on
the formation of mossy structure are not well elucidated, yet. Furthermore, toxicity of Pb
is unfavorable for the battery application to meet the regulations like RoHS. Following
additive salts were basically used otherwise noted; PbO, KoSnOs3+3H>0, and InCls-4H>0.
Latter two sources were selected because they were more soluble than oxide or hydroxide
species.

First, the effects of three additives on the polarization behavior during Zn
electrodeposition was analyzed. Fig. 3.2 compares LSV of Cu electrodes in the solution

containing various concentrations of Pb, Sn and In additives.
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Fig 3.2 Linear sweep voltammograms of Cu electrodes in 6.0 mol dm ™ KOH + 0.25
mol dm™ zincate +; (a) 0.010 — 1.0 mmol dm Pb, (b) 1 — 50 mmol dm > Sn and (c)
0.10 — 5.0 mmol dm ™ In.

The peak around —1.4 V is due to Zn electrodeposition and current increase around —1.9
V is caused by hydrogen evolution by the decomposition of water as discussed in chapter
2. By adding the additive species, there are two distinctive changes in the voltammograms.
First, the deposition potential is shifted to the negative value by adding Pb. Second, HER
is promoted or suppressed depending on the additive species. Pb and In decreases the
current for HER at —2.0 V, while the onset of HER becomes positive by adding Sn.
Former changes suggest that a larger overpotential is required for Zn
electrodeposition at the presence of Pb. In other words, the deposition reaction of Zn is
suppressed by the presence of Pb. The elementary steps for Zn electrodeposition were

written as following equations [11].
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2H,0 + ¢ — Ha + OH™ (3.1
Zn(OH)s*~ = Zn(OH), + 20H" (3.2)
Zn(OH), + ¢ — Zn(OH). + OH™ (3.3)
Zn(OH)ad + Haa » Zn + H0 (3.4)
Zn(OH)u + € — Zn + OH™ (3.5)

At the presence of Pb, the elementary step (3.1) and (3.4) were thought to be suppressed
due to high overpotential of Pb for HER. This is also thought to be beneficial for obtaining
compact electrodeposits. However, such a suppression effect is not expected in the case
of In and Sn addition because of no negative shift in the potential in Fig. 3.2. Also, this
trend is better than that of Pb because an increased overpotential results in loss of the
voltaic efficiency.

The latter effect was in accordance with the overpotential for HER of each
additive metal. Pb and In have higher overpotential for HER, while Sn has slightly lower
overpotential for HER [23, 26] than that of Zn. Retarded HER is advantageous for
suppressing the corrosion of Zn (self-discharge) [7, 9, 18, 22].

The effects of metal species on Zn electrodeposition reaction are apparent from
the discussion above. However, it is difficult to distinguish the reduction current for
additive species in Fig. 3.2. To confirm the deposition of the additive metals, LSV of Zn
electrode was measured in the solution containing only 6.0 mol dm > KOH + 50 mmol
dm™ Sn or 5.0 mmol dm™ In. Zn working electrode was used to demonstrate the additives

deposition on Zn surface. The results are shown Fig. 3.3.

Blank
Sn 50 mM
In 5.0 mM

Current Density / mA cm?

-80
-2 -1.8 -1.6 -1.4

Applied Potential E vs.(Hg/HgO) /V

Fig 3.3 Linear sweep voltammograms of Zn electrodes in 6.0 mol dm > KOH (blue), 6.0
mol dm— KOH + 50 mmol dm™ Sn (green), and 6.0 mol dm > KOH + 5.0 mmol dm>
In (red).
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In the Sn containing solution, there is a shoulder-like peak around —1.8 V. This is caused
by the reduction of Sn(IV) to Sn(Il). The polarization behavior at HER region is almost
same to that without additive. In the case of In addition, there is no remarkable peak
though the current slightly increases around —1.8 V. But, indium deposition is inferred
again from suppressed HER at —2.0 V. These results indicate that the additive species are
deposited with Zn though the reduced amount is much smaller than that of Zn, which is

in accordance with the composition analysis shown below.

Morphological variations of electrodeposited Zn at various additive concentrations

Zn electrodeposition was performed by galvanostatic conditions at —5.0 mA
cm 2 for 1000 s to investigate the effects of the additive species on the morphological
evolution. Fig. 3.4 represents the potential transients during the deposition at various
concentrations of additive species.

(a) (b)
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>
?a ! e matn——  —— ————
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Fig 3.4 Chronopotentiograms during Zn electrodeposition at =5.0 mA cm 2 in 6.0 mol
dm 3 KOH + 0.25 mol dm? zincate + (a) 0.010 — 1.0 mmol dm > Pb, (b) 1 — 50 mmol
dm™ Sn and (c) 0.10 — 5.0 mmol dm™ In.
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The deposition potential is negatively shifted by Pb additive, while the potential stays in
a similar region in the case of Sn and In addition. This trend is in accordance with LSV
measurements (Fig. 3.2). In addition, there is a potential maximum in 0.10, 1.0 mmol
dm™ Pb, 1.0 and 5.0 mmol dm™> In addition. Such a peak is often observed during the
metal deposition on a foreign substrate [27]. It possibly originates from Pb / In deposition
on Cu surface or Zn electrodeposition on additive metals (e.g. Gallaway et a/ confirmed
that Bi additive was electrodeposited prior to Zn electrodeposition, and the they termed
the Bi effects to “substrate effects” [24]). After electrodeposition, surface morphologies

of representative condition were investigated by an optical microscope.
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Fig. 3.5 Optical microscope images of surface morphologies of Zn electrodes after
electrodeposition; (a) without additive, (b) 0.010 mmol dm > Pb, (c) 0.10 mmol dm™
Pb, (d) 1.0 mmol dm 3 Pb, (e) 5.0 mmol dm > Sn, (f) 10 mmol dm > Sn, (g) 50 mmol

dm™ Sn, (h) 0.10 mmol dm > In, (i) 1.0 mmol dm~3 In and (j) 5.0 mmol dm™ In.

The RMS roughness was evaluated by laser scanning confocal microscopy. Table 3.3

shows the average + S.D. value.
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Table 3.3 RMS roughness of Zn electrodeposits at various additive concentrations

Additive  Concentration/ mmol dm™>  RMS roughness/ mm

No additive - 7.29 +£0.05
Pb 0.010 0.82 +0.01
Pb 0.10 1.19 £0.03
Pb 1.0 0.21 £0.01
Sn 5.0 6.07 +0.48
Sn 10 3.71 £0.05
Sn 25 0.45 +0.01
Sn 50 0.57 +0.00
In 0.10 0.52 +0.02
In 1.0 0.41 +0.02
In 50 0.44 +0.01

By adding the additive species, the formation of mossy structures is suppressed, and
compact deposits (white color) is obtained. However, its concentration dependence is
considerably different each other. In the case of Pb and In, less than 0.10 mmol dm
addition is effective to suppress the structure, while more than 25 mmol dm™ is required
for Sn addition. This concentration dependence is caused by variation in deposited
amount with Zn; From composition analysis by ICP-AES (Table 3.4 and 3.5), the content
of Sn is much smaller than that of Pb. (The value shown in red color in the table is less
than the detection limit.) Thus, the suppression of mossy structure is possible when
sufficient amount of additive species are reduced with Zn. This corresponds to the first
criteria mentioned in the beginning of the results section, and is first report that describes
correlations between additive performance and its contents in Zn electrodeposits. The
compositional variations of additive species are further discussed in the analysis of the
Zn-Ni flow-assisted battery.
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Pb concentration/ mmol dm™ Zn/ppm Pb/ppm Zn/at% Pb/at%
0.010 6.92 0.003 99.99 0.01
0.10 7.00 0.018 99.92 0.08
1.0 6.31 0.212 98.95 1.05
Table 3.5 Content of Sn in Zn electrodeposits
Sn concentration/ mmol dm™ Zn/ppm Sn/ppm Zn/at% Sn/at%
5 7.13 0.002 99.99 0.01
10 7.29 0.006 99.95 0.05
25 7.11 0.012 99.90 0.09
50 7.19 0.010 99.92 0.08

Effects of additive species on morphologies and texture evolution of electrodeposited Zn

In order to discuss the mechanisms behind morphological changes,

morphologies and crystal structure (texture evolution) of the Zn electrodeposits were

further investigated. Fig. 3.6 shows SEM images of electrodeposited Zn at the

representative concentrations.
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Fig. 3.6 SEM images of galvanostatically electrodeposited Zn at —5.0 mA c¢cm 2 for 1000
s; (a), (b) without additive, with (c), (d) 1.0 mmol dm 3 Pb, (e), (f) 50 mmol dm™> Sn

and (g), (h) 1.0 mmol dm™ In. (a), (c), (e) and (g) are top-view and (b), (d), (f) and (h)
are cross-sectional images.

By adding Pb, very fine nuclei with several 100 nm diameter are uniformly

formed over the entire surface. From cross-sectional images, they have columnar

structures oriented perpendicular to the substrate. When Sn is added, the formation of
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microsteps structures (stacking of layer-like structures) is suppressed. On the other hand,
microstep structures are formed, but following evolution of filamentous structure is
suppressed by In additive. Such a continuous deposition of microsteps is similar to the
deposition behavior observed at deposition with a higher current density region in Chapter
2.

Texture evolution of Zn deposits at early stages of deposition at 200 and 400 s
(passed charge for deposition = 1.0, 2.0 C cm 2) was analyzed by XRD. Early stages of
deposition were purposely analyzed because the texture becomes random in a thick film.
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Fig. 3.7 XRD patterns of galvanostatically electrodeposited Zn at —5.0 mA c¢cm 2 for
1000 s; (a) without additive, with (b) 1.0 mmol dm ™ Pb, (c) 50 mmol dm ™ Sn and (d)

1.0 mmol dm™ In.

The deposits without additive species exhibit relatively strong (002) orientation.
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It is generally reported that electrodeposition of hcp metals at low overpotential yields
the deposits with (002) orientation [28, 29]. Also, the microsteps structures shown in Fig.
3.6 (a) exposes the terrace of (002) surface. Similarly, electrodeposits with In additive
also show (002) orientation. Upon the addition of Pb, peak intensity of (002) becomes 10
times stronger than that without additive. This means a columnar structure formed by Pb
additive is oriented to (002) direction. In the case of the deposits without microsteps
formed by Sn additive, the texture evolution to (002) is suppressed. In short, the texture
evolution is in accordance with the morphological variations; When microsteps are
formed, the electrodeposits exhibit relatively strong (002) orientation. Furthermore, the
columnar structures formed by Pb shows very strong (002) orientation.

Additionally, it is notable that the suppressing effects of Sn on microsteps
formation is similar to that observed in Zn electrodeposition on Sn substrate without an
additive. Fig. 3.8 shows surface the morphology of Zn electrodeposits on Sn substrate
without additive at 5.0 C cm 2.

%

Fig 3.8 SEM images of Zn electrodeposit on Sn substrate. (b) is higher magnification

image of (a).

It was previously reported that the irregular deposits can be suppressed by selecting a
proper current collector [25]. However, the use of Sn substrate is limited due to the
corrosion in the alkaline solution. Also, the substrate effects disappear at thicker deposited
film like 20 C cm2. On the other hand, the additive metals may continuously enable the
compact Zn electrodeposition. This explains why compact electrodeposits can be
obtained even without increase in the overpotential for Zn electrodeposition in Sn and In.
The mechanism of compact Zn deposition by additive species will be discussed in the last
part of this section. Also, the applicability of In and Sn additives in Zn-Ni flow-assisted

battery is investigated in section 3.3.2.
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Influence of anion species in Zn electrodeposition

In the analysis discussed above, InCl3-4H>O was used as additive salt for In
addition. This salt was selected because it was more soluble than In(OH); or In2O3 in the
alkaline solution. However, Cl™ has sometimes influences on electrode reactions. (A
stable form of In** in alkaline solutions is InO,", and CI is thought to dissociate from
In**[30].) Here, the effects of C1”on Zn electrodeposition was investigated by performing
electrodeposition with KCI or In(OH)s.

Fig 3.9 compares the potential transients during Zn electrodeposition with 1.0
mmol dm— KCI, InCl3-4H,0 and In(OH)s.
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>
N
5 1440
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%0 —— 1.0 mM InCI3
T -1460 |
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M 480 F
1.0 mM In(OH)3
-1500 . .
0 1 2 3 4 5

Passed charge for deposition/ C cm2

Fig 3.9 Chronopotentiograms during Zn electrodeposition at =5.0 mA cm 2 in 6.0 mol
dm ™ KOH + 0.25 mol dm zincate + 1.0 mmol dm InCl3-4H,0 (red), KCI (yellow)
and In(OH); (green).

Although the changes in the potential value itself are not remarkable, the shape of the
potential transients are different each other. When KCl is added, the potential first shifted
to the negative value, then it becomes positive again around 2.0 C cm 2. This trend is
similar to that without an additive; potential change to the negative value is caused by an
increase in concentration overpotential and positive shift originates from increase in the
surface area due to the mossy structure formation. In the case of In(OH)3 and InCl3-4H>O
addition, the potential value becomes stable before passing 1.0 C cm 2. Surface
morphologies of each electrodeposit were further analyzed by an optical microscope (Fig.
3.10) and SEM (Fig. 3.11).
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Fig3.10 0 at —5.0 mA cm 2 in
6.0 mol dm > KOH + 0.25 mol dm zincate + (a) 1.0 mmol dm InCls-4H,0, (b) KCI
and (c) In(OH)3.

EU82005 0 im0 0k S R oy I

7Fig 3.11 SEM images of Zn electrodeposits formed at —5.0 mA ¢cm 2 in 6.0 mol dm™
KOH + 0.25 mol dm™ zincate + (a) 1.0 mmol dm™ InCl3-4H>0, (b) KCl and (c)
In(OH);3 .

athd

The images clearly indicate that the formation of mossy structure is suppressed
not by CI” but by In. In the case of KCI containing solution, mossy structure is initiated
from microsteps as is the case for the solution without additive. Both InCl3-4H>O and
In(OH)3 are effective to suppress the formation of mossy structures. However, Zn
microstructures formed by each additive are different; in the case of In(OH)s, the
formation of microsteps is less dominant than in the CI™ containing solution. To further
discuss these morphological changes, XRD was also measured on the electrodeposits with
1.0 mmol dm > In(OH)s.
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Fig 3.12 XRD patterns of electrodeposited Zn with 1.0 mmol dm™ In(OH)s.

