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Abstract

Metal-air batteries (MABs) are an attractive and promising alternative energy storage
system to existingbatteries due to their high energy density cost efficiencyand intrinsic
safety. They have potential applications in both the electromobility sector and stationary
energy storage. This thesis examines the possible uses of MARS specific silicon,

aluminum, zinc and their alloysand proposes strategies for performance improvement.

One of the main focusesin this research is the potential applications oélkaline and norn
agueous Siair batteries in low-power electronics.As a proofof—concept, the use of a Si
air battery with an integrated circuit (IC) on the anode to power an LED is demonstrated.
Additionally, the self~destructive capability of the SHC is also examinedThe study also
surveysthe potential improvement of Si electrodes through alloying with Alwhich show

a slight increase in the anodic current densities without pssivating the electrode.

This work further extendsthe investigations from the primary Siair battery to secondary
Zn-air batteries (ZABs) ZABshave the advantage that the zinc electrodes can be cycled in
several types of electrolytes, including neutral solutionsBy doing so, the prejudicial high
corrosion of Zn in the alkaline electrolytes is avoidedHdowever, the potentials ofzinc in
neutral electrolytes are relatively low in comparison to alkaline solutions. To increase the
discharge potential of Zn, alloying it with more electronegative materials igproposed,
such as ZprAl alloy. The tested Zr10 wt.%Al electrodes require, however, an initial

cathodic pulse to reveal the more negative potential, which is also limited over time.

This study finds that the potential enhancementan be further improved andprolonged
by the introduction of the chelating agent ethylenediaminetetraacetic acid (EDTA). Such
beneficial effectis present under discharge conditions even after applying relatively high
anodic current densitieson Zn electrodes The cycling of the ZABs was possible in both
electrolyte formulations but could be slightly extended in presence of EDTAvhich also

showed higher discharge voltagein comparison to the nea2M NaClelectrolyte.



Zusammenfassung

Metall-Luft-Batterien (Englisch: MABS) sind eineinteressante und vielversprechende
Alternative zu bestehenden Batterien aufgrund ihrer hohen Energiedichtedes guten
Preis-Leistungs—-Verhaltnisses und ihrer intrinsischen Sicherheit. Sie haben mdgliche
Anwendungen sowohl im Elektromobilitatssektor als auch in der stationdren
Energiespeicherung. Diese Arbeit untersucht die méglichen Verwendungen von MABs
insbesondere Silizium, Aluminium, Zinksowie deren Legierungenund schléagt Strategien

zur Leistungsverkesserung vor.

Einer der Hauptfokusse dieser Forschung sind die mdglichen Anwendungen von
alkalischen und nichtwassrigen SHLuft-Batterien fir Elektronik mit geringem
Strombedarf. Als Beweis des Konzepts wird die Verwendung einer-&uft—Batterie mit
einem integrierten Schaltkreis (IC) auf der Anode gezeigt, um eine LED zu betreiben.
DarlUber hinaus wird die selbstzerstérende Fahigkeitdes SHC untersucht. Die Studie
erforscht auch die Verbesserungdes Potenzialsvon SiElektroden durch Legierung mit
Al, die eine leichte Erhdhung der AnoderStromdichte ohne Passivierung der Elektrode

zeigt.

Diese Arbeit erweitert die Untersuchungen von der priméaren Shiuftbatterie zu
sekundaren ZnLuftbatterien (Englisch: ZABs).ZABs haben den Vorteil, dass die Zirk
Elektroden in mehreren Arten von Elektrolyten, einschlie3lich neutralen L&sungen,
zyklisch betrieben werden konnenDadurch wird die nachteilige hohe Korrosion von Zink
in den alkalischen Elektrolyten vermiedenDas Potenzial von Zn in neutralen Elektrolyten
ist jedoch im Vergleich zu alkalischen Losungen relativ gering. Um das Entladepotential
von Zn zu erhdhen, wird die Legierung mit elektronendrmeren Materialien wie ZrAl-
Legierungen vorgeschlagen. Die getesteten Zh0 Gew% Al-Elektroden erfordern
jedoch einen initialen kathodischen Impuls, um das negativere Potenzial zu enthillen,

dessen Einflussauch zeitlich begrenzt ist.

Diese Studie zeigt, dass die Potenzialverbesserung durch die Einfuhrung des
Chelatbildners Ethylendiamintetraessigsaure (EDTA) weiter verbessert ungerlangert

werden kann. Ein solcher positiver Effekt ist auch unter Entladungsbedingungen
vorhanden, selbst nach Anwendung von relativ hohen anodischen Stromdichten aufZn

Elektroden. Das Zyklusverhalten der ZABs war in beiden Elektrolytformulierungen



maoglich, konnte jedoch in Gegenwart von EDTA leicht verlangert werden, was auzin

héheren Entladespannungen imVergleich zu reinem 2MNaClfuhrt.
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Chapter 1: Introduction

The ever—growing global energy demandso b ser ved s i n geachet lthe 1850
173,340 TWh mark in 2019 [1]. The recent worldwide COVID pandemic ir2020 highly
contributed to a slight dip of —4% on the global energy needsin comparison to the
previous year, with also similar reductions on both global C£emissions and GDP of 6%
and ca.4%, respectively[2]. The trend, however, is taking a turn around and increasing
again as the world economy reactivates and so the neddr energy, where the largest
share of the energy sources still comes fromfossil fuels[1,2]. As a consequence33 Gt of
CQ were emitted in 2021, quite close to the highest historical value registered &3.5 Gt
in 2018 [3]. Still, as a compromise of Th e Par i s [4Aand teiegniceelimit the
global warming under the 1.8C in comparison to the levels before the industrial
revolution, renewable energies start to gain more momentum [5]. Namely, the
accumulated share of renewables has reached the 7,44%Vh as of 2020[6] . Still, some
renewable enery technologies innately cannot store the energy excessin underuse
periods, creating a possible lackvhen the energy demand increasesas estimated for the

solar PV demand in 2050 for exampl§r].

In this regard, lithium—ion batteries have offered a solution for flexible energy storage in
renewable energies, while its continuous intense research has extended its application
from mobile devices to electrical vehicles[8,9]. The cumulative demand for LiHon
batteries is projected to reach the9,300 GWh or equivalent 2.114x10f metric tons of
lithium carbonate in 2030 [10,11]. In addition to a high demand, Li is relatively scarcand
geographicaly unevendistributed , which directly impacts the ongoing increasing price of
the raw material (ca. 19.7k5 3 1 1 T iA May, 2017 versusover 86k5 3 1 1 T iA
November, 2022) [12-14]. In addition, the performance of LiHon batteries has seen
significant increases over the course of the last decadewshich started at around
100 7 EE C in 1991 and has doubled to 260270 7 EE C for the commercially
available batteries nowadays[15,16]. Nevertheless the scientific community estimates a
limited increase of 30% extra to the current energy densitjor Li—ion batteries, meaning

a maximumperformance at around 3307 EE C [15].

A possiblestressalleviator in the energystorage sector are the metafair batteries, which

are becoming popular due to the high abundance of anode materials such as Zn, Fe, Al and



Si[17]. The current section aims to bea general introduction in the field of metalair

batteries.

1.1. Metal ZAir Batteries: Motivation

Firstly developed in 1878 anld], memrameattecesal i z e d

or Aoextyagle n " batteries ar e domprisedrof threeinmmihe s i mj
components: a metal anode, an electrolyte, and air cathode. This kind of batteries use

a so called “open cell structur e” ,acdessof whi ch
oxygen from the atmosphere into the batten|19]. Figure 1.1 shows a scheme of a typical

metal—air battery and asimplified graphical explanation of the working principle.
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Figure 1.1: General description of a typicametal-air battery and its working principle.

Metal-air batteries use theelectrons (green spheres inFigure 1.1) from the oxidation of
metals (gray spheres inFigure 1.1) at the anode side to produce electricityas indicated
by the yellow arrow Figure 1.1-1. After the oxidation, the metalions may further react to
form soluble or insoluble species which is dependent on the electrolyte naturand its
interaction with the metal ions [20]. An electrolyte in contact with the anode can create
the conditions for the oxidation of the metal andallows the movement of the ions from
anode to cathode andrice versa The third main element of a metatair battery is the air

cathode(gray mesh on the right side ofFigure 1.1) which allows the accesf oxygen(red

2



spheres inFigure 1.1-11) and consumes the electrons produced at the anodesulting in
the reduction of oxygento hydroxyl ion, as depicted inFigure 1.1-11l. The air electrodes
typically employ carbon powder mixed with a catalyst €.9.,MnQ), which enhances the
oxygen reduction reaction The mixture carbon/catalyst is then pressed on a metal mesh
and one of the sides is sealed witlh membranein order to avoid electrolyte leakage.
Analogously, some metalair batteries are electrically rechargeable, for which the
described discharge process is reversed by inverting the current flow with an external
power supply. The latter induces a higher potential on the anode, resulting in the
redeposition of metallic speces dissolved in the electrolyte or reduction of oxides on the
anode surface as neat metal, indicated as chargingkigure 1.1-V. Simultaneouslyat the
air cathode, hydroxyl ions are oxidized Figure 1.1-V) resulting in oxygen evolution

(Figure 1.1-VI) under charging conditions

Metal-air batteries (MABs) can be divided irto primary (discarded after a single
discharge), secondary (rechargeable), and reserve (the battery is kept dry and
electrolyte/water is added only when the battery is needed)[18]. Conditional on their
design, MABs camlsobe mechanically ®“rechargeabl e”
material for a new one[18]. In addition, metatair batteries can be subcategorized
depending on the electrolyte employed: 1) aqueous, 2) neaqueous, 3) hybrid
(aqueous/non—aqueous), and 4) alksolid—state electrolyte[19,21,22]. For the purpose of
this work, only agueous and noragueous electrolytes are describednd presented in

Figure 1.2.

Aqueous electrolytes: The most commonly employed electrolytesin MABs are the
alkaline solutions (e.g. KOH NaOH, LiOH, efc.due to their low price, easiness of
preparation, moderate disposal requirement, and high ionic conductivitief23]. The high
solubility of reaction products can reduce the clogging of the air electrode, whereas the
moisture uptake is practically negligible in aqueous systemg22,24,25]. Yet, the
evaporation of the electrolyte can be an issue for agueodsased electrolytes at relatively
high temperatures.Figure 1.2 also shows the possible precipitation of reactioproducts

at the anode surface.

Nonzaqueous electrolytes: The non—aqueous electrolytes include theonic liquids (ILs),
room temperature ionic liquids (RTILs) and water—free organicand inorganic solvents.

RTILsare electrolytes composed of salts in liquid state without any additional solvent at



temperatures below 373K. RTILs also offer a wideelectrochemical window, are
chemicaly and thermally stable, besides offering tunable viscosity and ionic conductivity
[26-28]. In addition, RTILs can reduce the parasiticcorrosion reactions, which can
effectively increase the practical specific energies of MAB&Vater—free in/ organic
solvents can also decrease the limitations of typical watebased electrolytes, offering a
larger electrochemical stability window. Some of the associated drawbacks of nen
agueous electrolytes are the possible ignition and decomposition of the electrolyte at
elevated temperatures, whereas precipitation of reaction product can occur at the air

cathode resulting in blockage of the gaghannels(Figure 1.2).

v

Catalyst l

Porous
carbon

Figure 1.2: General scheme of agueous and neaqueous metatair batteries.

One of the main advantages of the metalir batteries is the relative high abundance of the
anode active materialsFigure 1.3 graphically depictsthe annual production versus the
crust abundance of the elementsamong whichSi, Al, Fe and Zooincide to bewidely used
in the industry and thus possess arlevated annual productionin the orders of 10t0—
102 E @ A A @17,29]. Accordingly, the elements found in the green, light green and

nearby region are good candidate as anode materials for the metalair batteries.

‘



Elements found in the orange and red region with amnnual production lower than
108 E @ A A @nd abundance of less than Pppm may become bottlenecks for the

fabrication of anode, cathode and additive materialgl7,29].
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Figure 1.3: Annual production versus crustal abundance of elements. Notice that the scale
logarithmic on both axesFigure reproduced afterWeinrich et. al.[17].

Not only the abundance of materialss important in the contribution to climate—neutrality
of the metalair batteries, but also the remarkable high specific and volumetric energy

densities as depicted inFigure 1.4. The specific energies of Md6,824 7 EE C ), Al

(8,091 7 EE C),Si(8,4617 EE C)and Li(11,431 7 EE C ) are comparable tothose of
gasoline(13,000 7 EE C ) and higher than for LiHon (800 7 EE C).

The volumetric energy densities of Fe (9,677 7 E, ), Zn (9653 7 E, ), Mg
(11,8607 E, ),Al(21,8377 E, )andSi(19,7487 E, ) are significantly superiorto
gasoline(8,5607 E, )and LiHon (4,0507 E, ) [17]. Moreover, the specific energys
of special importance for certain applications where the weight of the fuel and/or battery
becomes significant in the overall weight ofe.g. avehicle and might diminish its
performance. The materials with still high volumetric energy densities can be of interest

for stationary applications, where the space and not the weight is more importaft7].
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Figure 1.4: Specific and volumetric energy densities of typical metadir batteries. LiHon and
gasoline are added for comparison purpose8lue circles correspond to the left axis, red circle:
correspondto the right axis, and the size of the circles serves as a comparisamong the same
circle color and theirrelative values Readaptedhfter Weinrich et. al.[30].

The theoretical specific capacity describes the hypothetical total amount of energy
produced by the electrochemical oxidation of an elemenper mass unit which can be

calculated as followq31]:

1 I & 1.1
O@TET
where 1 is the theoretical specific capacity (in | | E ), n is the number of
electrons involved in the oxidation r eact i on, F i s t he
(96485.4 #1 11 ), and My is the molecular weight of the element being oxidized.
The 1 for selected MABs is presented inTable 1-1 including the primary

discharge product, cell voltage and practical proven reversibilityThe most remarkable
elements possessing a combination of both, higtheoretical cell voltage and specific
capacities, are Li, MgAl, and Sj whereas Fe and Zn are the best performing systems in

terms of cyclability.



Table 1-1: Summary of some metalair batteries systems and some of their mair
characteristics, including the reversibility.

Theoretical o
Discharge Product Cell Voltage Specific capacity Re/versmlllty Ref.
- N Cycles
IV JARNAN: >
. Li-O 2.91 3862 132]
LI=0: Liz0» 2.96 3862 >250 [33]
Mg—Os MgO 2.95 2201 <10 [34]
NaQ 2.27 1166
Na-0. N2O; 2.33 1166 >20 [35]
K—0; KO 2.48 685 >200 [36]
Zn—air ZnO 1.68 820 >75 [37]
Fe-air Fe(OH) 1.28 960 3500 [39]
Al-air Al20 ~2.10 2996 Limited [39]
Siair SiIQ 2.21 3828 No [40,41]

As previously analyzed inFigure 1.3 and Figure 1.4, some elements are more abundant
and geographically well distributed, such as Al, Zn and Swith possessing highly
attractive theoretical values The present thesis focusses on tke three dements and
explores some of theiradvantages, limitations challenges to overcomeand possible
solutions. The following section presents an overview of some commonly used techniques

for the analysis and study of the metafair batteries.



1.2. Current Status of Metal zAir Batteries: Overview

1.2.1. Silicon zAir Batteries: Current Status

Non—aqueous and aqueous electrolytes are the most commonly used electrolytes for Si
air batteries [41-49]. All-solid—state Stair batteries have been also shown as feasible
[50,51]. Within the framework of this thesis, only nor-aqueous and aqueous Sair

batteries will be discussed.

1.2.1.1. NonzAqueous Silicon zAir Batteries

First presented by Eir-Eli et. al.[42], the attractiveness of noraqueous Stair battery
technology relies on the high crust abundance of the Si anode materiah{lace) [52],
besides a high theoretical specific energy offit ¢ p EE C , energy density of
¢ fm wTE, |, and a specific capacity ashp ¢ p! EE . Figure 1.5 shows the discharge
profile of the first version of a nor-aqueous Stair battery using highly doped Si (100)
wafers as anode material and EMIm(HERF as electrolyte. The silicon anode requires
doping to increase the conductivity and-depending on the element addedthe silicon can
become positively doped (ptype) or negatively—doped (n-type). Figure 1.5 displays
steady cell voltages of 1.1& under up to 0.1mA A [ anodic current densities, while

0.3mAA [ resulted in discharge voltages of ~0.9%/[42].
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Figure 1.5: Discharge profile of heavily doped ntype Si in an EMIm(HF)sFbased Stair
battery under several current densities Readapted after Cohn et. g42].

The employment of room temperature ionic liquids (RTIL) such as EMIm(HE)F
provides a good electrochemical performance and relatively low corrosion
[42,44,45,48,53,54] Corrosion rates of the Si in presence of EMIm(HEsF as low as



<0.01-0.1641 i1 ET at OCP conditions are observeft2,44]. The governing reactions
of the EMIm(HF}.sFbased Stair batteries are the following:

Anode: 3Epc¢( && 13& Y(&& TA % pR6 1.2
Cathode: I p¢(&& TA 1c(/ po&& % T8 TP 1.3
SiQ formation: 3 ¢(/ 1(&& +3E/T(&& 1.4
Overall cell reaction: 3E/ 1 3E % C& TP 15

Figure 1.6 shows the more recent evaluation of different dopants and crystal orientations
of silicon on the electrochemical performance of noraqueous Stair batteries, showing
the feasibility of discharging the cells under current densities as high as 0.5! A and
displaying discharge voltages of 0-4).6 V [44] . The reported mass conversion efficiencies
(the amount of Si effectively releasing its capacity during the discharge) were in the range
of 40-50%, while the practical specific energy as high as 1,600EE C can be achieved
[44]. Within the same study, the corrosion rates of Bloped <100> and <111> silicon
wafers in EMIm(HF).3sF at OCP conditions were almost negligible, whereas -Afped
<100> and <111> showed higher valuepi4].
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Figure 1.6: Performance parameters determined after discharge experiments under severa
current densities of non-aqueous Skhair batteries with different dopant and crystal
orientations, a) mass conversion efficiency and b) practical specific enerfdd] .