Please note that the absolute diffraction intensities are not comparable to the above
described XRD results due to changes in the detector condition. However, it is noticeable
that the relative intensity of Zn (002) is weaker than that of (101). Thus, the texture
evolution to (002) is suppressed in the case of In(OH)3. This means In itself have the
suppression effects on the texture evolution to (002) (microstep formation), but this
texture is maintained by the presence of CI™. Such a change in the texture by anion species
has been often observed during electrodeposition. For example, NO3~ was known to
induce (002) texture evolution and the mossy structure formation in acidic media for Zn
electrodeposition [31, 32]. As a mechanism for such a change, two possibilities could be
considered. First, an adsorbed anion sometimes alters the diffusivity of adatom on the
surface [33, 34]. Since the formation of microsteps is a repeated process of 2D nucleation
and its growth toward lateral direction, the diffusivity of adatom may affect the microsteps
evolution. Another possibility is the alteration to the charge transfer reaction by an
adsorbed anion. It is expected that the texture is altered when the rate balance between

the atomic steps formation and the charge transfer to Zn species is changed [35].

Depth profile of additive species in deposits and its chemical state

In order to discuss the mechanism behind the morphological change by additive
species, it is important to understand how metal species exists in the deposit. In the case
of Pb, alteration to reaction steps of Zn electrodeposition might suppress the formation of
mossy structures as discussed above. However, in the case of Sn and In, such an effect
was not expected because there was a minor difference in the polarization behavior during

Zn electrodeposition. Although deposition of In or Sn in Zn deposits was evident from
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LSV and ICP-AES analysis, its compositional variations in the depth and the chemical
state were not clear. XRD analysis showed no peaks corresponding to additive species
due to the low amount of additive metals in the deposit. Therefore, GDS and XPS analysis
were performed for Zn electrodeposits formed with In.

Fig 3.13 shows the depth profile of In composition in electrodeposited Zn with
1.0 mmol dm > InCl3-4HO additive or Pb composition with 1.0 mmol dm > PbO additive
analyzed by GDS. Passed charge for the deposition was 5.0 C cm™2. The profile shows

the relative intensity of emission from each element, not actual composition of the

deposits.
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Fig 3.13 Depth profile of the composition of Zn, In and Cu; (a) entire profile, (b)
enlarged profile near the surface and Zn, Pb and Cu; (¢) entire profile, (d) enlarged
profile near the surface . Dashed lines in (b) shows the time at which the ratio is

compared in the text.

The ratio of the intensity at a dashed line in Fig. 3.13 (b) is In/Zn=1.25 at 8.3 s and
In/Zn=0.15 at 20 s. This indicates the content of In is high near the surface compared to
that in the bulk..

To analyze the absolute composition of In at the surface and inside the deposits

including its chemical state, XPS analysis was performed. Fig 3.14 shows the result of
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wide scan and Fig. 3.15 shows the spectra of narrow scan corresponds to peaks of In 3d
5/2. To analyze the composition beneath the surface, Ar sputtering (30 s) was performed

to etch the deposit. About 100 nm Zn layer was etched by this procedure (total thickness
is c.a. 500 nm at 1.0 C cm™2).
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Fig. 3.14 XPS spectra of Zn electrodeposits with In additive (wide scan)
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Fig. 3.15 XPS spectra of Zn electrodeposits with In additive (In 3d 5/2)
Peaks are observed at 444 eV and 445.8 eV in the narrow scan. A former peak is assigned

to metal In and a latter peak originates from In2O3 or In(OH)3. The composition of In

compared to Zn + In is 2.4 at% before etching and 0.4 at% after etching. From the wide
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scan, there is no detectable peak other than Zn, Cu, In, O and C. This means an
incorporation of Cl to the deposits is negligible.

Before the etching, a peak corresponding to InoO3 or In(OH)3 is stronger than
that corresponding to metal In. After etching, this peak disappears, and only a peak from
metal In remains. This result indicates that In is deposited as metal, but it undergoes
oxidation during air exposure. As is the case for GDS analysis, content of In is 6 times
higher near the surface than in the bulk.

In Zn electrodeposition with Pb additive, the composition ratio of Pb decreases
from bottom of the deposits to the surface. This is ascribed to preferential deposition of
metal with positive deposition potential at the initial stage, and following decrease in the
reduction rate by reaching the diffusion-limited condition of deposited metal [36, 11]. A
peak is observed at the surface. High content of Pb at the surface may originate from the
replacement deposition of Pb by Zn dissolution after stopping the electrodeposition
though electrode was immediately taken out from the solution. (Zn is dissolved as Zn**
and Pb?" is deposited as Pb.) Similar trend is observed in In additive, too. In fact, REST
potential of Zn electrodes (measured immediately after immersing in the electrolyte
before LSV measurements shown in Fig. 3.3) varies in the additive containing solution;
6.0 mol dm > KOH is —1453 mV, 6.0 mol dm > KOH + 5.0 mmol dm > InCl;-4H,0 is
—1450 mV, and 6.0 mol dm > KOH + 5.0 mmol dm™ K»SnO;3-3H,0 is —1449 mV. This
implies that the REST potential is shifted to the positive value in the additive containing
solution due to coupling between the anodic dissolution of Zn and the additive deposition.
The current increase by this positive shift is roughly estimated from the polarization
behavior; according to LSV during anodic dissolution (shown in Fig. 5.1), the current
increase by 3 mV shift to the positive potential is c.a. 181 pA. This is much higher than
an estimated partial current from In composition from Fig. 3.15. Partial current density
can be calculated from Zn 99.6at% and In 0.4at% with two and three electron transfer
reactions, respectively at —5.0 mA cm 2. This yields the partial current density = 30 pA
for In electrodeposition. Since above mentioned positive shift corresponds to the value
without zincate ions in electrolyte, an actual replacement reaction is thought to be much
slower than 181 pA (because it is coupled with Zn electrodeposition reaction, too), but it
may have considerable effect on composition after stopping the reaction.

Although an increase in In content at the surface may be explained by
replacement electrodeposition, the trend observed in In added deposits is different from
that observed in Pb containing deposits; the compositional profile is stable inside the bulk
and high content regions continues over several seconds. (In the case of Pb containing

deposit, only a spike is observed at the outermost surface.) Since the replacement reaction
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is limited only to the surface, increase in In content over broad range cannot be explained.
This implies that In metal tends to aggregate at the surface even before stopping the
deposition reaction.

Such an aggregation of codeposited metal at the surface was observed in Ni
electrodeposition with Pb additive [37]. Since Pb had lower surface free energy than that
of Ni, it aggregated on the surface of the electrodeposit during Ni electrodeposition, which
also suppressed the surface roughening of Ni electrodeposits by behaving as a
“surfactant”. Pb does not form an alloy with Ni as is the case for Zn-Pb, Zn-Sn and Zn-
In systems [38].

Since the substrates for Zn electrodeposition also possess the suppression effects
on mossy structures formation, deposited additive metal may provide the surface enabling
compact deposition. This is possible by higher content of additive metals at the surface.
When Sn and In are codeposited with Zn, they exist as a separate phase to metal Zn. Then,
by lower surface free energies than that of Zn [39], they aggregate at the surface of Zn
electrodeposits. Also, the electrode surface which has the high surface energy is active
area for electrodeposition. (Electrodeposition at low overpotential generally yields the
surface with lowest surface free energy.) Thus, the compact electrodeposition by additive

metal is possible through the codeposition with Zn and the aggregation on the surface.

The mechanisms for mossy structure suppression

From analysis on Pb, Sn and In addition effects on morphological evolution of
electrodeposited Zn, the mechanisms for mossy structure suppression by additive species
were elucidated as follows.

In the case of Pb addition, a significant increase in the deposition potential is
notable. This is ascribed to previously suggested suppressed effects on the elementary
steps for Zn electrodeposition. Especially, Mao et al. assumed the reaction step like (3.6)
is suppressed by the presence of Pb [11]. Such suppression effects may totally alter the
nucleation and growth behavior of Zn from initial stages of deposition. The evolution of
microsteps via 2D nucleation and bunching (an incorporation of adatom to a step or kink
sites) itself is suppressed. This is similar to the effects of organic additives used in
electrodeposition. They are thought to diminish the active growth sites on the electrode
surface via adsorption, then induce the nucleation of fine particles [40-42].

In contrast, Sn and In don’t increase the deposition potential. This means the
compact deposition originates from the different mechanisms other than the suppression
on the elementary steps for Zn electrodeposition. Also, the compact Zn electrodeposition

is not explained only by suppressed HER because an onset of HER becomes positive by
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adding Sn in Fig. 3.3. From XRD and SEM of electrodeposits, the texture evolution to
(002) direction and the formation of microstep are not observed by Sn and In additives
(without CI"). This trend is similar to that on the electrodeposits on Sn and In substrate
(Fig. 3.8) [43, 44]. These changes are thought to be caused by a large misfit between the
substrate metal and Zn basal plane, (002) surface of hcp-Zn. The misfit between Zn and
Sn is 13% and that between Zn and In is 22%. On the surface with large misfit value, the
texture evolution to corresponding direction is suppressed [36]. Since 2D nucleation
preferentially occurs on (002) surface of hcp-Zn because of a large terrace and a lower
adatom mobility on this plane [45], the suppressed texture evolution to (002) may result
in the crystal growth without the microsteps formation.

Although texture evolution to (002) is observed at the presence of CI™ in the
solution, compact Zn electrodeposition is still possible. This implies that the presence of
metal In at the Zn surface itself is beneficial for mitigating the irregular growth sites which
is supposed to have higher surface energy than other region on the surface [40-42].
Actually, In (and Pb, Sn) possesses lower surface energy than that of Zn. From GDS and
XPS results, it is notable that the content of additive metal is higher at the surface than in
the bulk. In addition to the possible replacement deposition of additive metals, this implies
that codeposited metal tends to aggregate at the surface during electrodeposition. Actually,
Zn films electrodeposited with Sn and In sometimes exhibit the surface covered by nano-

particles (diameter = several 10 nm) like Fig. 3.16.

@ )

{ 250 nm

500 nm

Fig. 3.16 Nano particles covering Zn surface (after electrodeposition at —5.0 mA cm 2,
1000 s with 25 mmol dm > Sn).

Such an aggregation is possibly caused by no alloy formation between Sn-Zn or
In-Zn system and above-mentioned lower surface energy [38, 39]. Thus, additive metals
continuously provide the surface enabling the compact Zn electrodeposition through
codeposition with Zn. The previously suggested correlation between suppressed HER and

the compact deposition by additive species is interpreted as correlations between HER
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overpotential and the surface energy; metal with low surface energy possesses lower
binding energy of atoms in the crystals, which is also a general trend observed in metals
having higher overpotential for HER [40].

3.3.2 Controlling charging behavior of Zn-Ni flow-assisted battery by In and Sn
additives

In 3.3.1, it was clarified that the use of In and Sn is effective to obtain compact
Zn electrodeposits at certain deposition conditions. However, its applicability in practical
operation conditions (deep depth of charge, wide range of current density, charge-
discharge cycling) of Zn flow-assisted battery is still lacking. Therefore, their

performance in the Zn-Ni flow-assisted battery was analyzed.

Morphological variations without an additive

To demonstrate morphological variations of Zn electrodeposits in the Zn-Ni flow
assisted battery, charging of the cell was performed at various current densities and
electrolyte flow rates. Morphological variations after charging are shown in Fig. 3.17.
The capacity was 540 mAh (=38.9 C cm2), which meant deposited Zn was more than 7

times thicker than that observed in section 3.3.1 (5.0 C cm ).

Chﬁ;gt‘:g C/10 C/4 cn
Flow Rate (4.32 mA cm™) (10.8 mA em™) (21.6 mA cm™)
2.0 mL/sec
10 cm L 10 cm
1.0 mL/sec
10 cm
0.20 mL/sec

Fig 3.17 Morphological variations of Zn electrodes in the Zn-Ni flow-assisted battery at

various charging rates and electrolyte flow rates with capacity of 540 mAbh.
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At lower current density at C/4 and C/10, dark colored deposits are formed at
each flow rate. They are mossy structures and their formation is less influenced by an
electrolyte flow. At C/2, the color of deposits is changed to grey, but it still exhibits rough
surface. From cross-sectional SEM images of the electrode after charging at C/2 under
various flowing rate (Fig. 3.18), increasing the electrolyte flow rate is effective to
suppress the evolution of these rough deposits. This is a typical trend observed in
dendrites formation; since a dendrite is initiated under the mass-transfer limited condition
of zincate, its evolution is suppressed under electrolyte flowing conditions. Fig. 3.19
represents SEM images of Zn electrodeposits at various charging rate at fixed flow rate
(1.0 mL/s). Compact electrodeposits were obtained only in the limited charging rate
(C/2.4). Especially, the formation of mossy structure is problematic because its evolution

cannot be controlled only by an electrolyte flow.

(b)

200 pm

Fig. 3.18 Cross-sectional SEM images of electrodeposits at C/2 rate charging at flowing
rate of (a) 0.20 mL/sec, (b) 1.0 mL/sec and (c) 2.0 mL/sec.
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T

200 pm

50 pm

Fig 3.19 SEM images of Zn electrodeposits after charging. Charging rate is (a), (b)
C/10, (c), (d) C/4, (o), (f) C/3, (g), (h) C/2.4, (1), (j) C/2. (a), (), (e), (g) and (i) are top-

view images and (b), (d), (f), (h) and (j) are cross-sectional view images.
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Effects of Sn and In additives in the morphological evolution of Zn in the Zn-Ni battery
Based on the additive effects discussed in section 3.3.1, the effects of In and Sn
additive were analyzed in the Zn-Ni flow-assisted battery. Fig. 3.20 shows the
photographs of the electrodes taken by a digital camera after charging in the electrolyte
with various concentrations of additive species. Corresponding cross-sectional SEM
images are shown in Fig. 3.21. Charging rate was C/10 and capacity was 540 mAh.