Figure 1.7 shows a later evaluation of pulsed (interrupted) discharge over 200

demonstrated the advantages of B<100> over As<100> silicon wafers, resulting in higher
specific energies, specific capacities and anode mass conversion for the interrupted
discharge of B<100> Si waferd45]. Such benefits become less significant in the
continuous discharge of the cells (p=1 dFigure 1.7a—). SEM analysis of the As<100> Si

surface displayed pits increasing in size for larger pulsesF{gure 1.7d), while the



micrographs of B<100> Si wafers presented a more homogeneous surfageglure 1.7e)

probably covered with nanopores[45].
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Figure 1.7: The practical values of Stair batteries with As and B-dopants after discharging
with 0.31 ! AT current density, a) specific energy, b) specific capacity, and c) anode me
conversion after pulsed discharge of noraqueous Skair batteries, d) surface of As<100> anc
B<100> after continuous discharge (p=1). Reproduced after Durmus et. g5] .

Theapplication of RTILs in Stair batteries still presents some challenges such as: (1) SiO
deposition on the air cathode, (2) capacity loss due to the limitations of the air electrode
(transformation of MnO: catalyst to Mnk surface layer) and (3) anode related side
reactions limiting the anode mass conversion efficiencit0,43,44]. Still, the nor-aqueous
Stair batteries employing EMIm(HF}».3F possess the highest practical capacities (up to
~1800 | ! E ), specific energies (up to 16007 EE C ), and mass utilization

efficiencies (over 50%) that have been reported for Sair batteries so far.

1.2.1.2. Alkaline Silicon zAir Batteries

A cost-effective alternative to the RTILs is the KOHbased electrolytes, which is also a
commonly employed electrolyte in other MABs. The main reactions governing the alkaline

SHair battery are as follows:
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Anode: 3Et/ ( 1 3E( A % 0B W 1.6

Cathode: Il A T % T8 TP 17
Silicate formation: SE( o ( +3E/N( c( / 18
Corrosion: SEc¢/ ( ¢(/ 13E/N( q( 19
Passivation: SE( 13E/ ¢/ 1.10
Overall cell reaction: 3E/ ¢l 1 3EI ( % cBw@ 111

Figure 1.8 shows the first experiments of alkaline Siair batteries with highly doped n-
type Si wafers (also denoted as*i Si wafers). The reported discharge duration was in the
order of hundreds of seconds for flat Si anodes, whereas the employment of
nanostructured Si (nPSi) as anode material could extend the discharge over BQFigure
1.8a) [46] . A following study approached the use of flat highly dopedpype (p**) silicon
anodes and the surface was apparently passivated within seconds leading to premature
stop of the discharge, whereas further treatment of the surface to produce nanoporous

silicon could extend the discharge to over 18 (Figure 1.8a) [47].
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Figure 1.8: Discharge profile ofa) microporous silicon wafers in 6MKOH under 0.05 ! A |
by Zhong et. al[46] and nanoporous wafers in 6MKOH under 0.011 ! A by Park et. al[47],
and b) n+ As<100> flat Si wafers with 0.6 and 3..hm thickness in 5MKOH under
0.051 ' Al by Durmus et. al[41].

Durmus et. al., however, showed the possibility of longer discharge time of alkaline-&r
batteries with a refill type cell which replenished the electrolyte every 4 [41]. Under
such conditions, the alkaline Siair battery could deliver up to 1.2V under 50A! A | for
more than 270h with n*+ As<100> flat Si wafers (thickness=0.6nm, Figure 1.8b) [41].
The discharge of such cells could be further extended with the employment of thicker
wafer (3.0 mm, Figure 1.8b), reaching up to 1100h before the complete consumption of

the highly doped n+ype Si anodd41].
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Figure 1.9 shows the results of the overall corrosion rates and cyclic voltammograms of
n*+ As<100> Si wafers in alkaline media evaluated by Durmus et. {8]. The analysis
revealed similar corrosion rate for KOH concentrations below 1MHKigure 1.9a), then a
continuous increase in the range from 46M KOH, whereas higher concentrations
(>6M KOH) displayed a plateau on the corrosion ratef48]. Such behavior could be
directly related to the hydration model of Gemblocki et. al., stating that the corrosion of Si
is initiated by free—water molecules catalyzed by the presence of KOJ5]. The free-
water is understood as the HO molecules, which do not participate in the solvation of
KOH.
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Figure 1.9: Characterization chemical and electrochemical behavior of the n As<100> Si
wafers bya) measurement of the corrosion rates after 24 of exposure to different electrolyte
concentrations ranging from 0.5 to 12MKOH and b) cyclic voltammetry of n- As<100> Si
wafers in 0.5-5M KOH with a scan rate of 5 60 at 25°C.

The corrosion at low concentrations of KOH (<1NKOH) is initiated by the KOH itself,
which explains the similar corrosion rates. +6M KOH solutions increasingly catalyze the
free—water molecules, resulting in the steady increase of the corrosion with rising KOH
concentration. Highly concentrated KOH (>6M), on the other hand, presents diffusion
limitations as the saturation limits are appoached, which is in agreement with the
decreasing ionic conductivity observed for such elevated KOH concentratiof23,48].
Analysis of the chemical and electrochemical contribution to the overall corrosion by
weight loss and potentiodynamic polarization revealed over 99% dominance of the
chemical reaction during corrosion of Si at OCP conditions for 6:52M KOH [48].
Additional comparison of cyclic voltammograms of it As<100> Si wafer in different KOH
concentrations displayed almost identical electrochemical characteristics with a slight

shift towards more negative potentials at higher KOH concentrationg=gure 1.9b). The
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electron transfer was, therefore, suggested as the rate determining step in the
electrochemical behavior of Si since higher KOH concentrations barely change the anodic

peak current density.

Some of the challenges associated to the alkaline-&r batteries are: (1) high corrosion
rates at OCV and discharge conditions, (2) anode mass conversgfficiency limited to
~3%, (3) reduced power output due to limited anodic current densities (maximum
~90 Al Al on a flat Si), and (4) passivation of the Si surface upon higher discharge
current densities [41,48]. In addition, Equationl.6 suggests a potential of Si as high as
— 1 . \Bigigo still to be unconstrained, which is around 400nV more negative than the
typical OCP values observed. Even under such constrains, practical specific capacities of
p ¢! E , relative long discharge durations (>110(), and stable voltages (1.%
under 50 Al A | ©) can be attained[41,48]. Additionally, Si-air batteries have shown as
feasible with relatively low KOH concentrations (1MKOH) and still presenting stable
discharge voltages (1. under 50 A A ) [41,48]. Major efforts for the further
development of the alkaline Stair batteries should focus on the understanding of the SO
formation on the anode surface, prevention of corrosion and achievement of higher OCV

and discharge voltages.
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1.2.2. ZinczAir Batteries

Zinc—air batteries (ZABs) are one of the most developed batteries as they have been
present since 1878[18,56,57]. ZABs are attractive not only because of their good

theoretical specific and volumetric energy densitiesglo v € EE C andulp v 6 E,
respectively), but due to the cyclability of the metal anode which adds flexibility for
energy storage[58,59]. Three main types of zineair batteries can be distinguished
depending on the nature of the electrolyte: 1) aqueous, 2) neaqueous, and 3) altsolid—

state. Additionally, agueous zineion batteries using the intercalation of ZA* at the

cathode are receiving more attention as a safe and cesfficient energy storage
alternative [59]. Focusing only on aqueous Zwir batteries, they can be subdivided in
three more categories: acid, neaneutral and alkaline.Table 1-2 summarizes some of the

key characteristics and issues related to each kind of battery.

Table 1-2: Summary of some characteristics and limitations of the aqueous Zair batteries.
Adapted after Mainar et. al[60].

Acidic Neutral Alkaline
# /| formation X
Hydrogen evolution reaction X X X
Dendrite formation X X
lonic conductivity (I 3A T ) 500600  200-300  500-700
Sensitive to impurities No No No
Lower temperature range X X X
Limited electrochemical window X X X
Water evaporation or ambient moisture uptake X X X
Corrosion High Low High

The present discussion on ZABs will be limited to alkaline and neareutral systems and
the reader is referred to the literature for extended reviews on other Zgrair batteries
configurations [21,58-62].

1.2.2.1. Alkaline Zinc zAir Batteries

The first commercially available alkaline ZAB was introduced in the market in 1932 by
Heise and Schumacher, displaying an OCV of 145V and discharge voltages of 14
1.2V depending on the applied load63]. The celHevel energy density was in the order
of 87-p THEE C or 106-p ¢ WE, . Since then, different strategies have been
attempted to improve the performance of ZABs and their cyclability by tuning the main

components of a metatair battery: 1) anode material, 2) electrolyte, 3) air cathode
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materials, and 4) separators (if employed).Table 1-3 present some of the possible

approaches for improvements of ZABs focused on the effects over the Zn anode material

summarized by Fu et. al58].

Additional to the strategies mentioned inTable 1-3, alloying of the Zn anode to materials

with more negative standard electrode potential has demonstrated beneficial effects on

the discharge performance of ZABE54,65].

Table 1-3: Proposed strategies for the improvement of the zinc electrodes performanct
Reproduced after Fu et. a[58].

Strategy

Direct influence on

Dendritic growth

Shape change

Passivation and
internal resistance

Hydrogen evolution

1. High surface
area/3D electrode
structure

Minimized (decreased
charging overpotential)

Minimized (3D
structure improves
current distribution)

Minimized (High
surface area minimizes
ZnO film thickness)

(Higher surface area
causes higher
evolution rate)

2. Polymeric
binders

Minimized (improves
mechanical strength)

Increased (increases
electrode resistance)

3. Carbon-based
electrode additives

Minimized (improves
current distribution)

Minimized (improves
electrode conductivity)

4. Heavy-metal
electrode additives

Minimized (
effect” pror
deposits)

Minimized (improves
current distribution)

Minimized (improves
electrode conductivity)

Minimized (increases
hydrogen
overpotential)

5. Discharge-
trapping electrode
additives

Minimized (: 1/ (
concentration gradient is
reduced)

Minimized (discharge
product migration is
reduced)

Possiblyminimized (if
trapped discharge
product is more
conductive than ZnO)

6. Electrolyte
additives

Minimized (if additive
adsorption onto active
hydrogen evolution sites
occurs)

Minimized (reduces
: 1/ ( solubility)

Possibly increased (if
early ZnO precipitation
is induced)

Possibly minimized (if
additive adsorption
onto active hydrogen
evolution sites occurs)

7. Electrode
coatings

Minimized (: 1/ (
concentration gradient is
reduced)

Minimized (discharge
product migration is
reduced)

Figure 1.10 shows relevant results of the work of Hosseini et. al., who recently showed
the beneficial effects of DMSO added to 7KOH for ZABs with ~0.8mm-diameter
granular Zn as anode material and Mnflcarbon mixture as cathode material[66]. In a
ratio of 20% v/v DMSO/KOH, this kind of electrolyte markedly increased not only the

discharge capacity by 20%, but also the cyclability of Zn anodes in alkaline ZABs was

significantly extended from 198 to over 600cycles without noticeable performance loss

[66].

Development and optimization of bifunctional air electrodes capable of oxygen reduction

reaction (ORR) during discharge and oxygen evolution reaction(OER) during charging are

of high interest in alkaline ZABs.
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Figure 1.10: Electrochemical performance evaluation of alkaline Zmir batteries with and
without the addition of different amounts of DMSO, a) discharge capacity vs. cell voltage o
Zn—air battery with 7M KOH and different ratios of DMSO/KOH. Reproduced after Hosseini
al.[66].

Figure 1.11 shows the results of recent studies on new configurations for the air
electrodes and compare them to typical materials (Ir@for OER and Pt/C for ORR). The
performance of the air cathodes depends on the capabilities for OER, represented by a
higher positive current densities at lower potentials in Figure 1.11a, whereas the
capabilities for ORR are displayed as larger negative current densities at more positive
potentials in Figure 1.11b.

a 200 = |rO,, 0.1M KOH, Wang et. al. (2020) b) 2 = Pt/C, 0.1M KOH, Wang et. al. (2020)
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Figure 1.11: Linear sweep voltammetry evaluation for a) oxygen evolution reaction (OER) an
b) oxygen reduction reaction (OER) of different air cathode materials for alkaline Zair
batteries. Reproduced aftef67—69].

In general, Figure 1.11 shows CaQs oxygen defficient (CaQux) nanosheets as more
beneficial for the OER and G&aOs with nitrogen—doped active carbon (Ce
CaOs@NAC) with higher ORR. Sr(GeFen.2)o.95P0.05035 with 12:1 ratio 20%
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platinum/carbon (Pt—-SCFP/G12) cathode materials showed a more equilibrated
behavior for OER and ORR.

Table 1-4 summarizes the performance of alkaline ZABs in recent works, which
investigated different electrolyte formulations and air cathode compositions. The
influence of the air cathode on the specific capacities during primary operation of the
alkaline ZAB was early observed with values as high as 728001 ! E , whilst the
discharge/charge voltage difference could be effectively reduced from over 2\1to less
than 1V [67—69]. In addition, the electrolyte composition can successfully increase the

cycling life for over 600cycles[66] .

Table 1-4: Summary of the recent progress on alkaline Zair batteries. Reproduced after Cher

et. al.[70].

Electrolyte composition Electrode materials Specific capacity  Durability Ref.

6M KOH + 0.2M Zn acetate Zn plate// 7211 ' € @ 35h@10i 'Al for20minAUAT [68]
Co-CaO:@NAG 101 AT

6M KOH + 0.2M Zn acetate Zn foill/ 8001 ! E @ 150h @101 ! Al for [69]
CaOud 50 VAT 20minAUAIT A

6M KOH + 0.2M Zn@lI Zn plate// 781i ' E @ 80h@5i 'Al for20minAUAT £ [67]
Pt-SCFP 100 AT

7M KOH + 520% v/iv DMSO Zn granules// 550 | £ @ 600 cycles @ discharge@765 ! A [66]
MnOz2 100 A and charge@24 ! A |

8M KOH + 850% v/v ethanol Zn granules// 4701 ' E @ N/A [71]
MnO2 251 1AI

100 ml 1M KOH + 0.1y water— Zn strip// 21261 | E @ Discharge 15h @1i ! A [72]

suspended graphene Co-SnCNP 1i VAT

*under primary cell operation
aNi—foam,b carbon paper,c carbon cloth,d stainless steel

1.2.2.2. NearzNeutral Zinc zAir Batteries

The (near)}neutral Zn batteries can be tracked back to 1860s with the Leclanché and
zinc—carbon batteries[18,56]. Leclanché batteries typically used 1M Zn&t+ 2M NHiCl as
electrolyte in the pH range of 49, Zn sheet metal as anode and a carbavinO; mixture

as cathode[56]. Later in the 1930 s, He i s -eneutah d
ZABs in the market, where such early version used ammonium chloride paste as
electrolyte, delivering up to 0.8-1.2V under 1A over 20h before reaching a cutoff

potential at 0.75V [73]. The reactions describing this type of battery are the following:

Anode: T4 1 cA % ™ 0P 1.12
Anode side reaction: T t#l a1 #1 1.13
Cathode: -1 A a-T010(( % T Q6 1.14
Cathode side reaction: T# L a0 ( #H g # 1.15
Overall cell reaction: T -1 ¢ (#la:01.( #H -1T11 (% p&®B 1.16

The ZnCl-based and Zn alkaline cell are some variations of the Leclanché battery with

similar construction materials but different electrolytes and cell configurationgd56]. The

17
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zinc chloride battery resulted in high OCVs (1.7¥) and large drain capabilities, whereas
the Zn alkaline cell presented slightly lower OCV (1.58) but higher discharge currents

and longer storage life than the Leclanché and ZnEbased batteries[56] .

The later introduction of the zinc-air batteries (ZABs) could increase the energy density
by using Q from the atmosphere as reactant at the cathode. Moreoverne of the main
advantages of the (near) neutral systems over the alkaline and acid systems is the
prevention of carbonate and dendrite formation, while some other characteristics such as
a relatively high ionic conductivity and low sensitivity to impurities remain (Table 1-2).
The common problems among the acid, neutral and alkaline systems arifem their
agueous nature. The reaction governing the discharge of aqueous neaeutral Zn—air

batteries are as follows:

Anode: T4 17 cA % ™ Q@ 117
d ¢/ (011 ( 1.18
o T W ( gl (1917 (# QI 1.19
Possible reactions in 0o 1.20
chloride-based systems: A G A (N A 1.21
vl ( c#l (1o (#H Al d( 1.22
1 G#10 : B 1.23
Cathode: o md/ cA i (] % TP o9D(x 124
Overall cell reaction: ¢:11( Ioacd q( / % pd X & 1.25

It was until 1973 when Jindra et. al[74] proposed the first primary Zn-air battery by

using 5SMNH4C | as electrolyte, porous Zn anodes,
atmosphere. Such cell configuration resulted in low corrosion of the Zn anode and cell
voltages of 0.90.95V under 10i ! A1 in ambient conditions as shown irFigure 1.12a

[74]. Decades later, Amendola expanded the concept to rechargeable ZABs in 2012,
reaching 200-500 cycles and displaying voltages of 0.9 and 2\ under discharge and

charge conditions, respectively Figure 1.12b) [75]. Amendola et. al. proposed current
densities between 1to 200 ! A in order to avoid Ck formation and to favor the Q

evolution upon charging[75].
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Figure 1.12: Early development and progress of ZABs, a) Zn and air cathode potenti
in 5M NH4Cl under 100 ! A galvanostatic discharge of the first neutral Znair
battery by Jindra et. al.[74] and b) discharge/charge cycling of a neutral ZAB b
Amendola et. al[75].

More recently, Goh et. al. evaluated the effect of pH value,40Hconcentration, additives
(thiourea and PEG) on neutral ZABs and were able to reach over 1&fles/1,400 h of
continuous cycling under ~0.51 ! A1 discharge and ~0.251 ! Al current densities
(Figure 1.13a) [76]. The employed electrolyte consisted of 2.34MH4Cl, 0.51MZnCk,
1000 ppm PEG, 100(@pm thiourea at pH6 and achieved discharge/charge capacities in
the range of 20 to 120mAh [76]. Sumboja et. al. developed air cathodes for neutral ZABs
consisting of directly grown MnO2 on carbon paper and achieved continuous cycling for
over 2,160h/540 cycles under 1i ! A1 in 5SMNH4CI, 35C, ZnCh, and 1000ppm
thiourea at pH7 (Figure 1.13b) [77,78].

Later simulation studies of neutral ZABs by Clark et. al. proposed an electrolyte composed
of 1.6MNH4Cl and 0.5MZnCk at pH8 for a favorable operation and to deliver energy
densities as high as 157 E, [79]. In a following study, Clark et. al. simulated and
studied the importance of pH changes and its influence on 1) the final discharge products,
2) catalyst degradation, and 3) material corrosion, which finally can limit the operation of
neutral ZABs[80] . Additionally, ZABs containing NECI concentrations in the range of 1:6
2.34M, ZnC from 0.26-0.51M and at pH values from 48 could sustain over 15Q0cycles
and 600h under 11 ! AT (Figure 1.13c) [80].
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Figure 1.13: Cycling performance comparison of ZABs in (near) neutral electrolytes, a) NEH-
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cathode. Reproduced aftef[76,78,80,81].
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The latest progress also from the group of Clark and Mainar proposed a chlorideee
electrolyte composed of 1.8MCit3 7 0.9MHGIy and saturated with ZnO at pi9 to improve
the cyclability of nearneutral Zn-air batteries [81] . Additionally, air cathodes composed
of electrocatalytic MnQ (EMD), carbon nanotubes (CNT) and a combination of both
materials (EMD+CNT) were evaluated and displayed better performance in the order of
EMD<CNT<EMD+CNT. A total of 1X§cles and almost 100h were attained with the
aqueous organic electrolyte and EMD+CNT air cathode under O.5! A (Figure
1.13d).

As nearneutral Zn-air battery systems typically use chloridebased solutions, several
reactions may occur simultaneously while they also depend on the pH and concentration
of the Zn and Zn reaction products in thesolution. The employment of chloridefree
electrolytes proposed by Clark et. al. could decrease the risk of2@volution upon
recharge and lower pitting corrosion under discharge conditions[81]. In addition,
substituting halide—based electrolytes by other organic salts capable of buffering the pH
may display more stable and longer cycling of the ZABs, which is still a challenge to
overcome in the nearneutral system[81]. The current results are, however, promising
and considerations for future developments—including alternative electrolyte
formulations—should be attaining high anodebased mass conversion efficiencies,
specific capacities, and specific energies during pnary and secondary operation of near
neutral ZABs.

1.2.3. Aluminum ZzAir Batteries

Aluminum possesses one of the highest specific energies among the meaal batteries,
while having a high abundance and annual productiorsée Sectiori.1). Moreover, Al has
high theoretical specific capacities ¢fw wkp! E , just below silicon and lithium),
nominal cell voltages of 2.V, and the largest volumetric energy density among several
metal-air batteries (¢ fip 0 ¥ E, ). Additionally, aluminum is recyclable and can reach
high purity degrees with relative low costg21]. The practical specific energies are usually
limited due to losses at the Al anode of the cell, one of which is the parasitic corrosion
reaction which consumes Al and water while His being evolved during OCV and
discharge [18,82]. Due to this issue, Alair batteries (AABs) are mainly considered as
possible reserve systems and kept in dry condition until usage. The discharge of

aluminum electrodes has been shown as feasible in alkaline or neutral electrolytes
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[18,82-84]. Additionally, aqueous Akair batteries cannot be electrically recharged due to
the high stability of the reaction products that require high overpotentials, which would
result in the water hydrolysis and degradation of the electrolyte. Therefore, aqueous—
air batteries are consideredas primary batteries (single use) only, with a possibility of
being mechanically rechargeable (replenishment of the anode material). In addition, nen
agueous, semisolid and solid electrolytes for primary Akair batteries are also under
development[39,40,82], and cycling of aluminum can be achieved in combination with
adequate air cathodeg85-87]. The following section focuses only on the primary (near)

neutral Al—air batteries.

1.2.3.1. NearzNeutral Al ZAir Batteries
Similarly, as for the Zrair batteries, Akair with (near) —neutral electrolytes may reduce
the corrosion issues and carbonation of the electrolyte, while keeping good ionic

conductivities. The main reactions of Al in the neaneutral systems are depicted as

follows:
Anode: ¢llao(/ a1V 1 o QA % po@ abD(x 1.26
¢l lo( / 4 ¢t A ( o 1.27
Possible reactions in . .
) ¢! lo(/ a1l o( 1.28
chloride—based systems: . . . .
I o#la V| #1 1.29
Cathode: ( ™/ cA 4 (/ % T QP D (X 1.30
Overall cell reaction: tlila @/ 2Tl % c&C6 1.31

Figure 1.14 shows the anodic polarization of Al alloys in 3% NaCl (~0.5M) and the
current—voltage curve of the firstneutralAHai r battery done by Despi
[88]. The polarization curve of pure aluminum revealed current densities of 0J1 ! A |

at V45 8whereas the same current ViceforAk-ti es v
0. 19 %Il nVsceferlAl-6.31 2 %Ga, Vetfat an-AHNn—&a-TI alloy. The same
polarization curve displayed 1001 ! Al at —\Bcefér 8he pure Al sample, whereas

the same current densities were observed at significant higher potentials for A0.19%ln

at —\cg 1 5- Vscedo4 AI-O. 12 %Ga, ¥saedor thel AHIN2Ga-TI alloy.

Addi tionall vy, Despi ¢ al s-€.19%0mrsamplesdin which a t est s
cat hodi c pol aNdcevastappled prexdding-tHe .anbdic polarization scan,

represented as the blue dashed line ifigure 1.14a.
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Figure 1.14:a) Anodic pol arization of Al al | 88]s
and b) current-voltage curve of the firstneutral Aka i r b att ef8990]by Dr az

Such prior cathodic polarization noticeable increased the anodic current densities with
al so significant | ower atta nvtaH0addoin dsaipless
(011 AT at -MscsZi4!Al at —\kcgd@n810i 'Al at —\kcd.Béch
effect could be explained by the cathodic dissolution of Al already explored by Caldwell
and Albano back in 1939, who postulated the decrease offkbn concentration and
increase of the OHions due to the cathodic polarization in neutral solutiond91]. The
positive polarization could be able to locally alkalize the electrode and corrode the metal

even under bulk neutral pH. Later studies further investigated such phenomenon and was

t han

designated as “cat h¢ai94. akltli viaha oal”| myfs tdrwa l/

could, at least in principle, deliveruptolA at potenti al s i n Vstee
[88]. Eventually, the same group of —aDbattedyi ¢
(Figure 1.14b), which brought economic advantages over the Zair and Mg-air
(~3 times cheaper) at that time[89]. Alair batteries with 2M NaCl as electrolyte and Al
alloys with <2 ppt In-Ga-T| displayed cell voltages of & under 30i ' Al and 0.6V
under 601 ! AT [89,95]. Yet, some of the general issues with the neutral AAB was the
gelation of the electrolyte, which could be overcome with addition of NaF to the
electrolyte and by crystallization with aluminum oxide powder[89]. Studies on seawater
activated Alair batteries with excess of electrolyte demonstrated cell discharge voltages
of up to 1.0V under 101 ! A resulting in a practical specific energy of 2,000 EE C
and anode mass conversion efficiencies of 600% [96]. Later reintroduction of the
neutral AABs in 2006 by Han et. al. showed a stable discharge voltage of ~X{.linder
~1.81 ' A1 over 140h, resulting in anode mass conversion efficiencies of 95.7% and
specific energies oplv T TTEE C [97]. The work of Smoljko et. al. found the AD.1%In
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alloy as a good anode material candidate with coulombic efficiencies as high as92.4%

under anodic current densities in the range of 201001 ' Al and del i vering -
- 1 . \&c£[98]. Some of the most recent and relevant progress were done by Ma et. al.

[99] and Wu et. al.[100], where AFMg-Ga-Sn-Mn and AFMg-Ga-Sn-in were used
respectively. The work of Ma et al. showed cell discharge voltages of around 1\2dnder

2001 VAl , Agsed of 85.3%, and specific energies of aroundip v ¢ EE C [99],

whereas the modified alloy of Wu et. al. could increase the cell discharge voltage to\L.3

under 201 ' Al , apgsedto 90.6% and the specific energy twlo Y EE C [100].

Table 1-5 shows a summary of the progress on (near) neutral Aair batteries with some

of the most relevant parameters.

The current challenges of (near) neutral Afair batteries involve the limited discharge
voltage, mainly due to the high polarization and pitting of the anode. Further development
of AABs is focusing on different alloys mixtures to improve the anodic behayiof Al and
open circuit corrosion behavior[98-103], the impact of different microstructures of the
aluminum electrodes [83,104], electrolyte additives for corrosion inhibition [105], or

electrolyte additives[l06pr the “activation” o
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Table 1-5: Summary on the progress of neutral Alair batteries.

Cell Description Current Nominal Specific NAl based Ref.
Density Voltage Energy 1 %
/ mA cm-2 IV /7 EEC
Anode: Al alloy (In-Ga-Tl) 30 1 - - [89]
Cathode: not specified 60 0.6 ) ) [89]

Electrolyte: 2M NacCl

Anode: Al 99.999%
Cathode: Carbon based 10 1.0 2,000 60-70 [96]
Electrolyte: Seawater (excess of electrolyte)

Anode: Al 99.999%
Cathode: Carbon based 10 0.4 1,000 - [96]
Electrolyte: 3%NaCl(~0.5M)

Anode: Al alloy (Galn-Sn-Bi—Pb-Mn)
Cathode: catalyst (not specified) on Nimesh ~1.8 1.15 1,540 95.7 [97]
Electrolyte: 3.5% NaCl (~0.5M)

Anode: Al 5N (99.999%) ~0.61
Counter electrode: Pt (hakcell) 100 (V' 3 1,568 86.3 [98]
Electrolyte: 2M NaCl s¢

Anode: Al (99.8%) ~0.62
Counter electrode: Pt (hakcell) 100 (V- 3 1,5642 84.7 [98]
Electrolyte: 2M NaCl se

Anode: AH0.1 wt.% In
Counter electrode: Pt (hak-cell) 100
Electrolyte: 2M NaCl

-1.0 (Vscd 2,712 91.0 [98]

Anode: AH0.2 wt.% Sn
Counter electrode: Pt (hakcell) 100
Electrolyte: 2M NaCl

-1.24

(Ver 2,830 76.6 [98]

Anode: AHO.1 wt.% In-0.2 wt.% Sn
Counter electrode: Pt (hakcell) 100
Electrolyte: 2M NaCl

-1.2 (Vscd 2943a 82.3 [98]

Anode: pure Al
Cathode: Mn@/C 20 0.56
Electrolyte: 2M NaCl

~1,370b 81.4 [107]

Anode: AF0.5wt.% Mg-0.02wt.% Ga-0.1wt.% Sn-
0.5wt.% Mn

Cathode: MNG/C

Electrolyte: 2M NaCl

20 1.24 ~3,1520 85.3 [107]

Anode: Coarsegrained Al (several mm)
Cathode: Ag powder/Ni mesh 10 0.40
Electrolyte: 2M NaCl

~1,096b 13.5 [83]

Anode: Al 1085
Cathode: MN@/C on Ni-mesh 1 0.7 441 21.1d [108]
Electrolyte: 2M NaCl

Anode: Al 7475
Cathode: MN@/C on Ni-mesh 10 0.4 484 40.6¢ [108]
Electrolyte: 2M NaCl

Anode: Al foil
Cathode: MNn@Q/CNT on C paper 1 0.6 1480 82.7d [109]
Electrolyte: 4M NaCl

Anode: Al ink
Cathode: MNnQ/CNT on paper 1 0.6-0.2 - - [109]
Electrolyte: 4M NaCl

Anode: Al foil 98.2% (kitchen foil)

Cathode: Carbon paper 1 0.5 ~1445¢ 97c¢ [110]
Electrolyte: 4M NaCl
Anode: Al foil
Cathode: Pd/C on graphite foil 20 0.46 1010 73.7  [110]
Electrolyte: 2M NaCl
Anode: AH0.5wt.% Mg-0.1wt.% Sn-0.05wt.% Ga- 20 1.3 3,385.4 90.6>  [100]
0.05wt.% In
Cathode: MnQ/C catalyst 160 0.55 ~1625 ~99.9 [100]
Electrolyte: 2M NacCl
Anode: A6.1 wt.% Mg-0.93 wt.% Zn-0.54 wt. %In-0.17 -1.53
wt.% Mn (avg. grain size=4.87um) 10 (V 9 ~2,5162 55.2
Counter electrode: Pt sheet (hatfcell) s¢ [104]
Electrolyte: Artificial seawater (0.45M NacCl) 50 (_\:}-298 ~2,219a 58.2

sC

agssuming OVscefor the air electrode,e st i mat ed from the pr agksdi cal
c stack efficiencyd estimated form practical specific energy

speci fic c
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1.3. Scope of the Thesis

Realizing the promising prospective of the MABs, the current thesis presents some
possible applications under the current status of development of the MABs and diverse
strategies to improve their performance are attempted. Alkaline Sair batteries and

(near)—neutral Zn—air batteries are considered within the framework of tresestudies.

In Chapter 2, apossible practical application of alkaline Stair batteries for low—power
electronics is explored. The development of a printed circuit board (PCB) coupled to the
current performance of the alkaline silicor-air battery is presented, and additionally the
concept for selfdestructing devices is proposed. A custormmade cell casing for the

evaluation of integrated PCB/Stair battery is also introduced.

Considering the general issues such as corrosion, passivation, and limited potentials of
the anodes in metakair batteries, hereby a ZrAl alloy is proposed as an anode material
to improve such aspects. The understanding of the metal galvanic coupling ofaloy and
the resulting mixed potential can lead to new approaches on how to improve the
electrochemical performance of metalair batteries. Therefore, a comprehensive and
systematic electrochemical and morphological evaluation of Z#\l alloys in neutral NaCl

solutions is presented.

A further possibility is the modification of the electrolyte and addition of chemical
compounds to prevent the passivation of the metals, thus possibly enabling higher
discharge potentials. In this regard, the addition of the chelating agent EDTA, whichutab
successfully prevent the formation of the passivation film, was investigated in the near
neutral Zn—air battery (at pH 10). Additional chelating additives for nearneutral ZABs

are also proposed.

Chapter 3 presents the practical application of alkaline Sair batteries and coupling to a
personalized PCB in a custommade cell casing. The characterization and evaluation of
Zn-Al alloys in neutral solutionsare explored in chapter4. Chapter5 further explores the
addition of chelating additives in the nearneutral electrolyte and its effects on the

potential of Zn anodes, including the discharge and cycling evaluation of-Zir cells.
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Chapter 2: Common Analysis and Characterization

Techniques in Metal zAir Battery Research

The processes occurring in the metahir batteries arise from several physical and

chemical conditions; thus, the analysis and characterization of batteries often involves a
multidisciplinary approach to complement the limitations of some techniques with he

help of more specific ones. The current section aims to be a general introduction on some

basics of electrochemistry, characterization, and analysis techniques, as well as basics of
chelation are presented in theAppendix6“ Vi sual i zation of solvatic
pr eci piWithntthe presént work, most of the aqueous solution concentrations will

be referred asi T | , or M for simplicity.

2.1. Gravimetric Techniques

One simple but still helpful technique is the gravimetric, which basically consists in
measuring the mass of the electrode before and aftex certain experiment [20]. By
controlling the area and time of exposure, weight change ratés-x ) can be determined,
as dictated by the following formula:

x X 21

>4 =
s o |

where x s the initial weight, x is the final weight,Os the time of the experiment and
is the exposed area. Depending on the conditions of the experiment, weight loss (positive
3x values) or weight gain (negativesx values) may occur, which directly deliver
information on the nature of the system. Weight loss can indicate dissolution of the
sample (or corrosion), while weight gain can hint the adsorption or redeposition of the
reaction species. If the density of theorroded material is known (or the approximated
composition and density of adsorbed layers), the weight change rate can be converted
into penetration rate (or growth rate), as expressed by the following formula:

ax E 22

ow O

where 2 is the penetration rate inAl E ,3X is the weight change rate ii CE ,Eis a
conversion factor @ TAI A ),m is the density of the naterial (ini CA [ )and! is

the geometrical exposed area of the samplén(Al ).
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2.1.1. Electrochemical Characterization: Techniques and Terminology
Despite its usefulness, gravimetric techniques include the chemical and electrochemical
processes, making difficult the differentiation of the electrochemical characteristics.
Hence, potential polarization or galvanostatic techniques (among others) are cononly
used. With the intention to understand these techniques, some basic concepts and

principles will be hereby presented.

Standard electrode potential

Upon immersion of a metal in an electrolyte, a double layer is consequently formed.
According to Helmholtz[111], the double layer is composed of positive ions from the

metal and negative ions from the electrolyte. The formation of the double layer produces

a “tension”, properly defined as [i11BleThel ect r
electromotive force drives the reaction in the spontaneous direction, meaning from a high

energy to a low energy state. This process is described by the hakll reaction and its
corresponding “tension”, which darslreaceoh@&r encec

the reversible hydrogen evolution:

o( cA 1 ( 2.3
with a standard electrode potential value of4 16 at25°Cand1atm[20]. The “tensi
of the halfcell reaction of the metal is referred as a potential. Extensive lists of the
standard electrode potentials can be easily found in the literature and provide of useful
i nformation about the “r easystemf20,11%8]’ Elemdntsa me't
with more negative E° values are therefore more reactive (less noble) than those with
more positive E° values (more noble). In the practice, the haltell reactions are measured
with a reference electrode. The reference electrodes are in principle also hattlls
typically composed of a reversible metal, a salt of the metal and an electrolyte in
equilibriu m, meaning that its potential is constant since the reaction is reversibl0].
The reference electrodes used in this dissertation are silver/silvechloride (Ag/AgCl,
expressed in units Mgagc) and mercury/mercury oxide (Hg/HgO, expressed in units
VHgHgo). A table with the standard potentials for selected materials can be found irable
A-1.