(b) (c)
(e) (9

Fig. 3.20 Photographs of Zn electrodes taken by digital camera after charging with (a)
1.0 mmol dm In, (b) 5.0 mmol dm In, (c) 25 mmol dm > In, (d) 1.0 mmol dm Sn,
(e) 5.0 mmol dm™3 Sn, (f) 25 mmol dm > Sn additives.

(a)
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(b)

200 pm

(d)
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Fig. 3.21 Cross-sectional SEM images of Zn electrodeposits with (a) 1.0 mmol dm~ In,
(b) 5.0 mmol dm* In, (c) 25 mmol dm In, (d) 1.0 mmol dm™ Sn, (e) 5.0 mmol dm>
Sn, (f) 25 mmol dm > Sn additives.

By adding In or Sn, the evolution of mossy structure is suppressed. However, more than
25 mmol dm was required for Sn, whereas 1.0 mmol addition was effective in the case
of In. This concentration dependence is in consistent with half-cell analysis shown in
section 3.3.1 (Fig. 3.5). Composition analysis was performed by ICP-AES, and results
are shown in Table 3.6.

Table 3.6 Composition of Zn electrodeposits at various additive concentrations

Conc. / mmol dm=3 In/at% Sn/at%
0.10 N.D. -
1.0 0.06 N.D.
5.0 0.07 N.D.
25 0.24 N.D.

In the case of In, the content increases when the concentration of In salt in the
electrolyte increases. In contrast, Sn content is less than the detection limit (c.a. 0.02at%)
at all concentrations investigated. Therefore, the better performance of In than Sn

originates from a higher reduced amount during charging. From the basis of

121



Chapter 3

electrodeposition, higher content of In than that of Sn seems unreasonable due to more
negative deposition potential of In than that of Sn; the standard redox potential of In**/In
is —0.34 V and that of Sn*>*/Sn is —0.14 V [46]. As a cause of the lower reduced amount
of Sn, the differences in the reduction steps are notable. In an alkaline solution, In is
dissolved as InO, ™ (III), while Sn is dissolved as SnO3> (IV). InO;" is reduced to In(0) in
an one step, but SnO32 (IV) requires the two-step reduction; first to HSnO, (II), then to
Sn (0) [47, 48]. From the LSV measured on the solution without zincate (Fig. 3.3), Sn
containing solution exhibits only one peak despite the presence of Sn*". This implies that
the second reduction step is not sufficient during Zn electrodeposition. Thus, the
formation of stable Sn(II) ions in an alkaline solution is a possible cause of the lower
content in Zn electrodeposits.

Although a compact Zn electrodeposition is possible at C/10 rate, it should be
maintained over a wide range of current densities in a practical operation of the battery.
The effects of In addition were examined at various charging rate under electrolyte flow
rate of 1.0 mL/s and the capacity of 540 mAh. Fig. 3.22 shows CCD images after charging.

) (b) ©

1.0 mm

1.0 mm

Fig. 3.22 CCD images of surface morphologies of electrodeposited Zn with 1.0 mmol
dm~In at (a) C/20, (b) C/10, (c) C/4, (d) C/2 and (e) 1C rates.

At lower current densities from C/20 to C/4, the formation of mossy structures are totally

suppressed. In addition, relatively smooth morphology is obtained compared to the
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solution without additive even at C/2 where the dendritic growth is observed. Although it
is difficult to eliminate dendrites at higher current density like 1C rate, In addition is
effective to obtain compact deposits over a wide range of current densities. Table 3.7
shows the content of In in each deposit. Similar composition is maintained over a wide

range of current densities, this makes it possible to obtain compact Zn deposits.

Table 3.7 Composition of Zn electrodeposits at various additive concentrations

Rate In content/ at%

C/20 0.06
C/10 0.06
C/4 0.04
C/2 0.06
1C 0.09

Charge-discharge behavior of the Zn-Ni flow-assisted battery

In practical battery operation, the additive effects should be maintained over
many charge-discharge cycles. Furthermore, they should not affect the characteristics of
charge-discharge reactions (i.e. the voltaic efficiency and the Coulombic efficiency)
negatively. To investigate these influences, the charge-discharge cycles of the cell was
performed at C/10 rate and C/2 rate up to 10 cycles with cut off-voltage during discharge
of +0.80 V. The capacity of the cell was limited to 540 mAh and the reaction was stopped
at the end of 11™ charging. Representative potential profiles during cycling are shown in
Fig. 3.23. The Coulombic efficiencies and energy efficiencies during charge-discharge
cycles at each cycle number is shown in Tables 3.8 and 3.9. The Coulombic efficiency,
ne 1s calculated by (3.6) based on the discharge capacity of each cycle. The energy
efficiencies, nE is calculated by considering the average power output (the product of the
current and the voltage) during each cycle (3.7). O is a discharge capacity (mAh), i is

average current (A), E is average voltage (V), and ¢ is reaction time (sec).

__ Qaischarge mAh (3 6)
Me 540 mAh )
__ldischarge [A]X Egischarge [VIX taischarge [s€c]
Ne = (3.7)

icharge [A]x Echarge [V]x tcharge [sec]
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Fig. 3.23 Potential profiles during charge-discharge cycles of the Zn-Ni flow-assisted
battery; (a) without additive at C/10, (b) without additive at C/2, (¢) with 1.0 mmol dm™
In at C/10, (d) with 1.0 mmol dm™ In at C/2, (¢) with 25 mmol dm™> Sn at C/10 and (f)
with 25 mmol dm™> Sn at C/2. An inset image shown in each figure is CCD image after

11" charging.
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Table 3.8 Coulombic efficiencies during charge-discharge cycles

Without Additive In 1 mmol dm™> Sn 25 mmol dm™>

C/10 C/2 C/10 C/2 C/10 C/2
1 62% 71% 72% 71%  64% 67%
3 93% 94% 95% 95%  93% 87%
5t 96% 97% 98% 97%  96% 94%

10" 96% 99% 99% 99%  96% 76%

Table 3.9 Energy efficiencies during charge-discharge cycles

Without Additive In I mmol dm™> Sn 25 mmol dm3

c/10  C2 c/10 €2 C/10 CR2
1% 56%  55% 66%  59%  57%  53%
31 86%  77% 88%  82%  85%  73%
5t 89%  81% 91%  84%  87%  80%

10" 89% 83% 92% 86%  87% 64%

At C/10 rate, a compact deposition is still maintained by In additive, but rough
deposits evolve in the Sn containing solution. At C/2 rate, rough deposits are observed at
all conditions, but their coverage on the surface is decreased both in the In and Sn addition

case. The composition of each deposit is shown in Table 3.10.

Table 3.10 The content of In and Sn in the electrode after 11" charge

Additive Charging rate Content / at%
1.0 mmol dm™In C/10 0.38
1.0 mmol dm™31In C/2 0.34
25 mmol dm™ Sn C/10 0.81
25 mmol dm3 Sn C/2 0.50

The content of In and Sn increases compared to 1% charging, which indicates irreversible
deposition and dissolution of additive metals. A notable point is that the content of Sn is
larger than that of In despite the lower reduced amount at first charging (Table 3.6). This
means that the reduced Sn during charging is not fully dissolved during the following
discharging. This is possibly caused by the more positive redox potential of Sn/Sn?" than
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In/In** and the stable Sn(II) formation. The remained Sn amount decreases at C/2 rate
than that at C/10 rate because of a sufficient anodic overpotential for Sn dissolution.
Additionally, there is a concern over the formation of oxide species like SnO during
cycling, which is undesirable in terms of loss of the electrode conductivity and the
additive species active for a compact Zn electrodeposition. (However, characterizations
of the chemical state of the additive metals after cycling is not carried out in the current
study.) Thus, in addition to the sufficient reduction during charging, a reversible oxidation
to ionic species upon discharge is another important requirement for additive species. In
is superior than Sn in this aspect, which is beneficial for maintaining the compact Zn
electrodeposits even after cycling.

From Tables 3.8, the Coulombic efficiency is far below 100% at initial cycles.
This is due to the lack of “aging”, the formation of conductive path for the positive
electrode. At a fully discharged state, Ni(OH), exhibits a limited electron conductivity.
After performing electrochemical cycling, conductive supporting agents like
Co0O/Co(OH)> were oxidized to CoOOH, which provide a conductive path for the active
materials [49, 50]. When the Coulombic efficiencies at 10" cycle are compared, In
improves the Coulombic efficiency, while the value is worsened in the case of Sn at C/2.
This indicates that the side-reaction (HER) is suppressed at the presence of In in the
deposit, but it is not the case for Sn addition.

In this study, a membrane separator between anode and cathode was not
introduced. An influence of such a cell configuration is not evident until 10 cycles; the
charging voltage decreases, and the Coulombic efficiency improves after increasing the
cycling numbers even at C/2 rate. In general, the cell voltage may increase due to an
increased concentration polarization by the diffusion of zincate species towards the
positive electrode in a static electrolyte, which may initiate Zn dendrites, too. Therefore,
an increase in the concentration polarization is effectively suppressed by an electrolyte
flow in the current study. On the other hand, the energy efficiencies at initial cycles varies
depending on the additive species though the low efficiencies at early cycling mainly
originate from the positive electrodes as described above. This suggests that the additive
species have an influence on the positive electrode, too (e.g. suppressing the side reaction
(oxygen evolution reaction)). For the prolonged cycling, in fact, previous study on Zn-Ni
flow-assisted battery (without separator) showed the formation of Zn-Ni mixed
compound at the positive electrode during cycling [19]. Although chemical nature of this
compound was not revealed in the paper, the influence of reactant on Zn anode could
affect the cyclability through influencing the cathode, too. Therefore, a care must be taken

with respect to the influences of Zn and additive species to the positive electrodes during

126



Chapter 3

long-term cycling, but the characterization on the positive electrodes have not been
carried out in this study.

In short, In additive is advantageous during the charge-discharge cycles in terms
of compact electrodepositions after cycling and the effects on the energy efficiencies.
These advantages originate from (1) a reversible dissolution to the ionic state upon
discharge, (2) a minor influence on the voltage during the charge-discharge reactions (c.f-
conventionally suggested Pb increases the voltage during charging), (3) the high
overpotential for HER.

Applicability of In additive in various charging conditions

During the battery operation, variations are expected in the charge-discharge
conditions (e.g. depth of charge, flow rates, temperature, etc). To demonstrate the
applicability of In additive, charging was performed under various conditions. First, the
capacity was extended from 540 mAh to 2160 mAh. Deep depth of charge is required to
enable the high capacity and energy density. However, 540 mAh was basically selected
to avoid the degradation of the positive electrode in the current study. Fig. 3.24 shows
morphologies of Zn electrodes at deep depth of charge (2160 mAh).

(b)

Fig. 3.24 Surface morphologies of Zn electrodes (a) with 1.0 mmol dm™ In at C/10 rate,
(b) with 1.0 mmol dm™ In at C/2 rate and (c) without additive at C/2 rate at the capacity
0of 2160 mAh.

At C/10 rate (Fig. 3.24 (a)), compact deposits are still maintained. The dark part observed

in a photograph originates from the collapsed positive electrode during disassembling the

cell. It indicates that the morphological changes of the positive electrode are more serious
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problem for attaining the deep depth of charge. At C/2 rate (Fig. 3.24(b)), relatively rough
deposits evolve, but this was much smooth than that without additive (Fig. 3.24 (¢)) where
cracks were observed in a CCD image.

In electrodeposition, the composition of the deposit is affected by an electrolyte
flow rate [51], which arises the concern over the loss of additive performance at different
flow rates. To investigate this, charging is performed at various electrolyte flow rates (0,
1.0 and 2.0 mL/s). Morphologies after charging is shown in Fig. 3.25.

(@ () ©

1.0 mm 1.0 mm 1.0 mm

Fig. 3.25 Surface morphologies of Zn electrodes with 1.0 mmol dm In at the capacity
of 540 mAh at flow rate, (a) 0 mL/s, (b) 1.0 mL/s, (c) 2.0 mL/s.

Compact Zn electrodeposits are obtained at all flow rates investigated. It is notable that
In addition was effective even under the static condition (0 mL/s). This is beneficial for
reducing the cost for operating pump for the battery though the introduction of the
electrolyte flow is necessary at a higher charging rate to suppress the dendritic growth as
demonstrated in Fig. 3.17. When the current density is below that for the initiation of the
dendrite (e.g. C/2 rate at flow rate of 1.0 mL/s), the indium addition is effective to obtain
compact electrodeposits regardless of the electrolyte flow rates.

In this study, a Cu substrate was mainly used as a current collector for the
negative electrode. In the practical operations of the battery, cost of Cu is a drawback [25].
An electrodeposited Ni on a steel substrate is one of the possible candidates for the current
collector due to higher corrosion resistance of Ni in the alkaline condition. To demonstrate
the applicability of In additive for various substrates, the charging was performed on Cu,

Zn and Ni substrate. The results are shown in Fig. 3.26.
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1.0 mm 1.0 mm 1.0 mm

e L
Fig. 3.26 Surface morphologies of Zn electrodes with 1.0 mmol dm™ In at the capacity
of 540 mAh on (a) Cu substrate, (b) Zn substrate, (c) Ni substrate.

A compact electrodeposition is maintained regardless of the substrates. This means In
additive does not require certain interactions between electrodeposited Zn and substrate
metal; e.g. underpotential deposition [52]. Instead, a co-deposition with Zn results in
compact Zn electrodeposits, which can be basically applied to a wide variety of substrate
metals.

During the battery operation, the temperature of the cell may be varied. Charging
is performed under cold and hot conditions by holding the cell in a refrigerator and a
heater. Fig 3.27 shows the surface morphologies of the electrodes after charging at —25 °

Cand 50 C.
(@ (b)

Fig. 3.27 Surface morphologies of Zn electrodes with 1.0 mmol dm In at the capacity
of 540 mAh at (a) —25 "C and (b) 50 "C.
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Compact electrodeposition is still possible in both cases.

From these results, In was effective for obtaining compact Zn electrodeposits
over a wide variety of charging conditions. The compositional analysis by ICP-AES
shows less variable content of In in the deposits under various charging conditions. Table

3.11 — 3.13 shows the content of In at each charging condition.