A “t-hreetrode setup” composed by a met al t o
reference electrode, and a counter electrode like Pt is commonly employed for the study

of the metal anodes in metafair batteries, since it helps to differentiate the anod and
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cathodic reactions and their contribution. If the reference electrode is removed and the
counter electrode is replaced by a material allowing spontaneous cathodic reactions, a
galvanic cell (also called fulcell) is formed. The voltage of a fulicell is derived from the
absolute difference of hakcell reactions of the anode and the cathode as follows
[114,115]:

% % % 24

Thus, the theoretical voltages of the metahir batteries can be calculated according to

Equation 2.4 and the values given byfable A-1.

Open Circuit Potential/Voltage

The condition where no current flows in the system is called open circuit potential (OCP)
for the half—cells and open circuit voltage (OCV) for futcells. The OCP/OCYV is originated
from the equilibrium of the oxidation and reduction reactions taking placet the surface

of the electrodes. The OCP/OCV may or may not correspond to the theoretical standard
potential or theoretical voltage depending on side reactions occurring at the
electrodes/electrolyte interface. Hereafter the description of the electrochmical

techniques focusses more on the haltell setup.

Potentiodynamic Polarization

The potentiodynamic polarization (PoP) technique consist of a continuous change on the
potential and measurement of the current response, which can be correlated to the
cathodic and anodic electrochemical reactions of the haitell. A typical potentiodynamic
polarization typically starts scanning the potential with a constant rate at cathodic
potentials to the OCP and continues towards more anodic potentials than the OCP. By
starting at cathodic potentials, the potentiodynamic avoidexcessive alteration ofthe
working electrode by its oxidation (and possible corrosion) which could occur if the
potential scan were started at anodic potentials.The potential and current of the
investigated halfcell are usually controlled and monitored with a potentiostat. The whole

setup of a typical electrochemical experiment is shown iRigure 2.1.
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Figure21a) Ty pi eealle c'ttrha deee -scellusegiri electrochdmical éxperiments
b) schematic of the operation of a potentiostat, c) typical voltage/current curve resulting afte
a potentiodynamic polarization of Si in 5MKOH, and d) Tafel arrangement of the
potentiodynamic polarization of c). Diagram from b) reproduced aftef116].

Figure 2.1a shows the typical threeelectrode setup used in thisvork . Figure 2.1b shows
the diagram of the operation of a potentiostat, where a signal (set of conditions given by
the operator) is sent to the control amplifier unit and controls the potential of the auxiliary
electrode [116]. Consequently, the working electrode responses to the change in the
system induced by the auxiliary electrode, which is sensed by the reference electrode as
a potential change and compared to the control amplifier and the working electrode signal
at the dectrometer. The latter loop delivers a voltage which is then continuously stored
by a computer. Additionally, a series of adaptable resistances (represented as Rm in
Figure 2.1b) can calculate the electrical current response by the currerto—voltage (I/E)
converter and the signal is also sent to the electrometer for necessary adjustments at the
auxiliary electrode. Figure 2.1c shows an example of the voltage/current curve resulting
from a potentiodynamic polarization and some of the main characteristics, namely the

OCP and the peak passivation current/potential of &iAs(100) samplein 5M KOH. The

»



negative currents belong to the cathodic reactions and the positive currents are assigned

to the anodic reactions at the working electrode surfacd=igure 2.1d depicts the area close

to the OCP (al so @igurel.kcdn the Takelfpetiformate] giEaO@),) o f
where some linearity can be observed. The PoP curve leifjure 2.1d presents a cathodic

and anodic slope, which can assist in the calculation of the corrosion currenb)(jand
corrosion potential (Eo). The b might have similar values as the OCBut it can also be
affected by the initial cathodic polarization, because of local changes in tipél value

reduction or removal of oxide layers, among other factors.

The interpretation of the potentiodynamic, potentiostatic and galvanostatic techniques
relies on assessing the reactions taking place at the electrode surface under a set of
conditions, which is also known as electrode reaction kinetic0]. A further description

of the working principle of the potentiodynamic polarization and the governing equations
also used for the fitting of the PoP curve is included in theection“Polarization Principles
and Analysis of Potentiodynamic Polarization CurvésFocusing on the anodic currents of

a potentiodynamic polarization curve,several shapes and behaviors may be observed
depending on the working electrode material, morphology, type of electrolyte,
temperature, pH, stir conditions, etc.For example, he anodic behavior ofFigure 2.1c
presents the typical shape of the passivatioof Si in 5SMKOH, revealed by the decrease if
the current density at moVigego (@hmiz galaczatipnoby ent i a l
the formation of SiQ at the electrode surface). This dissertation will concentrate only on

three types of characteristics in PoP curves: active dissolution, passivation, and pitting.

Figure 2.2 illustrates in a simplified form the active dissolution, passivation, and pitting,
as well as a possible path how the three phenomerare interconnected. Figure 2.2a
shows a metal entering in contact with an electrolyte (), whereasFigure 2.2b depicts the
moment when the metal starts spontaneously dissolving into the electrolyte ¢t1). Figure
2.2¢ depicts the metal forming oxide or hydroxide salts due to the agueous nature of the
electrolyte (to+2), while some of them may stay as adsorbed species at the metal surface
(molecules I, I, IV and VII inFigure 2.2c), or as dissolved species (Il and VII ikigure
2.2c). Moreover, some of the adsorbed species may undergo deprotonation and lose their
hydrogen atoms if some current is locally exchanged (molecules | and Il ifigure 2.2¢),
resulting in hydrogen evolution (molecule V inFigure 2.2c). The molecules VII irFigure

2.2c present a special case, where a single oxygen atom may bind to two superficial atoms
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of the metal matrix, thus becoming thermodynamically very stable and difficult to

dissolve.

I, 111, IV, VII = adsorbed species
II, VI = dissolved species
V = gaseous species

?‘ Water

s> Hydrogen

9 Hydroxyl ion
@D Metal hydroxide
@D Metal oxide

o Halogen ion

)9 9 g
898 %o

Figure 2.2 Scheme of the general passivation process of a metal. a) Initial state of the me
surface before oxidation. b) The metal starts reacting, dissolving, and oxidizing (spontaneous
or induced). ¢) Depending on local conditions of the agueous electrolytajsorbed, dissolved or
gaseous species may form. d) The surface of the metal starts passivating due to the format
of an oxide/hydroxide layer coming from precipitated or adsorbed species. e€) The metal surfa
may become reactive again if the passive lay (partially) dissolves or if halogen species are
present (pitting).

Independently of the specie formed, if the solubility saturation is reached dts), the
oxide/hydroxide molecules start precipitating and block the electrode surfaceKigure
2.2d). In addition, the previously adsorbed oxide/hydroxide species at the electrode
surface can boost the blockage of the electrode, resulting in an eventual mera multi—
layer with passivating characteristics. Effects of such a passivation layer can beselved

during the ohmic polarization ofFigure 2.1c (described in this case as a passivation peak.),
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limiting the increase on the current density as the potential becomes more anodic.
Depending on the nature of the electrolyte and itsnteraction with the electrode, the
passivation layer may increase in thickness and manifest as an even sharper decrease of
the current density at more anodic potentials. Nevertheless, if the passivation layer
breaks down or by some means dissolves, a nelayer of neat metal is exposed to the
electrolyte (to+4), where active dissolution and/or re-passivation may restart Figure
2.2e). Moreover, certain ions are able to penetrate and/or break down passive films and
continue with the oxidation of the metals by the secalled pitting mechanism, as in the
case of the halogens (yellow spheres irFigure 2.2e). The pitting effect on a
potentiodynamic polarization curve are revealed by a sharp increase in the anodic current
densities and the potential where it starts is called pitting potentia[20,56]. The rapid
increase on the current densities is due to the harsh reaction promoted by the halogen

ions and the passivation layer is continuously formed and broken down.

Cyclic Voltammetry

The PoP and cyclic voltammetry (CV) are similar since the potential is shifted at a specific
scan rate for both techniques. The difference relies on the starting potential of the CV,
which typically is at OCP conditions and scans towards anodic potentialsitil a defined
potential (vertex) and the scan is then reversed towards a second vertex at cathodic
potentials. The scan can be cycled many times in order to observe the development of
redox reactions.Some of the applications of the cyclic voltammetry ithe electrochemical
assessment of metals include: (1) the different oxidation peaks of polyvalent elements,
(2) passivation currents and potentials, (3) the reduction characteristics of the oxidized
species during the anodic scan, (4) the reduction/oxidabn characteristics of the
additives in the electrolyte and/or electrodes, (5) hydrogen evolution, (6) electrode
kinetics and estimation of the symmetry coefficient| , among several more. CVs are

typically depicted in the form potential versus current dengy (E vs. j), as inFigure 2.1c.

Potentiostatic and galvanostatic techniques

Having explored the effects of the polarization on the electrode in the dynamic state as for
the PoP and CV techniques, the potentiostatic and galvanostatic techniques look at the
“midnd longt er m” effects of the pol ar tiogtaid | on .
polarization increases the selectivity for a specific reaction by applying a constant
potential and the current response is simultaneously recorded. The galvanostatic

polarization is more commonly employed for the investigation of the dischargeharge or
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cycling behavior since it emulates practical DC conditions. Hence, an anodic current is
applied during the discharge and a cathodic current is used during the charge of a cell. If
the electrochemical characteristics of the galvanostatic discharge (potentigoltage and

current) are combined with the measurement of mass loss of the samples, useful
information such as mass conversion efficiency, practical specific capacity and practical

specific energy can be estimated.

2.1.2. Surface characterization
The surface characterization techniques and their working principles are an extensive
and complicated topic on itself. For the purpose of this dissertation, only a brief and

simple description of the techniques is presented.

The Laser Scanning Microscope (LSM) delivers a 3D reconstruction of the surface,
allowing the non-destructive measurement of surface morphologies with an accuracy
resolution of up to 10nm [117]. A laser emitting diode irradiates the surface at a given
distance, and an intensity image is captured by a sensor on the microscope. The latter
process isrepeated several times within a given range, creating a multilayer image, which
is integrated into a single 3D picture. The intensity images can be converted into height
units within the operating software. Characteristics such as the surface roughness or

metal phases are qualitatively and quantitatively easy and quick to estimate.

The X-Ray Diffractometry (XRD) technique consist on the irradiation of a sample surface
with an X-Ray beam at different angle4118]. The interaction of the different crystal
orientations of the sample with the beam result in different intensities of the diffraction
measured with a detector, which results in a series of intensity peaks at different angles.
Every (powder) chemical compaind and/or solid material (including metals) produce a
distinctive spectrogram, which assist in the characterization of materials. The XRD is
limited only to the surface of the materials since the >ay beam cannot penetrate deep

into the sample.

The Scanning Electron Microscopy (SEM) technique can overcome the limitations of
conventional optical microscopes since the SEM uses focused electron beams instead of
light waves to produce images, which results in an increase of the resolution as highlas
2nm in high—-vacuum conditions [119]. In combination with the SEM, the energy

dispersive X—ay spectroscopy (EDS) can provide information about the chemical
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composition of the sample surface correlated to the SEM ima@El9]. The principle for

the detection and identification of the elements by EDS is as follows:

1. One of the outer shell el ectrons (at
electron beam, designated asie

2. The transition of e1 to a higher energy level and consequently relaxation produces
an X—ray with a defined energy (or wavelength). This wavelength represents the
difference between the excited and relaxed state.

3. The wavelengths are specific for each element, which allows its identification.

In comparison to the XRD, the EDS is more accurate on characterizing the local

composition of a sample.

The Atomic Force Microscopy (AFM) is an imaging technique with accuracies as high as
fractions of nm. In simpler terms, it allows to measur@asampleb y “ t o thedurfaceg ”
with a very fine tip of a cantilever [120]. The displacement of the cantilever can be
measured by several methods, one of which is the deflection of a photodiode beam
irradiated at the cantilever. The latter is then measured by a detector and the signal is
recorded by a computer, delivering topogaphical and mechanical information at the
atomistic level. Additionally, the conductve AFM (c-AFM) allows the mappingof the

conductivity of the sample surface.

2.1.3. Electrolyte characterization techniques

The conductivity and the pH of a solution can reveal discrete changes of the electrolyte,
resulting in or from larger alterations of the metal/electrolyte interfaces. The conductivity

of a solution is also known as ionic conductivity (usually expressed imScm-1) and
describes the mobility degree of the ions in a solution. Generally speaking, electrolytes
with high ionic conductivity ease the movement of the ions and thus such solutions are
preferred for metal—-air batteries [23,48]. Changes on the conductivity of an electrolyte
during or after an experiment may be affected by several factors, such as higher
concentration of dissolved species and evaporation. Conversely, the pH of a solution
indicates the acidity, neutrality or alkalnity, which is defined by the concentrations of free
H* or OH-ions in the solution[115]. The pH of a solution can have a high impact on the
behavior of a metal, such as its solubility and potentigl20,121]. Thus, monitoring or
adjusting the pH of the electrolytes critically influences the performance evaluation and

application of metakair batteries.
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Another useful technique used in the analysis of the electrolytes is the inductively coupled
plasma optical emission spectrometry (ICPOES), which can detect the presence and
concentration of metals in a solutionf122]. For the analysis, a gas is ionized by induction
to form a plasma and the nebulized electrolyte is fed into the plasma. The electrolyte is
also ionized and emits light in certain wavelengths, which are quantified and qualified by
a detector. The spectra gnerated by the excited electrolyte plasma can be analyzed and

the concentration of the present metals can be determined.
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Chapter 3: Practical Application of Alkaline Silicon zAir

Batter ies

The present chapterdescribesthe concept idea of a Sair battery with circuit elements
powering a low—consumption LEDdirectly mounted on the back sideDifferent substrates
and conductive routing materialsare proposed The proposed configuration is compared
to conventional printed circuit boards. The content of this section will be submitted for

publication.

3.1. Motivation

Since the invention by the group led by EiEli [43], silicon—air batteries are gaining more
attention in the research field due to its relatively high theoreticalspecific capacity of
ohp ¢ im! £ and high specific energy ofyit ¢ p EE C [17,45,48,123]. Moreover,
silicon is the second most wiilditshod eostind aor-e me n t

toxicity make it an appealing active material for MAB$41,42].

Specifically, alkaline Stair batteries typically use KOH solutions as electrolytes and
produce energy bythe oxidation of the silicon anode and reduction of ©at the air
cathode, as described by thequations 1.6, 1.7, and1.11 [41]. Moreover, alkaline Stair
batteries present two major challenges: the high corrosion rate even under no load (OCV
conditions) and the passivation of the surface undedischarge current densities larger
than ~w T A | . The so called passivation peak alkaline solutionsis also observed in
half—cell experimentsat around —1.05 VHgHgo [41,48]. The correspondingcorrosion and
passivationreactions are described byequations 1.9 and 1.10. In addition, Stair batteries
with EMIm(HF)2.3F as electrolyte have shown better performances than their alkaline
counterparts, where discharge current densities as high as 5000 A [ can be applied
resulting in stable discharge profileg44,45]. The mass conversion efficiencies can be as
high as >50% and over 16007 EE C specific energies[44,45]. The main reactions
governing the non-aqueous Stair batteries are presented inequations 1.2, 1.3, 1.4, and
1.5. The downsides of ionic liquid electrolytes are, however, ther relative high toxicity

and production price.

Even with the above mentioned limitations the current performanceof Siair batteries in
5M KOHis of over 1100 h of discharge under 50Al A | and with a stable continuous
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voltage of 1.2V [41]. On the other hand, noraqueous Stair batteries have shown
voltages around 10 V under100 A A | after 200 h of continuous dischargg45].

Yet, state of the art silicon—air batteries may be applied to low—power consumption
devices and as a proof of concepta dedicated circuit design can be coupled to the
characteristics of the Stair battery and directly mounted on the back side of thailicon
anode Moreover, there is no such practical integration of the Stair batteries publicly
reported up-to—date, but the idea has been presented by the Vanishing Programmable
Resources Program (VPR) of the Defense Advanced Research Projects Ag@wiRPA)of
the USA Government as a setfisappearing device by utilizing room temperature ionic
liquid EMIm(HF)2.3F [124].

For the illustration purposes of this idea, low power consumption, high efficiencyLight
Emission Diodes (LED) and simple data storage elementsHEROM) can be integrated in
the circuit. Furthermore, a custorsmade case for the battery is requiredo contain the
electrolyte and allow thecomplete dissolution of thesilicon anode and destruction of the
circuit. The current section presentstherefore, the proof of concept of acircuit coupled

and mounted ona Siair battery and its performance is evaluated.

3.2. Experimental Section

Materials and chemicals: Wafers of single crystalline Si doped with As <100> (0.061
0.007Qcm) were acquired from Umr24wmmisguare pieced/af er ¢
The Si wafers were treated by a twestep plasma process (PICO, Diener) prior to the
experiments. The first step consisted of removal of organic contamination by ArtO

plasma while the second step involved Ar/S§to remove any oxide layer on the Si wafers.

The freshly treated wafers were kept in an Ar atmosphere and directly used for the
asembling of the battery. K GAldrigh)eand deionzed ( =2 8 5 %
water (PURELAB El ga, conductivity =20KAH S/ cm)
electrolyte. The KOH solutions were purged with argon to reduce the dissolved oxygen.

The EMIm(HF).3F ionic liquid was acquired from Morita Chemical Industries and was

directly employed as electrolyte.The mass of the silicon anodes was measured by an
analytical balance with an accuracy 0£0.01 mg (XA205, Mettler Toledo). The carbon

basedair cathodes with manganese oxide catalyst (E4 type) weneurchased fromElectric

Fuel Ltd.
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Battery casing design: The cell consisted of 3 pieces of Poly(methyl methacrylate)
(PMMA) and a 3B+endered picture is displayed inFigure 3.1. The cell anode sidewas
conceived toprovide space to the circuit elementsand the silicon anode The extra space
could safely retain theelectrolyte once the silicon anode was depleted, allowing the
complete dissolution of the silicon anode and thecircuit itself. Additionally, a window on
the cell anode side was installed to monitor the state of the circuit and the LEDhe middle
part provides containment for 3mL of electrolyte and a surface area of 2@n2 for both,
anode and cathode. Custortut EPDM flat gasket was used to seal the andaécuit and
the cathode. Thecell cathodeside provides support and an opening for the air cathode

with a diameter of 19mm.

CellAnode SiliconAnode EPDM Electrolyte Air Cathode  Cell Cathode
Side with Integrated Gasket Containment Side
Circuit

Figure 3.1: Assembly of the PCB/Siair battery with the casing.

Circuit design: The circuit development was performed with a close collaboration to
Christian Roth from the Central Institute of Engineering, Electronics andinalytics —
Electronic Systems (ZEA2) at Forschungszentrum JulichThe detailed diagram of the
circuit is depicted in Figure 3.2a and the description of the components is presented in
Table3-1.The selected LED was apin SMD (0603) low power consumption TLMS1000
GS08 (minimum 40mW and 1.8V, Mouser Electronics). Since the -Siir battery delivers
1.2V under v TA A| discharge current density [48], a DGDC converter
MAX17220ELT+T (400mV to 5.5V input range, 1.8 to 5/ output voltage range, Mouser

Electronics) was selected to increase the voltage ® =2.18V.
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Figure 3.2: Design of the circuit: a) detailed diagram of the connection of the BDC converter
for powering an LED with the supply characteristics of the Sair battery (140 pA@1.2V), also
including the EEPROM, b) 3D representation of the mounted circuit on the back side of t
silicon anode, and c) side view of b).

The quiescent and leak currents were calculated according to the following equation

found in the data sheet of thdG-DC converter[125]:
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Commercially available printed circuit boards (PCBs) were initially employed as
substrate for the evaluation of thecircuit. The assemblyof the PCB was kindly conducted
by Christian Roth In addition, different insulating substrate materials were assessed
which also couldallow the complete dissolutionin both of the electrolytes, KOH and
EMIm(HF)2.3F. The selected substrates included polyvinyl alcohol (PVA), celluloaeetate
(CA), and grown SiQ (ca. 330nm in thickness). The PVA and CA were directly pfied by
drop castingsolutions of the polymerson the back side of the anode and left to dry until
a thin film formed. The Si wafers with grown Si@were kindly provided by Dr. Jirgen

Moers fromthe Helmholtz Nano Facility (HNF) of Forschungszentrum Julich

Siver ink was evaluated as the materiaffor the conducting path of the circuif while a
stencil was used as a mask to apply the conductive routing on the different insulating
substrates. The circuit elements were mounted and fixed with the conductive ink as

illustrated in Figure 3.2b—.

Table 3-1 List of components for the PCB coupled to the-Siir battery.

Designator Comment Quantity Description
C1 10 uF 2 Capacitor SMD 1005 0402210y F
c2 H Capacitor SMD 1005 0402210 y F

Low Current LED, 40mW, 1.8V,-40 to 100°C, 2Pin SMD

DS1 TLMS1006-GS08 1 (0603), RoHS, Tape and Reel

L1 1pH 1 XFL40206-102MEC Shielded Power Inductor, fiH, 64MHz,
—-40 to 125°C, 2Pin SMD, RoHS, Tape and Reel

R1 1k Q Resistor SMD 1005 0402 1/16N

R2 N/A NA = 1.8V

R3 2.7k Q 5 Resistor SMD 1005 0402 1/16N

R4 4.7k Q Resistor SMD 1005 0402 1/16N

R5 4.7k Q Resistor SMDL005 0402 1/16 W

Ul MAX17220ELT+T 1 IC REG BOOST ADJ 225MA 6UDFN

U3 EEPROM 1 241 CO2B-H/SN 256x8-1.8V

An EEPROM (24LC02B/SN, 256x8—1.8V, Mouser Electronics) was included to program
and store data programmedby Matlab via the test points M.Vcc, M.GND, M.SGind
M.SDATheonlydat a stored in the Eeé8&RaBHMlIovsHel | o

clear all; close all; clc;

i2clnfo=instrhwinfo (‘i2c’, ‘“ni 845x" ) ;
disp(i2cinfo);
eeprom=i2c (‘ni 845x"’ , 0, “50h" ) ;

fopen (eeprom);

fwrite (eeprom, [ “ Hel l o Wo’]);
pause (0.1);

fwrite (eeprom, [ “rld! 1)
pause(0.1);

fwrite (eeprom, 0)
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Subsequent to the flooding of the PCB with thelectrolyte, the status of the EPROM was
tested via the test points M.Vcc, M.GND, M.Said M.SDAwith the following code lines:

char (fread(eeprom, 256));

fclose (eeprom)
clear (eeprom)

Since the integrated circuits (IC) of an EEPROM are encapsulated in a chemical resistant
epoxy, decapsulation of the I@eeded to bedone according to procedures found on the
web [126]. In this way, the silicorbased die of the IC could beasily reachable to the

electrolytes oncethe silicon anode was consumed, also allowing the dissolution of the IC.

Characterization methods: The experiments were carried out in a climate chamber
(Binder KMF115) to ensure controlled conditionsof 25°C and 50% relative humidity The
condition of the silicon anodeswith mounted circuit prior and after the experiments was
analyzedby using a confocal laser scanning microscope (OLS4100, Olympus Corp., Japan).
The voltage of the cell was continuously monitoredy a potentiostat (Biologic VMP3),
whilst the current was measured via a zero—esistance ammeter (ZRA) mode of the

potentiostat with a parallel channel

3.3. Experimental Results and Discussion

To confirm the compatibility of the designedcircuit and characteristics provided bythe

customized cell casingthe amperometry of thecircuit is presented inFigure 3.3.
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Figure 3.3:1-V curves of the customized PCB by amperometry with a scan rate ofiB O (the
insets depict the illumination status of the LED).
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The amperometry of thecircuit revealed that an input of around 35QuA and ~3.25V are
necessary at least for a short time tactivate the DC/DC converterand light up the LED
(inset Il in Figure 3.3). Upon the reverse scarand even after reaching currents close to
0 YA, the LED was stilemitting dimmed light (inset Il in Figure 3.3). The circuit was also
activated during the second forward scamas demonstratedby the illuminated LED (inset
IV in Figure 3.3), requiring relatively low currents and voltages (150uA and 0.5V,

respectively).

Figure 3.4 shows thecyclic voltammetry of the Stair battery with KOH and EMIm(HF).3F.
The CV of thealkaline Siair battery in Figure 3.4a displays currents around 100 pA at
1.15V, 130pA at 1.1V, and 1754A at 1.05V without showing any passivation
characteristics after two consecutive cyclesSimilarly, the CV of the noraqueous Stair
battery in Figure 3.4b shows currents as high a&.01 mA at 1.15V, 1.22mA at 1.1V, and
1.79mA at 1.05V during the first cycle, whilst the second cyclgresents 0.87 mA at
1.15V, 1.05mA at 1.1V, and 1.52nA at 1.05V. The provided currents by both, the
alkaline and nor-aqueous Sitair batteries, are high enough toactivate the DC/DC
converter and ignite the LED without passivabn of the silicon anode The
electrochemical behavior of both types of Sair batteries is in good agreement with
previous reports [41,44]. The slight decrease on the observed currents delivered by the
non-aqueous Stair battery are practically negligible, as the power consumption of the

LED is consistently very low.

0.10 1.2
a) Si As<100> b) Si As<100>
0.054 5M KOH, 5 mvs* 0.84 EMIm(HF), ;F, 5 mV 5*
Cycle 1 Cycle 1
0.00{ — Cycle 2 049 —cycle 2
< <
= £ 0.0
< -0.05- .y
< E -0.4-
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Figure 3.4: Cyclic voltammetry curves of the Stair battery with a) 5M KOH and b)
EMIm(HF)..sF,displaying the absolute current.

Figure 3.5 shows the Stair battery with the mounted circuit assemblyduring operation

and the voltage/current profile s of thealkaline and non-aqueous Shair batteries. Figure
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3.5b shows he average cell voltageof the alkaline Stair battery relatively stable at
around 1.1V, whilst the lightning of the LED lasted for around 220. The absolute current
was around 139 pA which corresponds to a current density of approximately
T @A Al . The passivéion of the silicon anodein alkaline mediacan successfullybe
avoided if the voltage is above ¥ and current densities smaller than 100N A |

applied [41,48].

are
The present cell setup prevents the passivation while the full
consumption of the active areaof the silicon anode is achieved by providing sufficient
surface area of the anode and enough electrolyte volumghe observed voltage of ~0.6/
after the consumption of the active area of thesilicon anode corresponds to the
interaction between the few remaining Si partsstill inside of the cell getting in contact
with the KOH.
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Figure 3.5: a) Running Skair battery coupled to a PCB to power an LED, discharge and curre
profile of the Siair battery with b) 5M KOH and ¢) EMIm(HR)sF.

Figure 3.5c displays theopen circuit voltage of the nor-aqueous Stair battery starting at

around 1.5V, which constantly decreases tol V over the first 17 h. The voltage drop
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continuesless abruptly to values around 0.8/ over the 1200h of discharge, after which a
sharper decrease to approximately 0.& is again observed. Still, the discharge achieved a
total of over 1982 h before full consumption of the Si waferSimilar as for the alkaline St
air battery, the 1V observed after the stop of the cell discharge results from the contact
of the remaining Si anode and the electrolytéAnalogously,the initial current drain of the
non—-aqueous Stair battery starts at 100 A, but cortinuously increases toover 200 pA
during the first 30 h. As a consequence of the mentioned decreasing voltage, the current
increases to values between 160 and 300A to keep a constant power output over the
first 1200 h of discharge. Due the notorious decrease of the voltage after 1200the
current also increases again to a maximum of5® YA, after which the currentconstantly
declines to valuesclose to 25pA until the end of the dischargeThe decreasing voltage
observed for the nor-aqueous Stair battery is consistent with previous studies, where
similar discharge current densities also resulted in constant declining voltageg4,45].
Moreover, the sharp changes on voltage and current after 12@00could be attributed to
the increased concentration of silicon in the electrolyte which could result in a more
sluggish electrochemical reaction. The collected electrolyte after the end of the
experiment was notoriously more viscous than the fresh EMIm(HE}F, alsosuggesting a

high content of silicondissolved in the electrolyte.

A summary of the cell performance is presented iTable 3-2. The practical specific
capacity of the alkaline Siair battery is around 80.28-83.881 ! E whilst the specific
energyis approximately 88.31-100.657 EE C . Theanode mass conversiomccording to
the mass loss is around2.5%, which is in agreement with previous works[41,48].
Conversely, the non-aqueous Stair battery presented a practical capacity of
1072.431 ! £ and an energy density of around341.487 EE C . The anode mass
conversion was around28.07%, significantly higher than the alkaline celland similar to

previously reported values[44].

Table 3-2 Performance parameters of thalkaline and non-agueousSiair battery.

Anode Mass Corrosion rate Practical capacity Energy density
Conversion /T CAAUAI e /7 EEC
1%
KOH 25 13.02 80.28-83.88 88.31-100.65
EMImz.3HF 28.07 0.99 1072.43 841.48

Figure 3.6 shows the status ofaconventional printed circuit board (PCB)before and after

the dischargeexperiment, controlled by the light microscopy mode of an LSM.
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Figure 3.6: Light microscopy mode LSM pictures of the circuit a) before exposure to th
electrolytes, after exposure to b) 5MKOH, ¢) EMIm(HFR)sF, and d) 5MKOH/0.6M KF.

Figure 3.6a shows the neat state of the PCB before exposure to the different electrolytes.
Figure 3.6b displays the PCB after being in contact with the 5MOH, where most of the
insulator was removed by the KOH and some components detached form the PCB.
However, most of the components remained still attached to the PCB. The weight loss of
the PCB was practically negligible. Subsequent test with an externadywer source could
not ignite the LED, probably due to the loss of some components and other possible
damagesFigure 3.6¢ exhibits the PCB after consumption of the Si anode and exposure to
the EMIm(HF).3F, displaying partial damage on the lower side and detachment of some
components.In order to improve the damaging of the circuit components, an additional
attempt was made by incorporating dry KF powder into the same compartment where
the PCB is located and its status could be monitoretihe equivalent amount of KF resulted

in 0.6M once the Si anode was depleted and the aqueous electrolyte dissolved the
potassium fluoride salt.Figure 3.6d shows the PCB after exposure to the combination of

5M KOH/0.6M KF, displaying damage to the Cu substrate, although the components were

|#



still attached to the PCB. The LEDs on the PCBs fréigure 3.6¢c—d also could not be lit
due to detached parts or damaged components. The information in the EEPROM was
revised after the complete discharge of the Sair battery and damaging of the circuit,
revealing that the information was still accessible after seved hours of immersion in each
of the three different electrolytes employed. The casing of the EEPROM and some of the
PCB components are made of or covered with FR a glassreinforced material based on
epoxy laminates, whereas the contacting of the PCBolkated with gold. Both mderials are

chemically resistantand therefore difficult to dissolve.

In consequence different possible substratesvere investigated as degradable insulators
which could still fulfill the purpose of the PCBAs a preliminary test, acircuit was mounted
on selected materials and directly immersd in 5M KOH,including drop—casted films of
polyvinyl alcohol (PVA) and cellulose acetate (CA)solutions. PVA is a watersoluble
polymer, which transitions from a semi-crystalline polymer to amorphous in presence of
KOHJ[127]. The circuit mounted on PVA lost its rigidity jellified, and eventually the circuit
components detached. The cellulose acetate alkisses its firmness, and turns int@ soft
gel after getting in contact with the KOH solution, leading to the detachment of the circuit
elements. According tdDehaut et. al. CA is a KOksoluble polymer, butits disintegration

requires temperatures of at least 60C for at least 241 [128].

An additional solution are Si wafers with a coating ofSiQ as insulator. The 5SMKOH is
capable to dissolve Si@at an approximate rateof ¢& © | E , according to calculations
based on the studies of Seidel et. §1.29]. Empirical evidence of the author corroborates
this observation. Moreover, the destruction of the insulating Si@ substrate can be
modulated by simply modifying its thickness. Regarding to the materialsfor the
conducting pathof the circuit, the silver ink is initially resistant to the KOH but ultimately
the silver nanoparticles oxidize and detach from each otheBased on the previous
observations, a rather fast dissolving circuit substrate and routing materials were
selected, namely the Si wafers witlgrown SiQ and silver ink. The assembly of the

integrated circuit and the Si wafer is shownn Figure 3.7a.
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Figure 3.7: a) Assembly of the Si wafer with grown Si®and circuit to power an LED and
decapped EEPROM, b) operating-&ir battery with the circuit assembly of a), c) status of the
assembly after penetration of the Si anode and degradation of the insulating $iGy the
5M KOH, d) status of the seldestructive battery after longer immersion of the IC in the
electrolyte, e) LSM picture of the decapped EEPROM prior to the contact with the BI@H, and
f) LSM image of the EEPROM after long immersion in the alkaline elecittel and dissolution of

the Si die.
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Figure 3.7b shows the operating prototype of a seldestructive circuit directly attached
on a Si wafer.Figure 3.7c displays the prototype of the Si/IC assembly after the
penetration of the Si anode and dissolution of the grown SiCafter exposure to the
5M KOH electrolyte of the batteryFigure 3.7d exhibits the progression of the dissolution
of the IC after longer immersion in the electrolyteFigure 3.7e shows in more detail the
decapped EEPROM prior to contact with the electrolyte, where the Si die can be partially
observed. Figure 3.7f shows the EEPROM after long immersion in the electrolyte,
detachment from the Si anode of the battery, and dissolution of the Si dighe previous
results show the feasibility of producing sekldestructing devices which can be directly
powered by the Stair battery. In future attempts to improve the electrochemical behavior
of Si in KA, several strategies can be approached such §g¢he modification or exchange
of electrolyte, ii) addition of corrosion additives, and iii) alloyingand modification of the

Si anode.

As a demonstration of the benefits of the alloying, short evaluation of some proposed
SHAI alloys is included in theAppendix 4 “Electrochemical Evaluation of SiAl alloys as
anode materials for Stair batteries in 5M KOH. The possible improvement of the
electrochemical behavior is demonstrated bythe possible higher current densities
achievable by such samplesas shown inFigure A-3. Particularly, the cyclic voltammetry
in Figure A-3a of SF5%AI can display up to 5mAcm=2 (50 times higher than a flat Si
<100> As-doped wafer), whereas the galvanostatic dischargef the same sample shown
in Figure A-3d was possible up to 25QuA cm=2 (over 3times higher than any report so
far). The preparation of the alloy by aranelting, however, possibly presented a major
contribution on the higher corrosion rates observed for the alloys in comparison to single
crystal Si<100> As-doped wafers(Table A-2 and Figure A-4). Future research work
should focus onthe improvement on the quality of the samples but S+Al alloys are still

an interesting anode materialto be investigatedfor Si-air batteries.

3.4. Summary and Remarks

The present section has shown the feasibility ahcorporating a sel~destructing circuit
on the back side of the anode of &Hair battery, also demonstrating the possible
applications of Stair batteries for low—power electronics. As a proof of concept, @aLED
was lid during the battery operation, whichcould be poweredfor at least 220h in 5M KOH
and over 1982h in EMIm(HFR3F. The tess were carried out until the complete

consumption of theactive area of theSi anode and the Stair battery delivered around
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139 pA at 1.1V for the cell with 5M KOH and125-350 pA at 0.6-1 V for the cell with the
ionic liquid. A conventional PCB was employed for the initial test, which showed some
damage on some parts and components after exposure to the 3H, EMIm(HF).sF, and
5M KOH+0.6MKF.However, the complete dissolution of the PCB was not possible due to

its high chemical resistance.

As a first approach for a seldestructing device,different materials as substrates for the
circuit were proposed and the EEPROM was decapped to allow the complete dissolution
of the integrated circuit. Since the circuit was mounted on a thin insulating Sidayer with
silver ink as routing material, complete dissolution of the circuit and silicon die of the
EEPROMould be achievedUpcomingapproaches of a seHdestructing device approach
a more direct integration of the Si anode on the 1®r other devices such as MEMSThe
present study shows not only a practical application of Sair batteries, but also proposes
alternative materials to facilitate the recycling of integrated circuits In this regard,
polymers such as PVA, Céare relatively biodegradable whereas natural materials like
edible rice paperare more ecological Thus, technological waste could be reduced in
certain areas and applicationstFurthermore, directly coupling of batteries and devices are

demonstrated, also directing the attention to technology miniturization.