Table 3.11 Content of In at different current densities at 2160 mAh

Charging rate In content / at%
C/10 0.04
C/2 0.03

Table 3.12 Content of In in Zn electrodeposits at different electrolyte flow rates

Flow rate/ mL s"'  In content/ at%
0 0.05
1 0.06
2 0.05

Table 3.13 Content of In in Zn electrodeposits at different temperature

Temp./ ‘C Rate In content/ at%

—25 C/2 0.04
=25 C/10 N. D.
R.T. C2 0.06
R.T. C/10 0.06
50 C/2 0.05
50 C/10 0.07
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Conclusion

Through investigating Pb, Sn and In addition effects on the Zn electrodeposition,
the mechanisms behind the compact Zn electrodeposition by the additive species were
analyzed. In the polarization behavior during the Zn electrodeposition, Pb increased the
deposition overpotential, while the potential stayed in a similar region to that without
additive in the case of Sn and In addition. This suggested the compact Zn
electrodeposition by Pb additive was possibly caused by the suppressing effects of
deposited Pb on the elementary steps for Zn electrodeposition. On the other hand, Sn and
In suppressed the formation of mossy structures through changing the microsteps
evolution behavior without increasing the overpotential, which was analogous to Zn
electrodeposition on the foreign substrates. Accordingly, the additive species
continuously provided the surface for compact Zn electrodeposition by codeposition with
Zn. GDS and XPS analysis showed such a process was possible by an aggregation of
codeposited metals at the surface of Zn electrodeposits.

Based on the results above, the applicability of Sn and In additives were
investigated under the conditions close to the practical Zn-Ni flow-assisted battery
operation. In exhibited a better performance in compact Zn electrodeposition than Sn
because mossy structure was suppressed even at 1.0 mmol dm > In, while more than 25
mmol dm™ was required in Sn. A different concentration dependence was caused by
higher reduced amount of In in the electrodeposit. On the other hand, the content of Sn
was higher than that of In after charge-discharge cycles, and compact Zn electrodeposit
was no longer maintained. This indicates that an irreversible dissolution and an
accumulation of inactive Sn like SnO. From these results, In is advantageous in terms of
(1) compact electrodeposition at low concentration, (2) more reversible deposition and

dissolution reaction than Sn, (3) no negative influence on the energy efficiencies.
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4.1 Introduction

During the discharge of Zn negative electrode, zincate ions (Zn(OH)4>") are
formed by anodic dissolution of electrodeposited Zn (formed during charging). Then,
Zn0O is precipitated on the electrode after the concentration of zincate reaches the
solubility limit (attaining the supersaturated condition). The precipitated ZnO has
influences on the electrode reactions. First, the discharge capacity of the electrode is
limited not by the amount active material (Zn) but by electrode passivation by impeding
the diffusion of OH and zincate ions by ZnO layer [1]. Second, ZnO formation causes
the redistribution of active materials (Zn and ZnO) on the electrode surface [2, 3]. Since
the ZnO formation during the discharge is very sensitive to the mass transfer condition in
the electrolyte, the precipitated amount of ZnO varies over the electrode surface, which
can cause an accumulation of active materials. Third, ZnO affects the following charging
process [4-6]. When ZnO is densely formed on the electrode, it becomes difficult to
reduce ZnO again to Zn [4]. These influences are especially important for achieving high
energy densities (e.g. applications in Zn-Air battery) because the supersaturated condition
is easily attained under the static electrolyte and the tightly assembled electrodes [8].

Therefore, to attain good cyclability of Zn negative electrodes, it is necessary to
control the ZnO formation behavior. To clarify the viewpoint for such a control, profound
understandings on nucleation & growth behavior of ZnO during anodic dissolution of Zn
are necessary. In this section, morphological variations and crystal structures of ZnO are
analyzed at various dissolution conditions. Then, nucleation & growth process of ZnO
behind the morphological variations are discussed. In addition to the dissolution
conditions (e.g. concentration of OH™, current densities), effects of surface morphologies
of Zn electrode on the ZnO formation process are analyzed. Even recently published
review article mentioned that the little attention has been paid to the effects of Zn surface
conditions to the ZnO formation despite the remarkable influence of the properties of
substrates in the chemical synthesis technique of ZnO (hydrothermal growth,
electrodeposition) [8-10]. I expect that the surface properties of Zn electrode have

potentially important factors influencing the discharge behavior of the electrode.
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4.2 Methodology

Anodic dissolution of Zn was performed in a three-electrode configuration. A
configuration of the electrochemical cell was different from that used in chapters 2 and
3; a working electrode was horizontally upward faced to a Zn counter electrode (Zn wire,
Nilaco, 0.50 mm¢, 99.99%) and Hg/HgO reference electrode. A schematic image and
photograph of the electrochemical cell are shown in Fig. 4.1. This configuration was used
because influences of natural convection (buoyancy driven convection) could be avoided
[11]. The experimental setup was constructed by cutting the bottom of a spectroscopic
cell (polystyrene, 1.0 cm X 1.0 cm X 4.5 cm), and attaching it to the electrode holder used
in chapter 2 (Fig. 4.1(b)). A working electrode was Zn plate (0.30 mm thickness, 99.5%,
Nilaco) or electrodeposited Zn on Cu plate (0.30 mm thickness, 99.9%, Nilaco).
Pretreatments of each electrode was performed as described in chapter 2. Zn
electrodeposition on Cu plate was carried out by galvanostatic conditions at =40 mA cm >
for 1000 s from 6.0 mol dm> KOH + 0.50 mol dm* zincate. To investigate effects of the
surface morphologies of the Zn electrode on the ZnO growth behavior, 1.0 mmol dm™
PbO or 50 mmol dm ™ K>SnOs-3H,0 was also added to the electrolyte as performed in
chapter 3. Electrolytes for anodic dissolution were alkaline zincate solutions containing
2.0 — 6.0 mol dm™ KOH + 0.050 — 0.25 mol dm™ zincate. When an electrodeposition
was performed prior to anodic dissolution, the electrolyte was replaced after
electrodeposition. Anodic dissolution was performed by galvanostatic condition at
current densities of +20 and +40 mA cm 2. Dissolution was stopped at certain dissolution
time or when the potential increased to the positive value (e.g. —0.60 V vs. R.E.). After
dissolution, electrolyte was immediately removed, and the electrode surface was rinsed

with pure water.
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(@) (b)

W.E

Fig. 4.1 Electrochemical cell used in anodic dissolution of Zn negative electrode; (a)
schematic image of the configuration of three electrodes, (b) photographs of the

electrode holder for a working electrode.

Surface morphologies of the electrode after electrochemical measurements were
investigated by SEM (SU-8240 or S-5500, Hitachi). Crystal structures of the discharge
products were analyzed by XRD (Rint-Ultima III, Rigaku). In order to identify the phase
(presence of Zn(OH): species) formed after the dissolution, the discharged electrode was
heated by hot plate (PC-420D, Corning) at 200°C for 1 h. Raman measurements were
performed on the electrode after dissolution or during anodic dissolution (in situ
measurements) by 3D laser Raman microspectroscopy with a confocal optical system
(Nanofinder 30, Tokyo Instruments, Inc.). Measurements conditions for Raman
spectroscopy are summarized in Table 4.1.

For the in situ Raman measurements, anodic dissolution was required to perform
under the laser irradiation. Therefore, the electrochemical reactions should be performed
in a small sized electrode so that thickness of electrolyte could be minimized to obtain
Raman signal. To perform this analysis, the edge of Zn wire was polished by abrasive
papers (#240, #400, #800 and #1200) after embedding in the epoxy resin as carried out
in chapter 2. Then, an electrode surface area was confined to the edge area of the wire
(i.e. 500 umo). A Zn counter electrode (wire) was placed around the working electrode.
Pt wire (Nilaco, 99.98%) was used as a quasi-reference electrode. Anodic dissolution was
performed at +100 mA cm 2. Higher value than that used for Zn plate was set to avoid
very long dissolution time before the ZnO formation; when smaller sized electrode was
used, the ZnO formation was delayed due to the enhanced diffusion of Zn(OH)s*~ and

OH™ compared to the large sized electrode (e.g. spherical diffusion versus planer diffusion

[12]).
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Table 4.1 Raman Measurements Conditions

Wavelength of Laser 532 nm (in situ), 633 nm (ex situ)
ND 0.5
Grating 600 G /mm
Lens X 10(in situ), < 50(ex situ)
Pinhole 50 um
Exposure Time 10 s (in situ), 30 s (ex situ)

4.3 Results and Discussion

4.3.1 Effects of current density and electrolyte composition on the ZnO formation
process

The ZnO formation during anodic dissolution has been described by the
dissolution-precipitation mechanism where ZnO is precipitated from the supersaturated
zincate species [13-15]. Therefore, nucleation & growth of ZnO is thought to be mainly
governed by the dynamic changes in ionic concentrations near the electrode surface. Zn
anodic dissolution was performed at several conditions (different OH™ concentrations and
dissolution current densities). For this analysis, Zn plate was used as a working electrode.

The effects of KOH concentrations were investigated by dissolving Zn electrode
in 2.0, 4.0, and 6.0 mol dm— KOH + 0.050 mol dm™ zincate at +20 and +40 mA cm>.
Fig. 4.2 shows potential profiles during anodic dissolution in each electrolyte. SEM
images after passivation (after increase in the potential) are shown in Fig. 4.3 (+20 mA
cm?) and Fig. 4.4 (+40 mA cm2). XRD patterns after passivation are shown in Fig. 4.5.
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Fig 4.2 Potential profiles during anodic dissolution of Zn in (a) 2.0 mol dm 3, (b) 4.0
mol dm~, and (c) 6.0 mol dm™ KOH solutions at +20 mA cm 2 (blue line) and +40 mA

cm 2 (red line).
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Fig 4.3 SEM images of Zn electrodes after discharge at +20 mA cm 2 in (a), (d) 2.0, (b),
(€) 4.0 and (c), (f) 6.0 mol dm> KOH solutions. (d), (e), and (f) are higher

magnification images of (a), (b), and (c) respectively.
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Fig 4.4 SEM images of Zn electrodes after discharge at +40 mA cm ™ in (a), (d) 2.0, (b),
(e) 4.0 and (c), (f) 6.0 mol dm > KOH solutions. (d), (e), and (f) are higher

magnification images of (a), (b), and (c), respectively.
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Fig 4.5 XRD patterns of the electrode after passivation in (a) 2.0 mol dm>, (b) 4.0 mol
dm3, and (c) 6.0 mol dm ™ KOH solutions at +20 mA c¢cm 2 (blue line) and +40 mA

cm 2 (red line).
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From Fig. 4.3, cluster-like structures of ZnO forms on the electrode at each condition.
The density of the structures decreases at high KOH concentration or lower current
density. This is caused by a lower driving force for ZnO nucleation; the degree of zincate
supersaturation decreases at lower current density or higher KOH concentration (higher
zincate solubility), and the amount of ZnO nuclei decreases [15, 16]. However, the size
of each cluster-like structure increases by growth of the acicular crystals at higher KOH
or lower current density. At these conditions, diffractions from ZnO becomes strong in
XRD patterns, which indicates that the crystal growth of ZnO becomes dominant at higher
KOH concentration and lower current density. Unlike the patterns obtained in
electrodeposited Zn discussed in chapter 3, the ZnO patterns indicate no preferential
growth direction of ZnO crystals on the electrode; no remarkable difference cannot be
found in the pattern compared to peak intensities of each mirror index in the powder
diffraction. This is because ZnO nucleation reaction itself is a homogeneous reaction
(nucleation via supersaturation).

As the elementary steps for ZnO nucleation and growth in the hydrothermal
growth in alkaline condition, it has been proposed that nucleation is initiated by the

dehydration reactions between zincate species like (4.1) [17].
Zn(OH)4* + Zn(OH)s> 2 Zn,O(OH)s* + H.0 4.1)
Each nucleus is grown by an incorporation of a growth unit (zincate ion) [13, 17, 18].
ZnxOy(OH), @2~ + Zn(OH)4*>~ 2 Znx110y+1(OH), 2 @22~ + H,0  (4.2)

During the anodic dissolution in higher KOH concentration or lower current density, an
elementary step (4.1) is less dominant due to the lower degree of zincate supersaturation.
However, each nucleus considerably grows possibly by an incorporation and
decomposition of zincate to the surface. Actually, the acicular shapes of ZnO like Fig. 4.3
are often observed under the condition where elementary step (4.2) is dominant [18].
Furthermore, it was reported that the growth rate of (0001) face increased at higher OH™
concentration, which resulted in acicular and rod-like shapes of ZnO crystals [19]. Thus,
although nucleation was governed by the solubility of zincate ion, the electrode was
passivated by the crystal growth of each ZnO nucleus. An incorporation and
decomposition of the growth unit (zincate) was thought to be a major elementary step for
the ZnO growth.
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Effects of initial zincate concentration

Morphological variations by initial zincate concentrations were also investigated.
Zn plate was discharged at +20 mA cm 2 in 4.0 mol dm > KOH + 0.05 or 0.25 mol dm
zincate solution. Fig. 4.6 shows the potential profiles. Corresponding SEM images and
XRD patterns are shown in Fig. 4.7 and Fig. 4.8, respectively.
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Fig 4.6 Potential profile during anodic dissolution of Zn in 4.0 mol dm> KOH + 0.050
or 0.25 mol dm ™ ZnO.
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Fig 4.7 SEM images of Zn electrode after discharge in 4.0 mol dm > KOH + (a) 0.050

mol dm™ and (b) 0.25 mol dm zincate
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Fig 4.8 XRD patterns of the electrode after passivation in 4.0 mol dm > KOH + 0.050

mol dm™ (blue) and 0.25 mol dm ™ zincate(green).

The ZnO formation behavior can be explained by a same scheme as is the case
for the effects of KOH and current density; at higher initial zincate concentration (0.25
mol dm™?), zincate concentration is quickly beyond the solubility limit. Then, ZnO nuclei
dominantly forms. This results in shorter discharge time and the densely covered surface
by the ZnO clusters. However, the crystal growth of ZnO is notable at lower initial zincate

concentration (the lower degree of zincate supersaturation).