Yet, ®me of the mainchallenges of alkaline Stair batteries arerelated to the passivation
upon relatively high anodic currents and the detrimental corrosion suffered upon
discharge. Among the different strategies to improve the Stair batteries, the use of
corrosion inhibitors has been previously proposedn the literature as electrolyte additive
in the metalair batteries [130]. Another possibility is exchanging the highly corrosive
KOH electrolyte in the Stair battery for alternative electrolytes able to promote the
electrochemical dissolution of Siwith decreasal corrosion. Some hints are given in
previous studies, where the Si displays higher electrochemical discharge performance in
presence of HF or EMIm(HR)sF electrolytes, suggestingthat F- ions are necessaryto
increase the discharge efficiency31,42-45,131]. Accordingly, the performance of Stair
batteries with EMIm(HF)2.3F could be improved by alloying with Alas proved by Ozgiir
et. al[123]. The brief investigation of SHAI alloys as anode material foalkaline Siair
batteries within the present thesis demonstrated possible benefitsin terms of higher
discharge current densities while there is still a vast field for improvement on the

preparation and tunning of the alloys.
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Chapter 4: Effect of the Alloying on the
Electrochemical Behavior of Zn Electrodes in Neutral

Electrolyte s

The present chaptelis based on a published research paper with some modifications. The
paper i's available as “Influence of Al Al l o
ElectrodesforZzm-Ai r Batteries with Neutr aFron8eosdni um Ch
Chemistry 2019, 7, +13 [132]. The ICR-OES results were kindly provided by Nadine

Wettengl from the Central Institute for Engineering, Electronics—Analytics (ZEA-3),
Forschungszentrum JulichThe AFM results were generously supplied by Prof. Florian

Hausen from the Institute for Energy and Climate Research- Fundamental
Electrochemistry (IEK-9). The performing of the electrochemical measurements, LSM
characterization, and analysis of results were performed by the PhD candidate and author

of this thesis, Saul Said Montiel Guerrero.

4.1. Motivation

As presented inFigure 1.3 and Figure 1.4 of the SectionMetal-Air Batteries: Motivation,
some elements arepromising candidates as anode materialsTheir electrochemical and
corrosion behavior can further be improved by alloying to a suitable elemenin the
fabrication of electrodes for metatair batteries. The standard electrode potentialof the
element can serve as a reference for the selection of materials based on their
electronegativity. In other words, alloying with elements possessing a more
electronegative potential can increase the power output and the practical specific energy
of the cell. Additionalfactors—like the inter—solubility of such materials and stabilityin
the electrolyte employed—must be takeninto consideration to produce homogeneous
and/or stable active anode materials. The resulting synergistic effects of the alloy could
hypothetically reduce theoriginal drawbacks of the single elementsised separately in

the same operating conditions of the cells

As a first possible approach in the selectioof the alloying elements phase diagramsare
useful since these provide information about the melting points of alloys, the solubilities,
possible phase transitions and the approximate microstructure of the alloys. Such
diagrams can be binary (only two elements), ternary (three elements), or multielement.

In the frame of thisdissertation, only binary phase diagrams will be shortly discussed.
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Depending on the desired properties of the electrode, specific alloying compositions can
be selected accordingly. For example, a eutectic alloy may be preferred to obtaifirer
microstructure. Nevertheless, the phase diagrams can give some hints of possible alloys
and the limitations during the preparation, but further theoretical tools can assist on the

decision over an appropriate alloy composition.

In addition, materials possessing different standard electrode potentials can be alloyed
and benefit from the resulting galvanic coupling once employed in a cell. Theixed
potential theory of Wagner and Traudcan be expanded from single electrode/electrolyte
interfaces to alloy/electrolyte interfaces [133]. Accordingly, all the electrochemical
reactions havean anodic and cathodic component, whereas two metals in electrical
(galvanic) contact can influence and polarize each other due to the corresponding
electrochemical reactions occurring attach metal Figure 4.1 graphically illustrates the

resulting mixed potential of the hypothetical metal M and M.
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Figure 4.1: General scheme of the mixed potential theory, where two metals are in galvar
contact and influence on theelectrochemical behavior of each other.

In the ideal case, the intersection of the extrapolation of the cathodic and anodic branches
of M1 and Me should result in a combined potential between the original potential of M
and Mg [133]. The similarity of the potential of the alloy to one of the electrode potentials
conforming the alloy depends on a series of factors such as the alloy compositio
homogeneity, electrolyte pH, selectivity for H evolution, etc. Experimental evidence of

the mixed potential theory can be found in the literaturg123].
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A complementary tool in the selection of possible materials for metahir batteries is the
potentialpH diagram (EpH), also named after Marcel Pourbaiq121]. Pourbaix
diagramsprovide a graphical overview of the possible potentials of a metal at a given pH
value, but they are limited by the assumption of static thermodynamic equilibrium
conditions of the metal with only water. In consequencepther anionic species possibly
present in the electrolyte €.g.,F, Cf, etc.) and the possible reactions with thenetal are
ignored by the Pourbaix diagrams Smilarly, the constantly changingstate and new
equilibrium upon operation of the metakair batteries can directly influence onthe stable
species formed which is not included in the EpH diagrams The following section shows
a brief overview of the Pourbaix diagram of ZaH2O and AHH20 system. A complete
description of the construction process and information necessary for the calculation can
be found in the literature or in online tools[20,121,134-136].

Figure 4.2 shows the Pourbaix diagrams of Zn and Al with a concentration of 1 in
water, where the solid lines represent the domain of the different species. Moreover, the
blue— and red-dashed lines represent the oxygen and hydrogen evolution reaction,
respectively. The species with the subindex (aq) indicate the solvated speciekssolved).
The solid compounds such as oxides, hydroxides and oxyhydroxides are usually
considered as passive compounds. The solid speciesszand Als) denote the basal state
of the metals and the corresponding area represent the immunity (nefieactivity) region

of the elements. Furthermore, the solid line delimiting the immunity and the
passivation/corrosion corresponds to the standard electrode potentil. Figure 4.2 shows

for all the materials a clear trend of an increasing potential at higher pialues However,

a passive surface may hinder such higher potentials, as describedHigure 2.2.
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Figure 4.2: Pourbaix diagram of a)Zn and b) Al with a concentration of 106 M in water.
Reproduced after[134-136].
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Additional information on the possiblechanges of the potential and predominant species

in the Pourbaix diagrams after changes in the concentration of theitial M+ species is
presented in the Appendix 3 “Pourbaix Diagrams and in Figure A-1. The information
provided by the Pourbaix diagrams can be assumed as a rough estimation of the changes
occurring at the anodein an aqueous electrolyte. Moreover, it givegraphical information

of the solubility limits of some species and their possible effects on the electrode surface.
Nonetheless, the presence of other ions in the solution, some other characteristics of the
electrolyte or alloyed electrodes can result in drastic changes. Fodng on the alloyed
materials, the effect of an element mixed with another one can be advantageously used to

benefit the overall electrochemical behavior of an electrode.

A highly desired characteristic of a battery is its cyclability while the convenient and
practical options among the metakair batteries are limited. Zn-air batteries (ZABSs) are,
in this case, a potential alternative not only as a possiblalternative for Li—on
technologies, but for effectively upscaling energy storage, as proposed by Amendjag] .
ZABspossessboth goodtheoretical specificenergy andhigh volumetric energy density,
with values ofplo v € EE C andufp v 6 E, , respectively.

Due to such advantageous characteristicghe popularity ofalkaline Zinc—air batteries has
increasedbut with some drawbackssuch as i) high corrosion, ii) dendrite formation, iii)
carbonation of the electrolyte and iv) relatively low anode mass conversion efficiencies
[60]. As an alternative, ZABs with neutral electrolyte were proposedto minimize the
undesirable effects of the alkaline electrolytes, as presented biindra in 1973 [74].
Although the idea was left for several yearsrecent studies have successfully shown the
cycling of ZAB with stable performancesvith over 5100 h and 540 cycle§76-81].

However, the discharge voltageslisplayed by theneutral ZABs are lower in comparison
to the alkaline ZABs under similar conditions (104 V vs 132 V,respectively) [78] . Derived
from the advantages of the neutral electrolytesand to compensate therelatively low
potential of Zn under such conditions, alloying the Zn with an anode material possessing
higher potentials could effectively counteract the mentionedimitations of Zn in neutral
solutions. One possible candidate i\l due to its more negative standard electrode
potential (Table A-1), high specific energy (it wp EE C ), and outstanding volumetric
energy density (¢ @ 0 X E, ), while the Alsolubility in Zn is relatively high upon

alloying [137-139]. Furthermore, the neutral Alair battery has been previously shown
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as a feasible technologyvith discharge voltages of 1.V under ~1.9mAcm=2in a 3.5%
NacCl solution[85,97,98].

Thus, a complete electrochemical characterization of a ZAl alloy in neutral solutions is
required for possible applications in a neutral electrolyte Zn-Al alloy—air battery.
Moreover, the results of such evaluation could be a valuab$eientific contribution as an

experimental verification of the mixed potential theory applied for alloys.

4.2. Experimental Section

Materials Preparation and Chemicals: Zinc-Aluminum alloy (Zn—10Al) was prepared
from cold drawn tempered zinc rods (4N, Alfa Aesar) andluminum rods (Puratronic
grade, 5N, Alfa Aesar) with a composition of 9@t.% Zn and 10wt.% Al. The pure Zn and
Al electrodes were prepared directly from the rods. The materials were medtl in a tube
furnace (Gero RESFE 400/6, Germany) at 700C for 3h and subsequently cooled down
to room temperature under continuous flow of argon gas. Composition analysis of the
alloy was obtained by inductively coupled plasma optical emission spectrometry (IGP
OES) as shown ifable4-1.

Table 4-1 ICR-OES analysis of the asast Zr-10Al alloy.

Alloy Si Mg Fe Pb Cu Al Zn
wt. % wt. % wt. % wt. % wt. % wt. % wt. %
Zn-10Al <0.001 <0.001 0.001 <0.005 0.001 9.93 Balance

The samples were cut into discs, the pieces were embedded in caldunt epoxy (EpoFix,
Struers) and the surfaces were ground with 800 SiC paper. The cesponding areas for

the Zn, Zr-10Al alloy and Al electrodes are 1.32, 1.32, and 0.€m?, respectively. 2MNaCl
solutions were prepared by dissolvh g Na Cl cryst al-Milpére dn9 . 5 %,
deionized water (conductivity <0.1uS/cm, PURELAB Elga). The solutions were degassed

by flowing argon for several minutes (>10min) in order to remove dissolved oxygen
Adjustment of the pH was done by adding small amounts of 0.1M NaOH solution until
reaching pH7. The pH ofthe NaCl solutions wasneasured by a pHmeter (Duo S213,

Mettler Toledo).

Electrochemical Methods and Corrosion: A three electrode setup with Zn, Al, and Zn
10Al as working, Pt mesh as counter, and silver/silver chloride (Ag/AgCl) as reference
electrodes was employed in the experimentsKigure 2.1a). The cell volume was 20nL.
Electrochemical cyclic voltammetry, galvanostatic, and potentiodynamic polarization

experiments were carried out with a Biologic VMP3 potentiostat. Cyclic voltammetry (CV)
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and potentiodynamic polarization were conducted with a scan rate of gV sl The
galvanostatic discharge was performed by applying 0.005, 0.01, 0.05, 0.1, 0.25, 0.5, and
1 mA cm2discharge current densities. For the Al activation experiments, a potentiostatic
cathodic pulse at —1.6Vagiagci was applied for 60min prior to discharge. All the
experiments were carried out in a climate chamber (Binder KMF115) to ensure constant

controlled ambient conditions.

The gravimetric corrosion experiments were measured over days in 2MNaCl with pH7.
After exposure, the samples were cleaned with saturated glycine solution according to ISO
8407 standard[140]. The weight losses were determined by using an analytical balance

with an accuracy of 0.0Img (XA205, Mettler Toledo).

Microstructure and Elemental Analysis : The previously embedded samples were
ground and polished using a Tegramin system (Struers, Germany) for microstructural
analysis. The final polishing steps consisted ofi8n (DiaPro Mol B) and Jum (DiaPro Nap

B) water—based diamond suspensions with lubricating liquid. The microstructures were
characterized by a confocal laser scanning microscop&$M,0OLS4100, Olympus Corp.,
Japan) and by scanning electron microscopy (Quanta 650, FEI, USA) using the concentric
backscdter electron (CBS) detector and energydispersive X—ray spectroscopy (EDS)
(Octane Super Detector, EDAX, USA). Applied acceleration voltages in the SEM
measurements were 2kV. Atomic force microscopy (AFM) images of the polished
samples have been obtained with a Bruker Dimension ICON (St. Barbara, CA, USA) inside
a glove box (@<1 ppm, HO<1ppm) in conductive—AFM mode. As cantilevers SCNRIT—

V2 (Bruker, St. Bebara, CA, USA) with a Platinurridium coating and a nominal spring
constant of 3Nm-1 as well as a tip radius of 25nm have been used as received and
calibrated individually. For conductivity experiments, the sample was contacted from
underneath. Inductively coupled plasma optical emission spectrometryICP-OES) was
conducted with ThermoFischer scientific ICAR600 spectrometer with Echelle-optic and
ClID-semiconductor detector. For the analysis, 56hg of alloy sample was dissolved in

3 mL HNO3/3mL HCI solution with a total volume of 50mL. Two independent parallel

digestion solutions of this sample were analyzed by IGPES.

4.3. Experimental Results and Discussion

AszCast Microstructure of the Alloy: The microstructure of the Zr-10Al alloy undergoes

several transformations when cooled down from the meltas displayed inFigure 4.3.
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According to the phase diagram Kigure 4.3) for the Zn-10wt.%Al alloy the liquidus
temperature is at 419.5°C at which primaryy—ZnAl starts to nucleate from the melty—

ZnAl denotesa face centered cube (fcc) phase containing 36 wt.% Zn with possibly

ordered structure [137-139]. Under equilibrium conditions solidification is completed at

the eutectic temperature (382°C), where the alloy consists of primarghasey—ZnAl and
eutecticphasef r o a-&ZmAl. @n further cooling to 275°C, the material undergoes

a eutectoid transformation, in which—depending on the cooling conditions—a-Al and
Zn form #ZnAd .t hhiyl e t he e-¢Adi latdhdara@uitemloywpih a s e s
content of the respective other component, microstructure constituents with deviating

composition might be remaining under nonr-equilibrium conditions.
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Figure 4.3: Phase diagram of ZrAl alloy. Reconstructed aftef138,139,141].

At low magnification (Figure 4.4a), the SEM image of the alloy shows large dark areas,
small dark lamellas, and islands surrounded by light areas covering the rest of the surface.
The | i ght aZnephase. The shape dne thefsize of the daakeas varies with
typical size ofup to 50 um. They are surrounded by Zarich halos with a width of <10um,

characteristic for hypereutectic Zr-Al alloys (>5wt.% Al) at low cooling rates[142,143].

At higher magnifications more distinct features in the region toward a 25 um wide rim

of the large dark areas as well as in their inner partHigure 4.4c) can be identified. In the
near rim regions, the material splits into two phases on a 16600 nm scale, with one of
them forming round shaped graing141]. Lamellar structures, with spacings in the range

from 50 to 100 nm can be distinguished in some regions of the inner part of the large dark
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areas[144]. The nanostructures are attributed to formation of the eutectoid141,144].
While for the large area bright regions the EDS detects a-Zontent of almost 100wt.%,
the eutectoid in the inner part contains 80wt.% Zn and 20wt.% Al on average Figure
4.4c,e). Resolution within these nanostructures of the eutectoid is not possible due to the
limitation of the EDS spot size. The somewhat larger structures of the eutectoid in the rim

area allow for a better resolution indicating the Al content in the dark agas thereof is
higher.
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Figure 4.4: SEM images recorded with backscatter electron detector of -asast Zr-10Al alloy,
a) 500x magnification overview of microstructure constituents, b) 1,100x magnification of the
lamellas and islands, c¢) 5,000x magnification of the boundary region between thiark and
bright zone, d) 5,000x magnification of the lamellas and islands, e) and f) are the results frc
EDS analysis for line scans indicated in ¢) and d), respectively.
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The dark regions appearing on low magnification as lamellad={gure 4.4b) and islands
are originally formed during the eutectic reaction. In the regions with predominantly

l amel |l ar structur es t heam approxenatelya Hosvéveratheses pac i |
structures are not perfectly laminar, but contain substantial rod shaped constituents
appearing as islands, which is typical for ZrAl alloys with Al contents higher than 7Awvt.%
[142]. Therefore, although the value for lamellar interspacing roughly matches the results
for this type of alloys at relatively low cooling rates, it cannot be considered a precise
result for establishing correlations [142]. SEM images at higher magnifications reveal,
that within both —lamellae and islands—a nanostructured framework is formed Figure
44d) , whi ch most | i—kle#AZeueotaid Forsthe averdge content ob
the eutectoid lamellae regions the EDS indicates 70 wt.% Zn and 30 wt.% Alidure
4.4d,f).

Electrochemical Behavior of the Alloy

Cyclic Voltammetry: The electrochemical activities of the prepared alloy, pure Al, and
pure Zn electrodes were investigated with cyclic voltammetry (CV) experimentsigure
4.5 demonstrates the CVs of Al, Zn, and Zh0Al alloy starting at open circuit potential
(OCP) conditions towards more positive valueswithin a potential range of -1.4 to
—0.8 Vagiagciin 2M NaCl with pHvalue of 7. The voltammogram for Al does not show any
significant electrochemical activity during both forward and reverse scanssince no
significant current density was measured The Zn electrode, on the other hand, shows
onset of oxidation starting at —1.08 Vagiagci with constantly increasing current. The
reverse scan reveals a reduction peak for Zn arounel.08 Vagiagci Of the reverse reaction
depicted in Equation1.17. Concomitant to Zn reduction, originating from the nature of the
agueous electrolyte, there is also a hydrogen evolution at such relatively high potentials
according to the Pourbaix diagram of Zn ifrigure 4.2a. However, at a much slower rate
in comparison to the Zn reduction/deposition reaction. The CV for the ZA4.0Al alloy is
almost identical to pure Znwith similar characteristics regarding to the redeposition of

Zn and H evolution.

According to the CV experiments, alloying of Zn with Al does not impede any pronounced
influence on the electrochemical behavior. Considering the similar CV results of Zn and
Zn=10Al in combination with the apparent no electrochemical activity of Al, Zn is

suggested to be the only active component in the alloy in presence of the neutral

electrolyte. Aluminum, for which the theoretical electrochemical potential is more
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negative (seeTable A-1), is very likely present as passivated in the pure Al as well as in

the alloy electrodes.
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Figure 4.5: Cyclic voltammograms of pure Al and Zn, and ZhOAI alloy electrodes in 2MNaCl
at pHvalueof 7. The scan was initiated toward anodic potentials as shown with the arrows. Th
scan rate wav i 60 .

It is also noteworthy to mention that both Zn and Zr10AIl electrodes exhibit a steady
increase of the oxidation current during the anodic scans without any visible oxidation
peak over the complete anodic potential range. Generally, typical cyclic voltamnrags
show a single or multiple oxidation peaks after which the currents start to decrease due
to depletion of active species or formation of passivation layer. Remaining within the
electrochemical stability window of the electrolyte, a continuous increasef the oxidation
current as shown inFigure 4.5 indicates that the oxidation reaction of Zn continues at
relatively high anodic overpotentials via pitting mechanism. Pitting is known as localized
accelerated dissolution of a metal as a result of localized breakdown of passive film
[56,145]. A graphical description of this process is shown iRigure 2.2e. The presence of
aggressive anionic species, such as chloride lis mainly the cause for pitting
mechanism[56,145,146].

Galvanostatic Discharge: Figure 4.6 presents the galvanostatic discharge experiments
(or stripping experiments due to halfcell setup) of Al, Zn, and ZAL0AI alloy in 2M NaCl
with pH value of 7 under various current densities. To examine the possible influence of
Al alloying on the electrochemistry and to prevent significant pitting formations, current

densities only up to ImA cm-2were employed. Discharging the Al electrode in the neutral

60



electrolyte results in relatively low anodic potentials. As shown irFigure 4.6a, even at
very low current densities (0.1mA cm-2), the Al could anodically be utilized only at about
—0.76 Vagiagel. In case of Zn and ZA.0Al, both electrodes provided discharge potentials
around —1.03 Vag/agcl. There was no pronounced difference on the discharge potentials for
current densities up to 1mA cm2 and the potentials of the three electrodes were stable
over 24 h. Overall, the alloy showed very similar discharge profiles to Zn electrode during
the galvanostatic studies. The elemental steps of the reactions governing the dissolution

of Zn and Al upon discharge ardescribed in Equation1.17 and 1.26, respectively.
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Figure 4.6: Galvanostatic discharge (or stripping) experiments of (a) pure Al, (b) pure Zn, an
(c) Zn-10Al alloy electrodes. The discharge current densities were 0.1, 0.25, 0.5, a

1810 ' AT over24h.
The formed aqueous ions, Z4t and AR+, would further complex with other species in the

electrolyte. In the presence of NaCl, when the solubility limits are exceeded, zinc
hydroxide chloride, or Simonkolleite [Zns(OH)sCk-H20], as well as zinc oxide (ZnO), can
be formed in case of zinc[147,148], while for Al, aluminum hydroxide [Al(OH}],
aluminum oxide (AkQOz) and even aluminum chloride (AIG)) species may be formed

[149,150]. A more detailed explanation on the mechanism behind the formation of
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insoluble/passive species can be found in théppendix 6 “Visualization of solvation,

complexation, and precipitatior’. Moreover, if both metals are present on the electrode
surface, as for Zr10Al, layered double zinealuminum hydroxides can also be produced
in neutral and near neutral aqueous solutiong[151,152]. The existence of the end

products is highly dependent on the pHalue of the solution(seeFigure A-13) [146,151].

According to the Pourbaix diagramsn Figure 4.2, Al and Zn are thermodynamically not
stable in agueous solutions over the complete pH range since their immunity regions are
below the stability window of water [121]. Thereby, these metals react with aqueous
electrolyte instantly to produce stable species which are in the form of dissolved ions
(corrosion region) or solid oxide/hydroxides (passivated region). In the pH range of

interest for our study (pHvalueof7) Al remains in the passiva
the “corrosion region.” Under t hAdthreughdhendi t i o
passive layer is only possible if the passive layer is dissolved or attacked by the adsorbed

CF ions to initiate pits (Figure 2.2e). Once the Al is exposed telectrolyte, discharge

(active dissolution) continues via pitting at a stable potential at least over 24 as shown

in Figure 4.6a. Dissolution kinetics and the conductivity ofelectrolyte are high enough

resulting in similar steady state potentialsof —0.76 Vagiagciin the range 0f0.1to 1 mA cm2

current densities. Smolijko et al. also reported discharge potentials of Al around

-0.75 Vagiagcievenunder an anodiccurrent density of 20mA cm=2in 2M NacCl electrolyte

[98]. Moreover, the steady state potentialdinearly increase for anodic currents between

20 and 100mA cm~2; while the discharge potential under 100mAcm—2 was around

—0.6 Vagiagci[98] . Speciallysuch high current densities may result in severe pit formations

which could be detrimental for the stability of the discharge experiments in a battery

application.

On the contrary, The Zn and Zr10Al electrodes exhibit discharge potentials of about

0.28V more negative than that of Al under the same current densitieSinceZn is in the

corrosion regime, there is apparently no compact passive layer on the surface.
Consequently, the electrochemical reactions on the Zn and alloy electrodes occur at much

lower electrode polarizations (see the polarization principle inAppendix2 “ Pol ari zat i
Principles and Analysis of P)o thus, miore nedagive a mi c
steady state potentials are obtained as shown iRigure 4.6b,c. Almost identical discharge

profiles of Zn and Zr-10Al alloy electrodestogether with the CV resultssuggestthat Al

does not contribute or influence the electrochemistry of the electrode and Zn is the only
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active component. Since the discharge potential is not close to Al discharge (or pitting)

potential (Figure 4.6a), the Al in the alloyprobably remains passive.

Surface Analysis of the Alloy

LSM:Further investigations have been conducted by laser scanning microscopy (LSM) in
order to obtain better insight into the dissolution behavior of the alloy during the
galvanostatic discharge experimentdgrigure 4.7 illustrates the LSM images of the ZAL0Al
alloy which was discharged with ImAcm=2 current density for 3 h. Figure 4.7a,b
represent an area on the surface prior to the experiment whil€igure 4.7c¢,d represent the

same area subsequent to B of discharge.
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Figure 4.7: Laser scanning micrographs of ZALOAI alloy electrodes: (a) 2D image of the surfac
prior to galvanostatic discharge, (b) 3D image of the same area shown in (a), (c) 2D image
the same area after 3 of galvanostatic discharge with InAcm-2in 2M NaCl electrolyte with
pH 7, (d) 3D image of the same area shown in (c).

From the comparison of the Figure 4.7a,c, the contrast difference between the
microstructures is clearly enhanced upon discharge. The larger grains containing

eutectoid Zn-Al became more visibleAlso,t h eZnAl phase lamellas and islands in the
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eutectic can be di st +Zn ghade dilimg tthe aredbobetween teer |,
other phases seems partially etched away. A comparison of the height profiles is shown
by the Figure 4.7b,d where a 3D image of the same area is provided. AccordingRigure
4.7d, there is a height difference of almost @A m b e t we-&n phasé and tRe other

phases which contain some Al.

The LSM images support the findings of the electrochemical experiments, showing that
the Zn is the most active component in the alloy since thg&-Zn phase is preferentially
dissolved from the alloy surface as shown ifigure 4.7. Otherwise, a more homogeneous
dissolution would be expected on the surface. However, basing only on the LSM images, it
is unclear if the other phases remain completely inactive because a certain fraction of Zn
Is present also in the Al containing constitents. Accordingly, Zn dissolution on the other

phases might also be occurring but at a much lower rate.

AFM: The surface of the prepared ZAlOAI alloy electrode was further investigated by
conductive atomic force microscopy (€AFM). While LSM is not sensitive to chemical or
mechanical differences of the surfaces under investigation-8FM is measuring electrical
properties simultaneously next to topographical features as well as the lateral force. The
surface topography of ascast Zr-10Al alloy is depicted inFigure 4.8. The morphology
shows several bumps and depressions on an overall rather smooth surface. Additionally,
it exhibits several scratches in various directionsdue to the polishing process of the
surface. The observed surface morphology is similar to the very flat surface in LS®gure
4.7b). The typical microstructural composition of the Zr10Al alloy as found in SEM
experiments (Figure 4.4) cannot be distinguished from topography. This can be expected
since the topography mode does not provide any materiagpecific contrast and thus,

cannot differentiate between Zn and Al rich constituents.

Lateral forces between the AFM tip and the alloy have been probed simultaneously to the
surface morphology. Such lateral forces are very sensitive even to subtle materials
changes, as expected to be present in the system under stu@fygure 4.8b shows the
recorded lateral force image (trace). A quadratic part of lower lateral forces (darker
appearance) is recognizable as indicated by the highlighted edges. The size of this
structure is 35x35um2, corresponding to the scan size of the beforehand image. Two
different materials can be differentiated in the lateral force image: Several regions of

higher lateral force (brighter appearance) araecognizablein form of isolated areas with
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a few um in size especially in the top half of the image as well as in form of a larger sized
quadrant in the bottom right corner. These regions are surrounded by a darker matrix.

These structures do not have a counterpart in the topography image and cdretefore be
attributed to diff eZneandAl comteinieg ipalobabsyeclua e c
ZnAl) parts of the alloy. A closer inspection reveals that the brighter grains exhibit a

similar lateral force inside and outside the square while the surronding area shows

reduced lateral forces inside the quadratic feature. It can be concluded that the

surrounding is stronger affected by previous mechanical load than the isolated areas.

Lateral

o~

100 pA

Figure 4.8: Atomic force microscopy images of asast Zr-10Al alloy electrodes. (a) The
surface topography, (b) Lateral force, (c) conductiveAFM (c-AFM). All the images were
recorded simultaneously. In (b), the green highlighted edges of the quadratic area indicate

previous scan. In all the images, as a guide to the eye dashed lines are shown correspondin
part of the halo structure separating the large Alrich grain from the eutectic lamellas and
islands.

Figure 4.8c demonstrates the local conductivity of the surface area and was recorded
simultaneously to the images shown irigure 4.8a,b. Here, a very strong material contrast

of the surface is observed. Interestingly, these properties are not reflected in the
topography image but in the lateral force image and cape therefore directly related to
—Zn and Al containing parts in accordance with the previously discussed findings from
SEM and LSM. While the isolated Al containing areas possess only marginal conductance
(bright c-@n sorrodinding t(darker gppearance) demonstrates a significantly
higher conductance. The scratches originated in the polishing process do not contribute
to the overall conductivity. As a guide to the eygreendashed lines are shown irFigure
4.8a—c for direct comparison and separate the bottom right Al containing quadrant grain
from the smaller isol ated Al-Znplasetl@drestinglyg ar e a
a clear h a | -@n phase is ancanpassing tiffe quadradtke Al containing
structure. This halo can also be noticed in the SEM as well as LSM images shovi#igare

4.4 and Figure 4.7 and is between 7.5 and 1Qum in width, exhibiting a rather conductive
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region. Accordingtothe eAF M e x p e r i +#p redions exhlbiehigi conductivity,
indicating the metallic character of the surface, whereas a passivating layer which limits

the conductance is present on the surface of the Al containing areas.

Corrosion Behavior of the Alloy

The potentiodynamic polarization curves of pure Al and Zn, and Zh0Al alloy in 2MNacCl
solution are shown in Figure 4.9. The corrosion potential Ecorr) of Al was about
-1.5Vagiagel, thus, being more negative than for the Zn and the alloy while the cathodic
and anodic currents were shifted to lower values. The shape of the anodic curve reveals a
broad passive region down to-0.76 Vagiagciwith a passive current of about UAcm=2, The
abrupt increase of the current at the end of the passive region is attributed to the
breakdown of the passive film followed by an onset of the pitting mechanism
[102,153,154].
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Figure 4.9: Potentiodynamic polarization curves of pure Al and Zn, and Zd40Al alloy
electrodes in 2MNaCl solutions with pH7. The scans for each electrode were initiated &
cathodic potentials toward the anodic direction with a scan rate of Vs,

The polarization curve of Zn represents a different behavior from that of Al. The curve in
general was shifted toward higher currents while theEcorr 0f Zn was at more positive value
(—1.24 Vagiage)). During the anodic polarization, a peak was observed which represents the
anodic oxidation of Zn. The anodic current starts to increase arounsl.0 Vagagci due to
initiation of pitting. The Zn-10Al alloy exhibits a polarization curve which differs from

pure Zn. The Ecor was enhanced toward negative directionby almost 100mV in
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comparison topure Zn. The anodic scan reveals two peaks that could be assigned for Al

and Zn oxidation. Similar to Zn, there is pitting initiation around-1.0 Vag/agcl.

The corrosion parameters extracted from the polarization curves are shown ihable 4-2.
The corrosion current densities, which represents the rate of material dissolution, were
obtained by Tafel fits in the range of £5@nV relative to OCP. Among the three investigated
electrodes, Zn exhibits the highest corrosion current density (16.@Acm=2) while Al is
the least susceptible electrode to corrosion with 1.pAcm=2, The effect of Al alloying is
visible on the corrosion current density that is lowered by almost 5 times (3.ffAcm2)

in comparison to Zn electrode. The corrosion rates calculated from gravimetric weight
loss experiments arealso includedin Table 4-2. The intermediate term stability of the
electrodes was investigated in 2MNaCl at pHvalue of 7 over 7days of exposure. The Al
electrode did not show anymeasurableweight loss owing to its passive behavior under
steady state conditions. As expected, the highest corrosion rate was found for the Zn while
the Zn-10Al alloy revealed more stable behavior in such immersion conditions. The
results of the gravimetric weight loss experiments also confirm that Al alloying is

advantageous in terms of reduced corrosion rates.

Considering the results from CV and galvanostatic discharge experiments, a different
behavior of the alloy was observed in the potentiodynamic polarization curves. The
essential difference originates from the fundamentals of the polarization experiment; ¢

scan starts from the cathodic potentials toward anodic direction. During the cathodic

range, the current is produced from either dissolved oxygen reduction or water reduction
reactions [56]. The solutions werealways degassed with Ar prior to experiments; hence,

water reduction reaction is more likely to take place. Nevertheless, the common product

of both reactions are hydroxyl ions (OH). Continuous cathodic polarization gives a rise to
alkalinity at the local spots on the alloy surface due to the generation of @H\ccordingly,

local alkalization results in hydration and/or dissolution of aluminum oxide and
eventually, revealing the bare Al surface.
corrosion tofvaAli"onorof“ aAd b y[92e%]t The dhthodlic ggam| ar i z
for the potentiodynamic polarization experiment was initiated at—1.7 Vagiagci which is
different in comparison to CV and galvanostatic discharge studies, thus enabling the
activation of Al. Consequently, as shown in the polarization curved=igure 4.9), the

corrosion potential of pure Al is located at more negative potentials. The activity of Al
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cannot be kept at anodic potentials due to the very low solubility and limited generation

of OH-leading to formation of passive oxide film

The activation of Al on the Zr10Al surface influences the electrochemical behavior of the
alloy. According to the mixed potential theory of Wagner and TrauflL33], due to the
electrochemical galvanic coupling reactions between the two metals in a binary alloy, the
corrosion potential and corrosion current would be altered. The mixed potential theory
suggests that the corrosion potential of an alloy should lie betven the potentials of
uncoupled two metals(Figure 4.1). When Al is activated, the potential of ZA.0Al alloy is
found to be between Zn and Al potentials as shown Figure 4.9. Moreover, the corrosion
current density is also affected by alloying in line with the mixed potential theory.

Table 4-2 Corrosion parameters obtained from potentiodynamic polarization curves anc
gravimetric weight loss experiments.

Polarization curves Weight loss
Ecor [MVagiagel] Zorr [MA cmr?] Meorr [Ug cT2 h~1]
Zn -1,242 16.2 4.43 +£0.89
Zn-10Al -1,350 34 2.61+0.92
Al -1,517 15 0

Discharge Behavior of the Alloy

After Al Activation in the potentiodynamic polarization studies, the effect of alloying was
seen in terms of enhanced electrode potential with reduced corrosion current densities.
For a battery application, however, the behavior of the electrode under galvanostatic
polarization is of more interest. Therefore, different from the previous galvanostatic
discharge experiments, an activation step was applied to enable the effect of alloying on
the electrochemistry. Prior to discharge step, a cathodic potentiostatic pulse

(1.6 Vagiagcl) was applied for 60min.

Figure 4.10 represents the potentiaHtime profiles of the Al, Zn, and ZAlOAI alloy
electrodes in 2MNaCl at pH7 over 24h. The first period of 60min corresponds to the
cathodic pulse. The discharge profiles of the Al, Zn, and-A®Al alloy electrodes are
depicted in Figure 4.10a,b, where a current density of InAcm=2 was applied directly
after the cathodic pulse. Initiation of the galvanostatic discharge resulted in a sudden drop
of the potential of Zn to—1.02 Vag/agci Which is then stabilized around-1.00 Vagiagcl. The
potential of the Zn-10Al alloy first drops to —1.09 Vagiagci within few seconds, and then

remains at very close to Zn potential for the rest of the time. The Al electrode also exhibits
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a rapid drop to —0.80 Vagiagcias soon as the current was applied. The potential plateau of

Al was around-0.76 Vagagciover 24 h.
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Figure 4.10: Galvanostatic discharge (stripping) experiments of pure Al and Zn, and ZIDAI

alloy electrodes: (a) Potentiattime profile of electrodes under 1mA cm-2 current density over

24 h, (b) Potential response upon initiation of the discharge with ImA cm-2, (c) PotentiaHime

profile of electrodes under 0.05mA cm-2 current density over 24 h, (d) Potential response upon
initiation of the discharge with 0.05mAcm-=2. Initial 60 min of (a,c) correspond to the
potenti ost at iaxhgevphich waeapphddto activatéthe Al constituents.