4.3.2 Changes in the ZnO growth behavior over dissolution time

Since the surface concentration of zincate continuously increases (the concentration
of OH" decreases), the driving force for the ZnO formation is dynamically changing
during the dissolution process [11, 15]. To shed light on such a dynamic change,
morphological variations and crystal structures were analyzed after stopping the
dissolution at several times until passivation in 2.0 or 6.0 mol dm~> KOH + 0.050 mol
dm3 zincate.

Figs. 4.9 and 4.10 represent SEM images of the electrode after discharging in 2.0
or 6.0 mol dm > KOH solution. Dissolution times were 200, 400, 600 and until passivation
(740 s) in 2.0 mol dm™> KOH solution, while 400, 1200, 1600 and until passivation (1800
s) in 6.0 mol dm™ KOH . Corresponding XRD patterns are shown in Fig. 4.10.
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Fig. 4.9 SEM images of Zn electrdes after several dissolution times in 2.0 mol dm>
KOH solution; (a) 200 s, (b) 400 s, (c) 600 s, and (d) passivation (740 s).
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KOH solution; (a) 400 s, (b) 800 s, (c) 1200 s, (b) 1600 s, and (h) passivation (1800 s).
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Fig. 4.11 XRD patterns of Zn electrode at several dissolution times in (a) 2.0 mol dm™
KOH and (b) 6.0 mol dm® KOH solution.

At initial stages of the dissolution, there are no precipitates which have particular
shapes of the ZnO crystals in SEM images. Although powder-like structures are observed,
it was difficult to distinguish the precipitated ZnO and the underlying Zn. (This situation
could be avoided by using electrodeposited Zn as a working electrode as discussed
below.) In XRD patterns, no detectable diffraction was observed until 400 s (2.0 mol dm>
KOH) or 1200 s (6.0 mol dm > KOH) though the diffractions from Zn substrate (Zn (002)
and Zn (100)) slightly decreases. This indicates that the crystal growth of ZnO is dominant
immediately before the passivation. Slight decrease in Zn diffraction at initial stages
implies that ZnO with low crystallinity (amorphous) precipitated at the initial stage. Such
a duplex character in the passivation films are discussed from early studies on Zn negative
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electrodes [11, 20]. However, nucleation & growth process behind such a change is not

fully understood. This aspect is further analyzed by in sifu Raman analysis below.

4.3.3 In situ Raman analysis on the discharge behavior of Zn negative electrode
Ex situ Raman analysis on the discharge products

SEM and XRD analysis shown above indicated changes in the ZnO growth
behavior; the crystal growth of ZnO becomes dominant at later stages of dissolution.
Raman scattering is another characterization technique often used for analyzing the
structural changes of ZnO [21, 22]. Raman measurements were performed for the
electrodes discharged in 2.0 mol dm™ KOH + 0.050 mol dm™ zincate (same samples
which are characterized by SEM and XRD in Fig. 4.9 and 4.11 (a)). Fig. 4.12 shows

Raman spectra of each electrode.
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Fig 4.12 Ex situ Raman spectra of Zn electrode discharged for 200 s, 400 s, 600 s, and
passivation.

At initial stages of dissolution (200 - 400 s), a peak evolved around 560 cm ™' which is
assigned to E; longitudinal optical phonon (LO) mode of ZnO lattice. After dissolution
proceeds, a peak at 440 cm ™! becomes dominant. This peak is E> mode of ZnO. E; (LO)
mode originates from the crystal defects (Zn excess in the interstitial sites in the lattice),
while E> mode is generally observed for the crystalline wurzite ZnO [23, 24]. Excess Zn
in the interstitial sites of wurtzite structure forms new electronic states in the ZnO
crystallite, which induces a resonant Raman scattering of E; (LO) mode [25]. Accordingly,
Raman spectra also indicates the crystal growth of ZnO is dominant immediately before

the passivation.

In situ Raman analysis during Zn dissolution reaction

However, it is difficult to discuss the structural changes only by ex situ analysis
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because of the possible oxidation on Zn surface during air exposure. It is known that the
native oxide layer on Zn also exhibits a scattering from E{(LO) mode [26]. Therefore,
Raman measurements were carried out to directly monitor the structural changes of ZnO
during the discharge reactions; dissolution reaction was performed by using small sized
electrode and the laser was irradiated every 100 s for 10 s after stating the discharge. Fig.
4.13 shows Raman spectra of Zn electrode every 400 s after starting the dissolution in 2.0
mol dm > KOH + 0.050 mol dm zincate.

///’&_“ Passivation(2600 s)
/\\—.— —2400 s
—2000s
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’_’_//_\"\L —400s

—0s

Intensity / a. u.
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Fig 4.13 In situ Raman spectra of Zn electrode in 2.0 mol dm— KOH + 0.050 mol dm>
zincate. Dissolution current was +100 mA cm 2 and diameter of electrode surface was
500 um¢ (corresponding to the diameter of zinc wire).

'which corresponds

Two peaks evolves during the dissolution; one is around 400-450 cm™
to E> mode and E; transverse optical phonon (TO) mode of ZnO, and the other is E; (LO)
mode. Before 400 s (data not shown), there is no detectable peak and the precipitation of
ZnO is thought to start around 400 s. At these initial stages of ZnO formation, E; (LO)
mode is strong, and scatterings from E> and E; (TO) mode are relatively weak compared
to later stages of dissolution. It means that ZnO formed at initial stages of dissolution
contains the crystal defects as inferred in ex situ analysis. After dissolution proceeded, E>
mode and E; (TO) mode became dominant, which is in accordance with the dominant
crystal growth at later stages of dissolution (an increase in the peak intensities in XRD
patterns and the evolution of acicular crystals in SEM observation). An increase in the
intensity of E> mode at later stages of dissolution was previously observed for in situ
Raman analysis during the potentiostatic dissolution of zinc electrode, too [27]. Thus, the
crystallinity of the precipitated ZnO dynamically changes during the dissolution.

As a cause of the structural change, it is expected that elementary steps for
nucleation & growth of ZnO varies during dissolution. At initial stages of dissolution

where no ZnO is present near the electrode surface, ZnO is nucleated by dehydration
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reactions between zincate species like (4.1). After dissolution proceeds, ZnO grows by an
incorporation and decomposition of zincate on existing ZnO nuclei like (4.2). Zn excess
may be introduced upon the former process at the condition where nucleation is favored.
Correlations between favorable nucleation and the formation of Zn excess are inferred
from former in situ Raman analysis, too; E; (LO) mode is dominant at low KOH
concentration, and passivation at positive anodic potential [27, 28]. In both cases,

nucleation is favored than the growth as discussed in 4.3.1.

Discussion: Nucleation & growth process of ZnO during anodic dissolution of Zn

From analysis above, nucleation & growth process of ZnO during anodic
dissolution of Zn is rationalized as follows based on the dissolution-precipitation
mechanism. First, only zinc dissolution and zincate formation occur before reaching the
solubility limit of zincate (Fig. 4.14(a)). Then, after reaching the supersaturation condition,
primary particles of ZnO are nucleated by the dehydration reactions between zincate
species like (4.1). Upon this process, crystal defects (Zn excess in the interstitial sites) are
likely to be introduced. Then, nuclei are grown by the reactions between polymetric
species and incorporation of the growth unit (zincate) at the ZnO surface. Therefore,
although nucleation process is governed by the supersaturation of zincate ions, the growth
of each nuclei is thought to have remarkable influence on passivation and the cyclability

of the electrode. This aspect is further discussed in Chapter 5.
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Fig. 4.14 Schematic images of the ZnO formation process during anodic dissolution of
Zn; (a) before reaching supersaturation, (b) onset of nucleation of ZnO, (c¢) growth of

ZnO and passivation.
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4.3.4 Effects of surface morphologies of Zn negative electrode on the ZnO formation
Morphological variations of Zn and discharge products

In the analysis above, Zn plate was used as a working electrode. One of the issues
to use Zn substrate was that it was difficult to distinguish the precipitated ZnO and the
underlying Zn microstructures because residual Zn after dissolution had no particular
morphologies (powder-like structures) in Figs. 4.9 and 4.10. Also, it is of practical interest
to understand how Zn surface is involved in the ZnO formation process as mentioned in
the introduction section. Based on these backgrounds, the effects of underlying Zn
morphologies on the ZnO formation behavior were analyzed by using an electrodeposited
Zn as a working electrode for anodic dissolution.

Zn electrodeposition was performed on a mirror-finished copper plate from 6.0
mol dm™> KOH + 0.50 mol dm™ zincate at —40 mA cm > for 1000 s. Also,
electrodepositions in the solution containing 50 mmol dm > K>SnOs-3H>0 or 1.0 mmol
dm™ PbO was performed. Figure 4.15 compares morphological variations of Zn plate,
electrodeposited Zn without additive, with Sn and with Pb.

After electrodepositions, several surface morphologies are obtained. When
electrodeposition is performed without additive, layer-like structures (microsteps)
exposing well-defined facets are formed. This facet is thought to be basal plane of hcp-
Zn [29-31]. By adding Sn, Zn particles with more than 10 pm diameter are formed.
Defined facet is not observed in each particle. When Pb is added, fine particles with
several 100 nm diameter are deposited, which results in the lowest surface roughness
among the electrodeposits. RMS roughness evaluated by laser scanning confocal
microscope were 0.1 um (Zn plate), 3.1 um (electrodeposited Zn without additive), 3.7
um (electrodeposited Zn with Sn) and 0.7 pum (electrodeposited Zn with Pb).
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Fig 4.15 Morphological variations of Zn electrodes; (a), (b) mirror-finished Zn plate,
(¢), (d) electrodeposited Zn without additive, (e), (f) electrodeposited Zn with Sn, (g),
(h) electrodeposited Zn with Pb. (b), (d), (f), and (h) are higher magnification images of

(a), (c), (e), and (g), respectively.

These electrodes were discharged at +20 mA cm 2 until passivation. The potential profiles

during dissolution is shown Fig. 4.16.
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Fig 4.16 Potential profiles of Zn plates (orange), electrodeposited Zn without additive
(blue), with Sn (green) and with Pb (red) during discharge at +20 mA cm 2.

Despite the same discharge condition (current density and electrolyte) of each electrode,
they exhibit different potential transients. First, the time of dissolution until passivation
is altered by the underling Zn microstructures. The discharge time is extended by Sn and
Pb addition. Especially, more than 200 s increase in the dissolution time is observed for
electrodeposited Zn with Sn. Second, the potential value (overpotential for anodic
dissolution of Zn) is considerably different in each case. Zn plate and electrodeposited Zn
with Pb exhibit relatively large overpotential, and the potential continuously shifts to the
positive value during the reaction. On the other hand, electrodeposited Zn without
additive and with Sn show the stable potentials, and it suddenly increases to the cut-off
potential at the passivation condition. As a cause of the potential change, several factors
could be considered. First, the overpotential for the Zn dissolution reaction may increase
at the presence of Pb in the deposits. In addition to the suppression effects of Pb on
elementary steps for Zn electrodeposition (as discussed in Chapter 3), dissolution reaction
(areverse reaction of electrodeposition) is also likely to be suppressed by the presence of
Pb [32, 33]. Second, substantial current density is varied due to the different surface
roughness of each electrode. The current density for Zn plate and electrodeposits with Pb
may be substantially larger than that for electrodeposits without additive and Sn because
of the small surface roughness value. These variations may result in increase in the
overpotential for dissolution. Furthermore, differences in the ZnO formation behavior
induces variations in the overpotential and dissolution time as discussed below.

SEM images after passivation are shown in Fig 4.17.
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15 pm

SOIRIOBER: L —— W

Fig 4.17 SEM images after passivation of (a), (b) mirror-finished Zn plate, (c), (d)
electrodeposited Zn without additive, (e), (f) electrodeposited Zn with Sn, (g), (h)
electrodeposited Zn with Pb. (b), (d), (f), and (h) are higher magnification images of (a),
(c), (e), and (g), respectively.

Depending on the microstructures of Zn electrodeposits, various ZnO
morphologies are obtained. In addition to the cluster-like structures comprising the
acicular ZnO crystals, ellipsoidal structures are obtained on electrodeposited Zn without
additive (Fig. 4.17 (¢) and (d)). These structures appear in the dark contrast in SEM
images. When electrodeposition is performed with Sn, majority of the precipitates are

relatively large clusters having acicular shapes. In contrast, such cluster-like structures
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are hardly observed on electrodeposits with Pb additive. Instead, plate-like aggregates are
densely formed on the electrode. Crystal structures of the precipitates were analyzed by
XRD (Fig. 4.18).
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Fig 4.18 XRD patterns of Zn electrodes (Zn plate (orange), electrodeposited Zn without
additive (blue), with Pb (red) and with Sn (green)) after discharge. (a) compares the
patterns of discharge products on Zn plate and electrodeposited Zn without additive, and

(b) shows patterns from electrodeposited Zn with and without additive species.

In Fig. 4.18(a), the precipitates on Zn plate exhibits the strong diffractions of wurtzite
ZnO compared to that on electrodeposited Zn on Cu. In other words, the crystal growth
of ZnO is suppressed upon the formation of the ellipsoidal structures shown in Fig 4.17(d).
In Fig. 4.18(b), strong diffractions of ZnO appears on the electrodeposits with Sn additive.
In contrast, peak intensities are weak in the Pb added electrodeposit. Furthermore, peaks
which could not be assigned to wurtzite ZnO are observed in the case without additive
(30.8 degree) and with Pb. These peaks may originate from different discharge products;
e.g. Zn(OH),. For example, peaks at 31.0, 35.4, 37.6 and 38.6 degree are assigned to y-
Zn(OH).. Although majority of the discharge products in previously researches was ZnO,
the formation of y-Zn(OH), was also reported especially in the case of dissolution in low
KOH concentrations [8]. Since ZnO was formed by dehydration reaction of Zn(OH), the
electrode was passivated before converting Zn(OH)> to ZnO in these conditions [34-37].
For electrodeposited Zn without additive, a strong peak emerges at 30.8 degree. It is
confirmed that this peak disappears after heating the electrode at 200°C for 1 h (Fig. 4.19).
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Fig 4.19 XRD patterns of discharge products on electrodeposited Zn without additive
before heating (blue) and after heating (orange).

The presence of Zn(OH); implies that the primary particles are formed as Zn(OH),, and
its transformation to ZnO are suppressed in the case of electrodeposited without additive
and with Pb. In short, we could find the correlations between morphologies and crystal
structures; cluster-like structures comprising acicular crystals exhibit the strong
diffraction of ZnO (Zn plate and Sn addition), while the crystal growth is not dominant
in ellipsoidal and plate-like structures (the electrodeposit without additive and Pb
addition).

The variations in ZnO morphologies and XRD patterns clearly suggest that the
underlying Zn microstructure affect the ZnO formation process. In order to shed light on
such an influence, the ZnO formation behavior is analyzed by time-resolved manner.
Dissolution was stopped at certain dissolution time. Then, morphologies and crystal
structures were analyzed by SEM and XRD. First, an analysis was performed on the
electrodeposited Zn without additive. Fig. 4.20 shows morphological changes of the

electrode over several dissolution times.
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Fig. 4.20 Morphological variations during dissolution of electrodeposited Zn without
additive at (a) 0 s (after electrodeposition), (b) 300 s, (¢) 400 s, (d) 500 s, () 600 s, and

(f) passivation.

At 300 s, no precipitates on Zn surface is observed and zincate ion may not reach the
solubility limit. Zn surface after dissolution still exhibits the layer-like structures, which
indicates that the dissolution reaction proceeds in a step-flow manner maintaining the
underling Zn microstructures. From 400 s, the precipitates are visible on Zn surface. Then,
the size of the precipitates increases until passivation. Especially, size of the ellipsoidal
structures considerably increases compared to the cluster-like structures. XRD patterns

of each electrode are shown in Fig. 4.21.
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Fig. 4.21 XRD patterns of the discharge products on the electrodeposited Zn without
additive at 0 s, 400 s, 500 s, 600 s, and passivation.

ZnO peaks appears around 500 s and it continuously increases until passivation. Also, a
peak at 30.8 degree appears earlier (400 s). This implies that Zn(OH); is the primary
precipitate on electrodeposited Zn as inferred in Fig. 4.19. Morphological variations are

analyzed for Sn and Pb addition case, too.

¢ ¢ e AT SR

Fig. 4.22 Morphological variations of the electrodeposited Zn with Sn at (a) 300 s, (b)
500 s, (¢) 600 s, and (d) passivation (1040 s).
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Fig. 4.23 Morphological variations of the electrodeposited Zn with Pb at (a) 300 s, (b)
500 s, (c) 600 s, and (d) passivation (830 s). White arrow shows the precipitates on the

electrode.

In the case of Sn addition, small-sized clusters (several um length) are dispersedly formed
over the electrode surface. In contrast, relatively large aggregates forms from initial stages
of dissolution in the case of Pb addition. A crystallinity of these structures is thought to
be low compared to the cluster structures based on XRD analysis. Therefore, differences
in the potential transients are caused by variations in the ZnO growh behavior as well; In
the case of Pb, electrode surface is immediately covered by the precipitates, which results
in a decrease in the active surface area and potential increase. On the other hand, Sn added
electrodeposits exhibits a stable potential due to a gradual decrease in the active surface

area.

Discussion: effects of surface morphologies on ZnO formation process

By using Zn electrodes with various morphologies, the discharge and ZnO
formation behavior were considerably altered. Thus, Zn surface is involved in the
dissolution-precipitation mechanisms. Qualitatively, there is a correlation between
morphologies and intensity of diffraction from ZnO in XRD patterns; the diffraction of
the cluster-like structures (formed on Zn plate and electrodeposit with Sn) is stronger than
that from the ellipsoidal structures (formed on the electrodeposited Zn) and the plate-like
structures (formed on the electrodeposited Zn with Pb). Thus, the crystal growth of ZnO
is suppressed on the electrodeposited Zn and Pb addition case.

The cluster-like structures have been often observed even in the chemical
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synthesis technique like a hydrothermal growth [13, 17, 18, 36]. It is considered that an
incorporation and decomposition of the growth unit (zincate) at the ZnO surface results
in such a morphology as discussed in 4.3.3. The formation of an ellipsoidal structure was
also reported. From in situ SAXS and ex situ TEM analysis, such a structure was thought
to be formed by an aggregation of primary ZnO nuclei [38-40]. Actually, the ellipsoidal
structures formed on the electrodeposited Zn comprises much smaller particles as
confirmed in Fig. 4.24.

e e
Fig 4.24 Enlarged SEM image of the ellipsoidal structure formed on the

electrodeposited Zn without additive at +20 mA cm 2.

Accordingly, the ellipsoidal structures and the plate-like structures formed on the
electrodeposited Zn without additive and with Pb are possibly formed by an aggregation
of primary particles, too. To further verify this assumption, dissolution was performed at
+40 mA cm? and morphological changes were observed. At higher current density,
nucleation is dominant than the growth process, which results in the larger number of
primary nuclei. Fig. 4.25 compares the morphologies of electrodeposited Zn after
discharge at +20 and +40 mA cm 2.
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R

additive; (a), (c) + 20 mA cm 2 and (b), (d) +40 mA cm 2. (c) and (d) are higher

magnification images of (a) and (d), respectively.

As dissolution current increases, the portion of dark contrasted area increases in Fig 4.25
(b). It indicates that the number of the ellipsoidal structures (the shape was less defined
than that at +20 mA cm ?) increases at the higher degree of zincate supersaturation.
Therefore, the formation of the ellipsoidal structures is reasonably explained by the
aggregation of larger number of primary particles formed by the higher degree of
supersaturation.

From these discussions, Zn surface is thought to be involved in the ZnO
formation process as follows. When Zn surface has well defined facets (electrodeposited
Zn without additive) or low surface roughness (electrodeposit with Pb), an aggregation
of primary particles is promoted on the surface. This results in the formation of ellipsoidal
or plate-like morphologies. On the other hand, when Zn surface doesn’t have large
terraces, the primary particles are less mobile on the surface. In this case, each nucleus is
grown by the incorporation of the growth unit to ZnO, and the cluster-like structures form.
Accordingly, it is possible to suppress the crystal growth of ZnO even at same dissolution

condition by promoting an aggregation of primary particles.
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Conclusion

The ZnO formation process during discharge was investigated to clarify the
guiding principle for controlling the discharge reaction. First, Zn dissolution was
performed in various conditions; e.g. different KOH, zincate concentrations and current
density. As a result, the nucleation density of ZnO crystal were increased at the condition
where the degree of zincate supersaturation was large. However, the crystal growth of
ZnO was dominant even at higher KOH concentration or lower current density; the peak
intensity of ZnO in XRD increased and the acicular ZnO crystals evolved under these
conditions. This suggested that in addition to ZnO nucleation through the dehydration
reactions between zincate species, the crystal growth of ZnO through zincate
incorporation and decomposition on the crystal was important. /n situ Raman
measurements also revealed the structural changes of ZnO by different elementary steps
for the ZnO formation; crystal defects (Zn excess in the interstitial sites) were introduced
upon the nucleation process (dehydration reactions between zincate species) which was
observed at initial stages of ZnO precipitation. In addition to the solution chemistry (i.e.
OH activity and the degree of supersaturation), the microstructures of Zn electrode also
had significant influence on the ZnO formation process. On Zn surface with well-defined
facets or low surface roughness, an aggregation of primary ZnO nuclei was promoted.
This made it possible to suppress the crystal growth of ZnO even at the same dissolution
condition. Thus, the zincate decomposition on ZnO surface and an aggregation of nuclei
on Zn surface had considerable influences on the morphologies and the crystal structures

of ZnO precipitated during the discharge.
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5.1 Introduction

Towards achieving a high energy density and rapid charge discharge rates (e.g.
for the application in Zn-air battery), the ZnO formation during discharge is inevitable.
Therefore, in addition to suppressing the Zn dendrites and mossy structures during
charging (Zn electrodeposition), the ZnO formation process needs to be controlled. Many
researches in past reported the several controlling methods. Among them, the high
solubility of zincate in alkaline solution is often considered as a cause of the shape change
of the electrode (dendrite growth and redistribution of active materials) as discussed in
the general introduction [1-3]. One of the methods to overcome these issues is to form
insoluble discharge products on the surface. In this case, dendritic growth can be
mitigated because the reactants are fixed on the surface and the diffusion limited condition
is not established during Zn electrodeposition [3, 4]. Also, the redistributions of active
materials are unlikely to occur because the accumulation of active materials is caused by
variations in ionic concentration in the electrolyte. Therefore, many researchers tried not
to form the soluble zincate species but to fix the discharge products (ZnO) on the surface.
This was achieved by decreasing the solubility of zincate in the electrolyte by modifying
the composition [5], introducing the additive species [6-8], preparing the ionomer with
low permeability to zincate species [4].

Although these methods could improve the cyclability of the negative electrode,
one of the major drawbacks lies in significant decrease in the discharge capacity [6, 7].
As demonstrated in chapter 4, the continuous discharge reaction becomes impossible after
densely covering the electrode surface by ZnO. Thus, the acceleration of ZnO formation
induces an earlier passivation and a decrease in the discharge capacity. Additionally, the
battery failure (capacity fading and loss of the Coulombic efficiency) occurs even with
these controlling methods, and many researchers have not described the exact cause of
the failure [7]. Some researchers mentioned that it became difficult to reduce ZnO again
to Zn upon charging when well-crystallized ZnO covered the surface because ZnO had
an insulating or semiconductive property [9]. It was reported that the overpotential of
ZnO for hydrogen evolution reaction (HER) was lower than that of metal Zn, which
implied the Coulombic efficiencies might decrease when ZnO itself reacted [10, 11].

Actually, the study by electrochemical impedance spectroscopy (EIS) revealed that the
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number of the capacitive semicircles changed from two to one when the electrode was
oxidized at much positive potential [12]. At the presence of two semicircles, Zn beneath
ZnO was thought to react (Zn was dissolved), but ZnO layer itself might react and oxygen
was evolved on it when only one semicircle was observed.

Accordingly, in addition to fixing the discharge products on the surface, they are
required to be reversibly reduced to Zn. To achieve this, one of the considerable methods
is to suppress the crystal growth of ZnO. For example, sodium dodecyl benzene sulfonate
(SDBS) was reported to be adsorb on ZnO surface and suppress the crystal growth of
Zn0O, which was beneficial for attaining the better cyclability and increase the discharge
capacity [13, 14]. Similarly, Li* has been known to suppress the crystal growth in
hydrothermal synthesis [15-17]. In the battery, Li* is sometimes added to the electrolyte,
but their effects are discussed mainly with respect to cathodic (MnO; or Ni(OH).) reaction
[18-22]. It is assumed that ZnO formation behavior is remarkably influenced by the
presence of Li" during anodic dissolution of Zn as well. Therefore, in this section, effects
of Li" on the discharge behavior and resultant influences on the following charging is
investigated. Through this analysis, a rational reaction design for charge-discharge

reactions is discussed.

5.2 Methodology

The effects of Li" addition on the discharge behavior were analyzed by
performing Zn dissolution in Li" containing solutions. As is the case for metal additives
effects investigated in chapter 3, LiOH-H>O was used as lithium salt in order not to
introduce the counter anion in the solution. Li" containing solution was prepared by
dissolving LiOH-H>O (reagent grade, Kanto chemical) in pure water, then it was mixed
with KOH (UGR grade, Kanto chemical) to yield 1.5 — 5.5 mol dm> KOH + 0.50 mol
dm™ LiOH (0.50 mol dm— KOH in the solution used in chapter 4 was substituted by
LiOH). Finally, 0.050 mol dm™ ZnO (reagent grade, Kanto chemical) was dissolved in
this solution. Galvanostatic dissolution was performed at +20 and +40 mA cm 2 in the
electrochemical cell used in chapter 4. A working electrode was Zn plate or
electrodeposited Zn on Cu plate. LSV was measured by sweeping the potential from

REST potential to —0.60 V at scan rate at 20 mV s '. Characterizations on surface
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morphologies and crystal structures of the precipitates were carried out as described in
chapter 4. In situ Raman analysis of Zn electrode was performed in 1.5 mol dm > KOH +
0.050 mol dm > zincate + 0.50 mol dm > LiOH. Discharging and measurement conditions
were same as those used in chapter 4.

The amount of the precipitated ZnO was analyzed by ICP-AES (5500x, Agilent).
For this analysis, electrodeposited Zn on Cu plate was used for anodic dissolution. The
electrode after passivation was dissolved in 5.0 mL nitric acids. Then, this solution was
diluted to 100 mL, and used as an analyte for ICP-AES analysis. By measuring total
amount of Zn species on the electrode, precipitated ZnO amount was evaluated by the

following equation.

Amount of precipitated ZnO (C cm?)
= Total Zn Amount (measured value) — Theoretically remained amount (5.1)

(40 Cecm ™2 —-0.020 £ C cm™?)

When only dissolution reaction was considered, 40 —0.020 ¢ C cm 2 of metal Zn remained
on the electrode since 0.020 ¢ C cm 2 of Zn was dissolved as zincate. A difference between
this value and the measured value corresponded to the amount of the precipitates.

In order to analyze the influence of the precipitated ZnO on the following
charging behavior, morphological changes upon discharge to charge was analyzed by the
in situ optical microscope observation as carried out in chapter 2; discharge of Zn was
performed by using Zn wire (500 um¢) embedded in an epoxy resin. Zn wire was used
as a counter and a quasi-reference electrode. The working electrode was horizontally
upward faced to counter electrode by using the electrochemical cell shown in Fig. 2.3.
Discharge was performed at +80 mA cm 2 until reaching the potential to +300 mV vs. Zn

and charge was performed at =90 mA cm 2 for 2000 s.
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5.3 Results and Discussion

5.3.1 Effects of Li* on Zn dissolution and ZnO growth
Changes in the polarization behavior of Zn and morphologies of ZnO

LSV of Zn plate was measured in 1.5 mol dm > KOH + 0.050 mol dm zincate
+ 0.50 mol dm™ LiOH and 2.0 mol dm > KOH + 0.050 mol dm* zincate. Figure 5.1
shows the profile at scan rate of 20 mV s,
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Fig. 5.1 LSV of Zn in 2.0 mol dm ™~ KOH + 0.050 mol dm zincate (blue line) and 1.5
mol dm™ KOH + 0.050 mol dm > zincate + 0.50 mol dm > LiOH (orange line) at scan
rate of 20 mV s .

By sweeping the potential to positive value, there are two anodic peaks before dropping
the current. These two peaks originate from the different coordination numbers of OH™ to
Zn*" ion; a negative peak corresponds to Zn(OH)s>~ and a latter peak is assigned to the
Zn(OH)3™ formation [11, 23]. The formation of Zn(OH)3™ starts when sufficient OH™ is
not available by increasing the Zn** concentrations. After these peaks, a current dropped
by passivation of the electrode due to the ZnO formation. By adding Li*, there are three
notable differences in the polarization behavior. First, the current at active dissolution
region (—1.4 V - —1.25 V) is increased by adding Li". For example, the current density at
—1.3 V was 54 mA cm 2 in the solution without Li*, but it increases to 71 mA cm 2 by
adding Li". Secondly, the current at two peaks are changed. The peak currents in the
solution without Li* are 113 and 98 mA cm 2, while they are 108 and 107 mA cm ™ in the
Li* containing solution. This means the formation of Zn(OH)4>™ is suppressed by the
presence of Li*, and Zn(OH);™ is instead formed. Also, passivation occurs at more positive
potential than in the solution without Li*. These two differences originate from the

decreased OH™ activity by Li". In previous studies, it was reported that the activity
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coefficient of OH™ became small in the LiOH solution compared to KOH or NaOH
solutions due to the largest charge density (smallest cation size) of Li" among alkali
cations [24, 25]. Thus, the formation of Zn(OH)s*" is suppressed and the ZnO formation
is promoted by depletion of OH".

Galvanostatic dissolution of Zn plate was performed in 1.5 or 5.5 mol dm > KOH +
0.050 mol dm? zincate + 0.50 mol dm™> LiOH at +20 mA cm 2. Fig. 5.2 shows the

potential changes during the discharge.
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Fig. 5.2 Potential profiles during anodic dissolution of Zn in 1.5 mol dm ™ KOH (blue
solid line) and 5.5 mol dm ™ KOH + 0.050 mol dm 3 zincate + 0.50 mol dm ™ LiOH at
+20 mA cm 2. Dashed line is the profile in the solution without Li* at relevant OH~

concentration shown in Fig. 4.2.

As is the case for LSV measurements, passivation occurs earlier by Li* than in the solution
without Li" because of the decreased OH™ activity. However, the potential difference at
initial stages of dissolution is small. In the case of 2.0 mol dm™ OH" solution, more
negative potential is observed in Li* containing solution. This is in accordance with LSV
results at active dissolution region; although concentration overpotential for OH™ is larger
in the Li" containing solution, dissolution reaction itself is promoted by Li" at initial
stages of dissolution. This trend is confirmed by the potentiostatic dissolution, too. Fig.

5.3 shows current profile during the potentiostatic dissolution at —1.3 V.
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Fig. 5.3 Current profile during potentiostatic dissolution at —1.3 V.

At initial stages of dissolution, the profile in the Li* containing solution exhibits higher
current density than that in the absence of Li*. Thus, the active dissolution reaction of Zn
is enhanced by the presence of Li". After the dissolution proceeds, the current becomes
lower than that in the solution without Li*. This decay may be caused by more pronounced
decrease of OH™ by the presence of Li".

Figure 5.4 shows SEM images after passivation of Zn electrode in 1.5 mol dm™
KOH and 5.5 mol dm™ KOH + 0.050 mol dm™ zincate + 0.50 mol dm™ LiOH.

(a)

BE pum

15 um - 1.0 pm

Fig 5.4 SEM images of Zn electrode after discharge at +20 mA cm 2 in (a), (c) 1.5 and
(b), (d) 5.5 mol dm* KOH + 0.050 mol dm 3 zincate + 0.50 mol dm > LiOH solutions.

(b) and (d) are higher magnification images of (a) and (c), respectively.
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As is the case for the passivated film in the solution without Li", the cluster-like
structures are formed by discharge. However, the acicular shapes crystals are no longer
observed, and particulate particles are formed. XRD patterns at each condition are shown
in Fig. 5.5.

(a) (b)
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5000 5000

4000 4000
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Fig 5.5 XRD patterns of the electrode after passivation in (a) 2.0 mol dm 3, (b) 6.0 mol
dm™ OH™ solutions at +20 mA c¢cm?; blue line shows the profile in the solution without

0

Li" and red line shows those at the presence of Li".

At the presence of Li, the peak intensities of ZnO decrease. These results indicate that
the crystal growth of ZnO is suppressed by the presence of Li'. This suggests that the
elementary steps for ZnO formation was changed by addition of Li" as previously
suggested in the chemical synthesis technique [15, 16]; the zincate incorporation and
decomposition at the surface of ZnO are suppressed, and nucleation (dehydration
reactions between zincate species) are favored. Such a change was thought to be caused
by Li" adsorption on the ZnO nuclei or incorporation of Li* in the Zn sites inside the ZnO
lattice, which retarded the incorporation of negatively charged zincate intake at the
surface. Such a Li" involvement in the ZnO formation process is further discussed from
ICP-AES and in situ Raman analysis.

In addition to the changes in the ZnO crystal growth behavior, Zn dissolution
behavior before forming ZnO is expected to be influenced by Li" addition as inferred in
the polarization behavior and current profile during the potentiostatic measurement. To
examine such a difference in a dissolution behavior, dissolution was stopped at 300 s
before the ZnO formation in 2.0 mol dm > KOH + 0.050 mol dm zincate and 1.5 mol
dm™ KOH + 0.050 mol dm zincate + 0.50 mol dm™> LiOH, and surface morphologies
were analyzed by SEM. For this analysis, electrodeposited Zn was used as a working

electrode to clarify the morphological changes from the layer-like structures.
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15 um

Fig. 5.6 SEM images of Zn electrodeposits after dissolution of (a), (b) 0 s (after
electrodeposition), (c), (d) 300 s in the solution without Li*, and (¢), (f) 300 s in the
solution with Li*. (b), (d), and (f) are higher magnification images than (a), (c), and (e).

When dissolution is carried out without Li*, microsteps are maintained even after
dissolution. This suggests that dissolution proceeds in a step-flow manner. In contrast,
well-defined microsteps are not observed at the presence of Li*. which suggests that an
entire Zn surface contributes to the dissolution reaction regardless of its microstructures.
Changes in such a dissolution behavior has been often observed by the presence of
specifically adsorbed anion and potential changes [26, 27]. Cations might also affect such
a behavior by two possible ways. First, cation species forms an alloy with surface
elements and modifying the surface properties (e.g. surface energy) [28]. Second, the
stability of the reaction intermediates like ZnOHaq is influenced by cations in the outer
Helmholtz plane, which promotes or suppresses the dissolution reaction. For example,
the surface roughening during Pt oxidation is suppressed by the presence of Li* due to

significant interactions of Li" with PtOH,q [29]. Latter explanation seems reasonable
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because the surface alloying is unlikely due to much negative deposition potential of Li*
than that of Zn. Since Li" has the largest charge density among alkali cations, Coulombic
interactions between Li" and the surface is larger than that between K* and the surface.
RMS roughness of each electrode was evaluated by a laser scanning confocal
microscope. After electrodeposition the roughness value is 3.1 um. After anodic
dissolution, this value increases to 6.0 um at the absence of Li*, and 4.2 um at the presence
of Li*. In the case of solution without Li", relatively large Zn structures remains on the
electrode surface after dissolution due to the dissolution like step-flow manner. On the
other hand, less increase is observed in the case of Li* containing solution due to reactions
from entire Zn surface. This effect may be beneficial for Zn negative electrode because
the influence of Zn microstructures formed during charging (i.e. dendrites) can be
mitigated by the presence of Li" upon discharging. It was previously reported that better
cyclability of the negative electrode is attained by eliminating Zn dendrites upon
discharging [3]. Actually, dissolution in the solution without Li* yields some protrusions
on the surface, which are potentially initiation sites for Zn mossy structures in the

following charging.

Analysis on precipitated amount of ZnO during discharge

In order to quantify the amount of the precipitated ZnO in the solution with and
without Li*, electrodeposited Zn was dissolved. Residual amount of Zn was measured by
ICP-AES. From the procedure shown in the experimental section, the precipitated amount
of ZnO was calculated. Fig. 5.8 shows SEM images of Zn electrodes after several

dissolution times.
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Fig. 5.8 Morphological variations during dissolution of electrodeposited Zn in 1.5 mol
dm— KOH + 0.050 mol dm > zincate + 0.50 mol dm > LiOH at (a) 0 s (after
electrodeposition), (b) 300 s, (c) 400 s, (d) 500 s, (e) 600 s, and (f) passivation.

The precipitated amount from 400 s until passivation calculated from the results of ICP-

AES is plotted in Fig. 5.9.
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Fig. 5.9 Precipitated amount of ZnO in 2.0 mol dm—> KOH + 0.050 mol dm 3 zincate
and 1.5 mol dm™> KOH + 0.050 mol dm > zincate + 0.50 mol dm—> LiOH.

At initial stages of dissolution, the amount of ZnO is larger in Li" containing

solution than in the solution without Li*. This implies that onset of the ZnO precipitation

becomes earlier by Li" addition due to lower OH™ activity, which induces a faster
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nucleation. However, after 500 s, the amount rapidly increases in the solution without Li".
Once ZnO is nucleated, it rapidly grows by an incorporation of zincate species to the
nucleus. At the presence of Li", this process is retarded, and the precipitated amount
decreases from 500 s. Eventually, the precipitated amount is lower in passivation
condition at the presence of Li". This means the suppression on the crystal growth results
in small number of the precipitated nuclei due to an insufficient increase in the cluster
size for the precipitation. Cross-sectional SEM images shown in Fig. 5.10 also confirms
the same trend; thickness of ZnO layer on electrodeposited Zn surface is thinner in the
solution with Li* than at the absence of Li*. In principle, such a retarded ZnO growth may
be beneficial for improving the discharge capacity (extending passivation time), too [13,
14]. However, this is not the case for current study as shown in Fig. 5.2. This reason may
be decreased OH™ activity surpasses the effect of compact ZnO formation; since
passivation itself occurs by the depletion of OH™ at the surface (beneath ZnO layer), the
decreased OH ™ activity shortens the passivation time [30]. Extending discharge time may
be possible through optimizing the Li* concentration in the solution as demonstrated in

previous study [20].

(b) (c)

15 um 15 pm

15 pm

5.0 pm - 5.0 pm

5.0 pm

Fig. 5.10 Cross-sectional images of Zn electrode; (a), (d) before dissolution, (b), (e)
passivation in the solution without Li*, and (c), () passivation in the solution with Li".

White dashed line denotes the interface between precipitated ZnO and underlying Zn.

Also, to confirm Li" adsorption or intake on ZnO, the emission intensity of 670.8 nm

corresponding to Li was analyzed for various samples. The results are described in Table
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5.1.

Table 5.1 Emission at 670.8 nm at various dissolution condition. Averaged value from 5

different measurements £ standard deviation.

Emission at 670.8 nm / cps

(a) Passivation (without Li") 4083+53
(b) Passivation (with Li") 4683 £28
(¢) After 300 s (with Li*) 368897

(d) After 300 s +300 s REST

+
(with Li*) 373284

Compared to the passivation film in the solution without Li* (condition (a) in the table),
the intensity reasonably increases only in the case of passivation in Li* containing solution,
(b). When dissolution is stopped before forming ZnO (c), the intensity decreases
compared to that observed in condition (a). Same trend was observed even after holding
an electrode in the Li" containing solution for another 300 s, (d). These results show
interactions of Li* with ZnO (adsorption on ZnO surface or incorporation into the ZnO
lattice) is more significant than that with Zn. A decrease in intensity in (c), (d) may
originate from differences in the background intensity due to decreased Zn concentration
by lack of ZnO layer. This result demonstrates that the interaction of ZnO with Li" is
considerable, but it is still difficult to distinguish the adsorption and incorporation into
the lattice due to very low detected amount (corresponding to less than 0.01 at% compared

to the total amount of Zn and Li).
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5.3.2 In situ Raman analysis of Zn electrodes in the solution containing Li*

In order to further discuss the changes in nucleation & growth behavior of ZnO
during discharging, in situ Raman analysis was performed as carried out in chapter 4. Fig.
5.11 shows the spectra in 1.5 mol dm > KOH + 0.050 mol dm > zincate + 0.50 mol dm™>
LiOH.

Passivation(1000 s)

| —~— ——900's
——800s

—700s
600 s
500 s

Intensity / a. u

| —400s

| —— 2005
I I 1 I I 1 I I 1 I I O s
300 400 500 600 700

Raman Shift / cm'!

Fig. 5.11 In situ Raman spectra of Zn electrode in 1.5 mol dm™ KOH + 0.050 mol dm
zincate + 0.50 mol dm > LiOH. Dissolution current is +100 mA cm 2 and diameter of

the electrode is 500 um¢ (corresponding to diameter of zinc wire).

A peak intensity of the E> mode corresponding to the crystalline wurtzite ZnO is weak
even at passivation condition at the presence of Li*. Also, the peak position is shifted to
the lower wavenumber. Such a peak shift may occur when the lattice is distorted by
incorporated Li". A dominant peak during dissolution is the E; (LO) mode. There are two
possible reasons for the appearance of this peak. First, the E; (LO) mode may be induced
by the incorporated Li* inside the lattice [31, 32]. However, the amount of Li* in the
precipitates are much less than that in previous studies to explain the evolution of the E;
(LO) mode. Another explanation is that excess Zn is formed by different nucleation &
growth behavior of ZnO in the Li* containing solution. As discussed in chapter 4, this
peak corresponds to excess Zn in interstitial sites of ZnO crystals. Also, there are
qualitative correlations between the formation of Zn excess and the conditions favoring
nucleation (dehydration reactions between zincate species). Therefore, suppressed E>
mode as well as an appearance of E; (LO) mode are in accordance with the suppression
in the crystal growth of ZnO inferred from SEM and XRD results.

In short, the Raman analysis shows the structural difference by the presence of

Li" as follows. First, a peak shift in E; mode implies the distortion in the lattice possibly
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due to an incorporation of Li* in the lattice. Second, the evolution of E; (LO) mode
suggests the preferential nucleation than the growth by Li". This may be caused by the
retarded zincate intake to the ZnO surface by Li" adsorption on the surface or

incorporation into the lattice [15, 16].

5.3.3 Charging behavior after the formation of ZnO

As discussed above, Li" exhibited the suppression effects on the crystal growth
of ZnO. One of the important issues in Zn negative electrode is maintaining the cyclability
even after forming ZnO. In other words, precipitated ZnO should be reversibly reduced
to metal Zn upon charging. In order to analyze how variations in the ZnO formation
behaviors affect following charging behavior, morphological variations upon successive
discharging to charging were analyzed in 4.0 mol dm ™ KOH + 0.25 mol dm™ zincate and
3.5 mol dm ™ KOH + 0.25 mol dm? zincate + 0.50 mol dm LiOH. Figs. 5.12 and 5.13
show the potential profiles during discharge at first step and charging in second step,

respectively.
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Fig. 5.12 Potential profile during discharging of Zn electrode (500 um¢ embedded in
epoxy resin). Current density is +80 mA cm 2 in the solution without Li* until
passivation (blue line), for 1000 s (green line), and with Li* until passivation (orange

line).
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Fig. 5.13 Potential profile during charging of Zn electrode after performing discharge.

Current density was —90 mA cm 2. Deposition was performed after dissolution (a)
without Li* until passivation, (b) without Li* for 1000 s, and (c) with Li" until

passivation.

Morphological evolution during discharging and charging were in situ analyzed

by an optical microscope. Fig. 5.14 represents the images in the solution without Li", and

dissolution was performed until passivation. Fig. 5.15 shows the results obtained in same

solution, but dissolution was stopped at 1000 s. In Fig. 5.16, the results of discharging in

the Li" containing solution until passivation are shown.
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(b)

Fig. 5.14 CCD images of Zn electrode during discharging and charging in 4.0 mol dm>
KOH + 0.25 mol dm zincate. Discharge was performed until passivation. Images are
taken at (a) 2100 s after discharge, (b) passivation (discharge for 4200 s) and (c) 500 s

after starting the charge.

(b)

Fig. 5.15 CCD images of Zn electrode during discharging and charging in 4.0 mol dm>
KOH + 0.25 mol dm zincate. Discharge was performed for 1000 s. Images are taken at
(a) 500 s after discharge, (b) 1000 s after discharge and (c) 500 s after starting the
charge.

(a) (b) (©)

g =

Fig. 5.16 CCD images of Zn electrode during discharging and charging in 3.5 mol dm™
KOH + 0.25 mol dm™® zincate + 0.50 mol dm > LiOH. Discharge was performed until
passivation. Images are taken at (a) 2100 s after discharge, (b) passivation (discharge for
4300 s) and (c) 500 s after starting the charge.

In each charging condition, dendritic deposition is inferred from the oscillation of the

potential profiles; dendritic growth is known to occur in a periodic manner possibly due
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to Zn deposition and HER (When zincate ions is depleted by Zn electrodeposition,
potential is shifted to HER, zincate concentration is recovered during this period.) [33].
At initial stages of deposition, there is a plateau region in the potential before potential
drop (until 250 s in Fig. 5.13 (a) and until 80 s in Fig. 5.13 (b)). This behavior was ascribed
to “Sand” behavior. After starting the electrodeposition, the concentration of zincate ions
at the surface starts to decrease, when it goes down to zero, potential rapidly increases to
the value corresponding to HER. Since this time is indicator for the onset of dendritic
growth, it is expected that dendrite formation is delayed in passivated condition in the
solution without Li" [34]. This may be caused by an increase in the surface area during
dissolution; since the surface roughness tends to increase in the solution without Li*
compared to the Li" containing solution, substantial current density is possibly decreased
in this condition. This results in longer Sand time. After forming dendrites at the negative
potential, surface roughness is further increased. This results in decrease in the local
current density, which is reflected in the positive shift and stable potential value at the
later stages of deposition. In addition to longer Sand time, the duration of the potential
oscillation is shorter during the deposition after passivation in the solution without Li*
than in the solution with Li". This also suggests dendritic growth is relatively suppressed
in this condition.

From CCD images, however, very rough deposits evolve in Fig. 5.14 despite
dendritic growth is expected to be suppressed in this condition. The length of the white
arrows shown in each figure is 300, 130 and 110 um, respectively. From CCD images
immediately after starting the charge, this rough deposit evolves not by deposition on Zn
surface but by the protuberance of the residual Zn after dissolution. It is notable that black
parts remain after dissolution inside the epoxy resin at passivation condition in Fig. 5.14
(b), while transparent parts are seen in the Li" containing solution in Fig. 5.16 (b). Thus,
non-uniform dissolution in the solution without Li* may result in the evolution of rough
deposits upon following charge. A rapid recovery of deposition potential to positive value
may originate from sudden increase in the surface area by this morphological change. Li*
is effective to suppress such an irregular evolution of Zn deposits by uniformly dissolving
Zn upon discharge as discussed in Fig. 5.6.

In order to further discuss microstructures and crystal structures during these
morphological changes, successive discharge and charge were performed for a larger
sized electrode in an electrode configuration shown in Fig. 4.1. Photographs taken by

digital camera after charging and SEM images are shown in Fig. 5.17.
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Outer Surface

4 1.0 um

1.0 pm

Fig. 5.17 Photographs of the rough deposits formed after charging and SEM images

Although it is difficult to distinguish Zn and ZnO from SEM images, acicular crystals are
observed inside the rough deposits, which is similar to the structures observed after

passivation. XRD patterns of this sample and the deposits formed after switching the
potential before passivation are shown in Fig. 5.18.
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Fig. 5.18 XRD patterns of Zn deposits after charging. Prior to charging, discharge is

performed at +20 mA cm 2 until passivation (blue line) and for 1100 s (green line).

When the potential was changed after passivation, intense ZnO peaks remains even after

charging. This analysis indicates that ZnO formed during discharge is not fully reduced
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upon following charging, and which induces a protuberance of residual Zn. Thus, in
addition to a uniform dissolution of Zn by the presence of Li*, the suppression on the
protuberance of the rough Zn deposits can be ascribed to suppressed crystal growth of

ZnO in Li" containing solution or shorter dissolution time.

Conclusion

As a controlling method for discharge behavior of Zn negative electrode, the
effects of Li* addition on the discharge of Zn negative electrode were investigated. Li*
had the effects both on dissolution of Zn and ZnO precipitation. During an anodic
dissolution, Li" promoted the reaction by dissolving Zn regardless of the underlying
microstructures; step-flow dissolution was changed to dissolution from an entire surface.
This was beneficial for suppressing the surface roughening during discharging. When
ZnO was precipitated in the solution with Li*, the crystal growth of ZnO was suppressed.
This was thought to be caused by alterations to the elementary steps for the ZnO formation
by Li" incorporation into the ZnO lattice; an incorporation and a decomposition of zincate
at ZnO surface was suppressed. Instead, ZnO was formed mainly by dehydration
reactions between zincate species. Corresponding change in the crystal structure was
revealed by in situ Raman analysis; excess Zn was formed during discharge in the Li"
containing solution. Furthermore, by monitoring the morphological changes upon
discharge to charge, these changes were beneficial for suppressing the protuberance of
rough deposits during charging. This was ascribed to the uniform Zn dissolution and the
suppressed ZnO growth during the discharge by Li". Thus, to maintain the electrode
cyclability, it was important to eliminate the Zn microstructures by dissolution and
mitigate the crystal growth of ZnO.
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The introduction of renewable energy to power distribution system motivates
many researchers to develop rechargeable Zn batteries these days. However, despite long
history from 19™ century and successful commercialization in the primary batteries, the
application of Zn negative electrodes in secondary batteries are still challenging in 21
century. Main reason lies in morphological changes of Zn negative electrodes; deposition
of irregular shaped Zn electrodeposits and passivation of electrode by ZnO formation
during discharge. Although there are knowledge accumulations about electrochemistry of
Zn negative electrodes, fundamental principles for achieving the rechargeable Zn
negative electrode are still missing. Many researches have reported several controlling
methods for improving the cyclability of the electrode, but they were often trial-and-error
approaches. This is caused by insufficient understandings on interfacial phenomena
governing morphological variations of Zn negative electrode (i.e. electrodeposition of Zn,
its anodic dissolution, and ZnO formation via supersaturation), and its connection to the
controlling methods. For realizing the rechargeable Zn batteries, the guiding principle for
controlling Zn electrode reactions is indispensable. The objective of this thesis is to
establish such a principle based on profound understandings on Zn electrodes reactions.

In this chapter, major results obtained in this thesis are summarized. And its
significance in controlling charge-discharge behavior of Zn negative electrodes is

rationalized to establish strategies to realize the rechargeable Zn batteries.

In chapter 2, the electrodeposition behavior of Zn during charging operation was
analyzed, and underlying mechanisms governing morphological variations were
elucidated. Especially, the formation process of mossy structures which was major issues
in large-scale energy storage system (flow-assisted Zn batteries) were discussed in detail.

From in situ optical microscope analysis on the growth behavior of mossy
structures and its comparison with the dendrite formation, it was characterized by non-
uniform deposition on the filamentous structure. At microscopic level, the evolution of
microsteps was closely related with the mossy structures formation; deposition was
localized on the terrace of microsteps at low deposition overpotential. Such a non-uniform
deposition behavior was possibly caused by side-reactions during Zn electrodeposition

(Hag or oxide formation) because of decreased current efficiency during deposition.
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Furthermore, the effects of cation indicated that the deposition process was influenced by
an interaction between the non-specifically adsorbed cation and the reaction intermediates
for Zn electrodeposition (e.g. electrode reactions were facilitated by K* or Li* compared

to Cs"), which determined the microstructures of Zn electrodeposits.

In chapter 3, metal additives effects were examined to suppress the formation of
mossy structures in flow-assisted Zn battery. It was emphasized, (1) revealing the
mechanisms behind compact Zn electrodeposition and (2) establishing a systematic basis
enabling to control the flow-assisted battery.

From comparative analysis on the effects of Pb, Sn and In on the Zn
electrodeposition process, it was pointed out that Sn and In can suppress the formation of
mossy structures without increasing the deposition overpotential. By combining analysis
on morphologies, crystal structures and composition, the process governing compact Zn
electrodeposition was clarified; additive metals were codeposited with Zn and provided
the surface enabling compact Zn electrodeposition through an aggregation at the surface
of the deposits. This process was possible due to lower surface energy of codeposited
metal than that of Zn, and no-alloy formation between additive metals and Zn. Charge-
discharge reactions of Zn-Ni flow-assisted battery with Sn and In additives showed that
In exhibited better performance in compact Zn electrodeposition and charge-discharge
characteristics than that of Sn. This was achieved by (1) sufficient deposition amount
during charging to enable compact Zn electrodeposition, (2) high overpotential of In for
hydrogen evolution reaction (HER) to avoid decrease in the Coulombic efficiency, and
(3) reversible dissolution of additives upon discharge to avoid the accumulation of

inactive phase.

In chapter 4, the formation process of ZnO during discharge of the electrode was
analyzed to clarify the guideline for controlling the discharge behavior. This process is
important toward achieving high energy density and rapid charge-discharge cycles
because ZnO precipitation affect the discharge capacity and the cyclability of the

electrode.
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By systematically investigating the effects of KOH, zincate concentrations, and
current densities on the discharge behavior, it was confirmed that the nucleation density
of ZnO was large under conditions where the degree of supersaturation was large. This
was consistent with previous studies. However, XRD and SEM analysis showed that
dominant crystal growth was observed after discharge at low current density and high
KOH concentration. Furthermore, in situ Raman analysis revealed the dynamic changes
in the growth behavior of ZnO during discharge. At initial stages of dissolution,
precipitated ZnO contained crystal defects (excess Zn), while it changed to crystalline
wurtzite ZnO at later stages. These changes suggested that Zn excess was introduced upon
nucleation (dehydration reaction between zincate species), and the crystal growth was
governed by decomposition of zincate on a primary nucleus. Thus, in addition to the
solution chemistry governing nucleation of ZnO (e.g. OH™ and water activity) previously
discussed, the surface reaction of zincate species in ZnO particles had considerable

influences on morphologies and crystal structures of ZnO.

In chapter 5, the perspective for controlling the Zn dissolution and ZnO
formation process was discussed based on the results obtained in chapter 4. Especially,
the effects of Li* on the discharge process were investigated. Although Li* was known as
additive to alter the ZnO crystal growth in the chemical synthesis and was sometimes
used in an electrolyte for Zn batteries, their influences on charge-discharge reactions have
not been rationalized.

The most notable difference by the presence of Li* was its suppression effects
on the crystal growth of ZnO. In situ Raman analysis showed that the formation of
crystalline wurtzite ZnO was suppressed, and the precipitates were highly defective ZnO.
This means that the ZnO formation occurred mainly by the dehydration reactions between
zincate species, and the crystal growth via decomposition of zincate on ZnO surface was
suppressed. Furthermore, Li" affected the dissolution reaction of Zn, as well. At the
presence of Li*, Zn dissolution occurred regardless of underlying Zn microstructures due
to an enhancement effect of Li" on the dissolution reaction, which was beneficial for
mitigating the surface roughening upon dissolution. These two effects on the discharge

process remarkably suppressed morphological changes upon following charging; at the
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absence of Li", rough deposits were evolved from residual Zn remained during the
discharge, but direct deposition on the dissolved front was observed in the case of Li*

containing solution.

This thesis work focused on the interfacial processes governing electrochemical
reactions of Zn and provided the guiding principles toward the controlling charge-
discharge reactions of Zn negative electrodes for applications in the grid-scale energy
storage systems. From profound understandings on interfacial phenomena governing
electrodeposition of Zn, anodic dissolution and ZnO formation, the perspective toward
achieving the rechargeable Zn batteries is clarified. Among phenomena occurring at um
to nm scale, the evolution of microsteps and the deposition of metals additives (including
aggregation at the surface) influenced on determining microstructures of Zn
electrodeposits. Atomic scale interaction of reaction intermediates and cations at the
interface played an important role in non-uniform Zn electrodeposition/dissolution and
the elementary steps for ZnO formation. These findings provide a basis to design rational

interfacial reactions and realize the rechargeable Zn negative electrodes.
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