The discharge profiles inFigure 4.10a,b show that imposing a InAcm=2 discharge
current density on the electrodes vanishes all the effects of activation step. After
application of a cathodic pulse for 60nin, the Al on the Zr-10Al alloy as well as pure Al
electrodesare expected tobe activated and thus, higher discharge potentialshould be
observed On the contrary, the sudden drop of the electrode potentials to the values
observed inFigure 4.6 suggests that the passive film was formed instantaneously on the
Al compounds once the discharge was initiated. Most probably, thendA cm=2 discharge

current density was too high for the electrodes to sustain the active state. This can also be
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seen on the polarization curves Eigure 4.9), which illustrates that under 1mAcm=2

current density the Al is already in the pitting stage.

In order to reveal the activation effect on the discharge profiles, significantly reduced
current densities (0.005, 0.01, 0.05, 0.tnAcm=2) were employed subsequent to the
cathodic pulse. As an example, the potentigime profiles of the electrodes under
0.05mA cm=2 are depicted inFigure 4.10c,d. The lower current density applied showed
no significant difference on the potential profiles of Zn and surprisingly of Al electrodes
comparing to discharge profile with ImA cm~=2. The discharge plateau of Zn was slightly
shifted to more negative values (around-1.03 Vagiagcl) While for the Al there was only few
mV difference. A marked difference was observed for the potential profile of ZhOAl
alloy. Instead of a sudden drop, the potential decreased only gradually over time. Within
the first few minutes of discharge, there s a potential difference of more than 40nV
between the Zn and alloy electrodes. Even after 58in of anodic polarization, the
potential was still in favor of the alloy by 100mV. The effect of the enhanced negative
potential of the alloy lasted forover 70 min until the potential plateau of Zn was reached.
A summary of the time period analysis of the potential differences between Zn and-Zn

10Al alloy under various current densities is depicted irFigure 4.11.

Figure 4.11 clearly shows that reduced current densities (<0.ImAcm2) lead to
significantly longer periods in which the discharge of ZAl0Al alloy can occur under
stronger negative potentials than that of Zn. By discharging at 0.005 or 0.04A cm=2,
enhanced potentials (by 100mV) of alloy are maintained for almost th. The re
establishment of the passive film on the surfaces takes place much more slowly in the
alloy in comparison to pure Al which passivated almost immediately. The fact that the
activation effect during discharge was observed only for the ZbOAIl alloy can be
explained by the presence of Al and Zn constituents together on the surface. In the case of
pure Al electrode, the compact passive oxide film is established immediatebn the
activated Al surface due to the very little solubility limits of the discharge products.
Thereby, even under 0.05mMA cm=2, the surfaceinstantly passivates,and the discharge
continues by the adsorption of Clions leading to initiation of pitting. For the alloy
electrode, on the other hand, the Al is present with Zn in the alloy constituents which,
most likely, prevents the formation of compact passive film on the Al. It is also known that
Zn promotes the speific adsorption of CF ions on it, which may retard the instant Al

passivation [155,156]. Consequently, originating from the mixed potential theory, the
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alloy electrode exhibits a higher discharge potential until the Alompounds are partially
exhausted or eventually passivated. Further investigations are required in order to
understand the dissolution mechanism, whether it is a calischarge of Zn and Al or only

Al, during the enhanced potential periods.

Under different conditions,Zhang et alinvestigated the selective dissolution of Zn and/or
Al from a Zn-Al alloy by using online atomic emission spectroelectrochemistry (AESEC)
method [157]. Studies on the release rate of Zn and Al from Galvalume @&% Al,
43.4wWt.% Zn, 1.6wt.% Si) in synthetic sea water (0.56MNaCl with pH8.1) during
40 min immersion and OCP experiments resulted in significantly higher zinc release
rates in comparison to aluminum. Under an anodic potential 6400mVn+g, mostly Zn was
dissolved from the surfaceduring the initial period. Over time, the release rate of Zn was
lowered gradually, while for Al it was increasing slowly before reaching a plateau. After
40 min of anodic polarization, 56% of the total amount of dissolved metals was aluminum
under such high anodic potentials. Thereby, it was shown that edissolution of both

metals during anodic polarization is possible.
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Figure 4.11: The time period analysis of the potential differences between Zn and Zb0Al
alloy electrodes during galvanostatic discharge experiments (sdeigure 4.10) under various
current densities.

All in all, the results obtained in this study clearly show that the electrochemical and
corrosion behavior of zinc electrode can be influenced by alloying with aluminum under
certain conditions. At low discharge currents, Afalloying of the Zn provides ehanced

discharge potentials for a limited time span after applying cathodic pulses to the cells. To
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be applicable as an anode material in a Zair battery, the stability of the discharge

potentials with respect to discharge currents and time has to be considerably improved.

Summary and Remarks

Alloys containing 90wt.% Zn and 10wt.% Al wergrepared,and thechemicalcomposition
was corroborated by ICROESwhile the microstructure was validated by SEM and EDS
The electrochemical behavior ofthe Zn-Al alloys was initially evaluated by cyclic
voltammetry and galvanostatic discharge (hakcell stripping). Both techniquesrevealed
electrochemical inactivity of the Al in thepotential range scanned during theCVS ando
significant improvement on the observeddischargepotentials of the alloy.The Zn and Zr
10Al electrodes displayed potentials around-1.0 to —1.05 Vag/agc, Whereas thepotential
of the Al electrodeswas around—0.76 Vagiagciunder the applied anodiccurrent densities.
The Al isassumed to ben a passive state, while the Zis possibly the only active specie
in the alloy. Further support was provided by LSM measurementsevealing the
preferential consumption of Zn~ich constituents. Similarly, AFM analysis showed also

lower conductivity of the Alich areas.

However, potentiodynamic polarization experiments of Zn, ZALOAl and Al electrodes
revealedcorrosion potentials higher than the open circuit potentials probably influenced
by the initial cathodic potentials applied during the technique. Accordingly, theathodic
activation of the electrodesoccurs through® | o c al a lupomwaierdhydtolyses ant
OH- ions formation, which can remove the possible passivéayer on the electrodes
surface Based on this assumption, 6nin of cathodic polarization at—1.6 Vagiagci were
applied prior to the dischargeexperiments,revealing enhanced potentialof the Zn-10Al
alloy over 120 min under low current densities (0.005mAcm=2). The* act i \effetti on”
was more limited under higher anodic current densitieswith practically no enhancement

under 1 mAcm—2.

Although the results of ZR-10Al are promising, the constant use of a cathodigulse to
activate the battery is not feasible in practical applicationsTherefore, an alternative to
reach the theoretical higher potentials of Al is needed. Moreover, the results of the
potentiodynamic polarization also indicate to a possibly higher potential of ZrOne of the
possible options to achieve higher potentials could be by the use of electrolyte additives

capable of “activate” the surface of the met
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Chapter 5: Effect of EDTA as Electrolyte Additive in

NearzNeutral ZinczAir Batteries

The present chapter presents the results published in the article" | mpr oved
Electrochemical Performance of Zinc Anodes by EDTA in Nedleutral Zinc-Air

Batteries” a v a i Batebids and Bupercap2021, 4, +14 [158]. The publication was

al so included as “ CBatteries arkdSuaperaapsel2/20bdnd canfvee 1 s s u
found in the Figure A-5[159].

5.1. Motivation

As discussed in the previous chapter, Zn, ZhOAI and Al electrodes can be discharged in
the neutral electrolyte, while the potential enhancement was only revealed after a
cathodic activation pulse and werelimited to several minutes under low discharge
conditions. The latter was caused by the formation of passiidm on the surface upon
discharge conditions, blocking the active material underneaths explainedin Figure 2.2,
Figure A-6. In this regard, an alternative tgprevent the formation of passive filmscould

be the addition of chelating agents

Figure 5.1 presents the ethylenediaminetetraacetic acid (EDTA) as an example of the
chelating agents. This type of additive presestdifferent functional groups (like -COOH,
-NHs, among others, as shown ifrigure 5.1a) also called ligands, which are capable of
binding to several of the active sites of a metal cationF{gure 5.1b,c). The resulting
compound is soluble under a relatively wide range of pMaluesdue to the overall (mostly)

negative charged structure §eeFigure A-6d).
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Figure 5.1: a) Molecular formula of EDTA, b) 2D and c) 3D general structure of EDIMetal
complex (atom colors: black=carbon, white=hydrogen, red=oxygen, blue=nitrogen, and pa
blue=zinc).

The word chelation derives from the Greek wo

to the phenomenon occurring between the met a
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such additives are formed by the functional
of the structure and the resulting metalcomplex molecule is highly solubleMoreover the
“claws” (ligands or functional groups) most |
be dissociated, meaning that they can be io0
molecule. Such transition can be observed by the comparison leigure 5.1a and Figure

5.1b, where the H atoms on the-OH group are absentafter deprotonation and the

resulting O- group can bond to the metal ion.

The number of “free” |l i gands of a cacwpl exin
dissociation constant¥a, which is similar to the equilibrium constants k. However, K
represents the acid strength and the degree of dissociation and easiness to donate its
protons (H*ions). The following equation applies for monoprotic acids (acids with a single
H* ion):
- 5.1
(!

(! w ( ! +

where HA is the acid, His the dissociated proton, Ais the conjugate base (in this case
the dissociated complexing agent) and s the acid dissociation constant determined by
the ratio of the H-and A" concentration over the initial concentration of the acid HA. The
acid dissociation constanis more commonly represented by its negative logarithmic
value, according to the following equation:

b+ 11 52
Polyprotic acids like EDTA possess several hydrogen atoms whichn be dissociated,;
thus, it presents 6 different pka values. Furthermore, the dissociation of a molecule is pH
dependent and calculated based on its pKralues. A list of pK and the corresponding
fractional composition diagrams for several complexing agents and pH buffering
additives can be found in theAppendix 7 “Chelating Agents and pH Buffering additives:
Structure and Properties in Table A-3, Figure A-11, Figure A-10, and Figure A-12. A
| arger number 0pKa) is prafeerexd "for & mayeastadles metatlcomplex
molecule, meaning that the fully dissociated molecule will havan optimum chelation
ability. The strength of the bonding between the metal and the chelating agent is
numerically defined by the stability constant of complexatiom and is described for the

fully dissociated acid, hereby represented as*Yfor EDTA:
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Where M is the metal ion, ¥-is the fully dissociated EDTA, ang is the stability constant
of complexation, which is analogously similar to the formation constants in the
EquationsA-6, A—7, and A-8. Similarly, larger values off indicate higher reaction
probabilities and higher stability of the molecule formed. Accordingly, the reaction
products will depend on the magnitude of and the ks of the typical reaction products
without the chelating agents, whereas the metatomplex will more likely form if 1 is
higher than the K. A list with [ —values for different complexing agents can be found in
the Table A4.

Based on the formation constants and the stability constants of complexation,
predominance diagrams can be generated in order to predict or gain better
understanding on the behavio of a metal after dissolution.Figure A-13 presents the
specie predominance of Zn and Al depending on their respective concentrations versus
pH assuming a 2MCI concentration. Additional specie formation of Zn and Al depending
on their respective concentrations versus the EDTA concentration at pkalue of 7 (black
lines) and pHvalue of10 (red lines) is also included inFigure A-13. The diagrams were
created using the Make Equilibrium Diagrams Using Sophisticated Algorithms (MEDUSA)
software [160]. Although thermodynamic and chemical equilibria information is
currently available in the literature, there is limited knowledge on the electrochemical
performance of the chelating agents such as EDTA in the neaeutral media. Therefore,
the electrochemicd evaluation and correlation to the thermodynamic predictions of the
chelating agents is scientifically relevant and could allow better performances of near
neutral Zn—air batteries. Previous studieshave showna more electrochemically active
electrode in presence of EDTA for both metal6Al and Zn separately since higheropen
circuit potentials and corrosion potentials are attained [106,161]. Nevertheless,no
publication up—to—date has widely explored the electrochemical activity of both

electrodes after addition of EDTA in the neamneutral electrolytes.

In order to corroborate the observations of the earlier publications, midterm OCP
measurements of the Zn, ZALOAIl and Al in absence and presence of 0.1EDTA were
conducted as an initial study. Figure 5.2a shows the OCP profileof the three different

electrodes in 2M NaCl pH7 as a reference, displaying potentials betweer1.15 and
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—1.0 Vag/agcl. Upon adlition of 0.1M EDTAIn Figure 5.2b, the potentials of Zn and ZA10Al
are initially slightly increased to almost —1.2 Vagiagci but decrease along the 24 to
—-1.1 Vagagc, Whereas the Al shows a significant increase to arount..35 Vag/agel. Various
advantagescan be achieved by increasing the pH from 7 to 10, name)yhigher potentials
for the Zn and Al(seeFigure 4.2), ii) a higher dissociation of EDTA (seEigure A-11), and

iii) higher solubility limits of the Zn-EDTA and AFHEDTA complexes before precipitation
(seeFigure A-13).
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Figure 5.2: OCP profiles of Zn (black circles), Z40Al (red circles), and Al (blue circles) in

2M NaCl at a) pHr without EDTA, b) pH7 with EDTA, c) pHLO without EDTA and d) pHLO with
EDTA.

As areferenceof the changes induced by the increasaf the pH value OCRneasurements
of Zn, Zr-10Al and Al were carried out in 2MNaCl pH10 without EDTA Figure 5.2c
reveals similar potentials for the Zn and Zr-10Al in the electrolyte without at pH10 in
comparison topH 7 (Figure 5.2a). The Al electrodes, on the other hand, initially shoed
an increase on thepotential to —1.45 Vagiager after immersion in the electrolyte at pH10
(blue circles inFigure 5.2c), but continuously decrease with a sharpeclineafter 10 h and

stabilize at—-0.77 Vagiagciafter 19 h. The largest increase on the potential was observed in
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combination of pH10 and the addition of 0.1MEDTA (Figure 5.2d), where the Al
displayed stable OCP values 6fl.65 Vag/agci with over 650 mV increase in comparison to

the OCP observed at pA without EDTA. Moreover, Zn and ZH.0Al presented potentials

of —1.22 and-1.3 Vag/agc), respectively. Accordingly, the potential forZn and Alis larger at

higher pH (seeFigure 4.2), while the fully dissociation of EDTA also increases (sdggure

A-11). It is noteworthy to mention that the OCP values aoZn and Al inFigure 5.2d are

close to the theoretical potentials peserted by the Pourbaix diagrams, whsgt the
potential displayed by the Zr-10Al alloy immersed in the electrolyte with EDTAat pH

value of10ishigheri n compari son to the potenti al of

activation.

Although the previous results areencouragingfor the three electrodesthe present study
focuses on the further electrochemical evaluations basing only on the Zn electrodes due
to their cyclability features[76—81]. Therefore, this section of the current work will focus
on the effects of EDTA on zinc anodesly, whereasthe electrolyte with 0.1M EDTA atpH
value of 10 will be selected due to the better chelating abilities of the EDTA which
enhances the Zn electrodepotential more pronouncedly. In addition, the predicted
reaction products are only Zn(EDTA¥-, Zn(OH}», and ZnO [flack lines in Figure A-13),
while Zn—Cl reaction productstypically produced at pH 7 are avoided(red lines in Figure
A-13). The formation of ZrCl speciescould consume the chloridebased electrolyte
leading to premature termination of the cell dischargeThe outcomeof this study could
give some insights on the ddition of chelating additives in the electrolyteto achieve

better performances of nearneutral Zn-air batteries.

5.2. Experimental Section

Material preparation and chemicals: Zinc rod (4N) was acquired from Alfa Aesar. The
electrodes were prepared by cutting sections of the Zn rod into 1.28m thickness discs.
For the halfcell experiments, the Zn discs were embedded in cold mount epoxy (EpoFix,
Struers) and the surfaces of the electrodes were prepared by grinding with 800 SiC
sandpaper. The exposed area of the electrodes for hatell and ful—cell experiments were
1.32cm? and 0.44cm?, respectively. The 2MNaClbased electrolyte solutions vere
prepared from NacCl crystals £99.5%, Merck-Millipore) and
Ethylenediaminetetraaceticacid (EDTA) (99.3%, VWR Chemicals). Deionized water was
obtained from a PURELAB Elga water purification system (conductivity<OdS cm?). The
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electrolyte solutions were prepared by dissolving the NaCl and EDTA in deionized water,
and then the pH of all solutions was initiallyadjusted to pH10 with NaOH solutions by the
help of a dual pH/conductivity meter (Duo S213, MettlerToledo).

Electrochemical half zcell setup: The halfcell used in this section was previously
described inFigure 2.1. The potentiodynamic polarization tests were undertaken in the
range from —1.6Vagagcl t0 —0.6 Vagiagel starting from cathodic potentials. Halfcell
stripping (or galvanostatic discharge) was performed under 0.1, 0.25, 0.5 andWA cm=2

current densities with a cut-off potential of —0.5 Vag/agc.

Electrochemical full zcell setup: The full-cell setup consisted of freshly ground Zn discs
as anodeporous carbon-based commercial airlectrodes (E4 type, ElectricFuel Ltd), and
2M NaCl with pHvalue of 10 with and without addition of EDTA (0.1M). The fulcell is
made of three poly(methyl methacrylate) (PMMA) discs with an inner volume of 0.6 mL.
The details ofthe cell setup can be found in a previous studj4l]. The symmetrical
exposed area of the anode and air cathode to the electrolyte wasi4 cmz2. The cell was
connected to a pump (Reglo Analog M8/112, Ismatec) and to a reservoir with capillary
tubes (@n=0.75mm. PEEK, BOLA). The electrolyte was circulating in bottorop
direction. Both ends othe full—cell were connected to the sameeservoir which contained
20 mL of the electrolyte. Following thedischarge experiments, the weight loss of the Zn
electrodes wascalculated after cleaning with saturated Glyioe solution accordingto DIN
EN ISO 8407162]. A continuous recirculation of the electrolyte from a reservoir was
performed for the full—ell discharge experiments. Thelectrolyte of the full—cell cycling
experiments was circulated by pumpingevery 25min for 5 min with a flow rate of
0.1mL min-1 for each cellin order to provide enough dissolved Zn. The intermittent
operation of the pump was controlled by a TTL pulse via thanalogue connection of the

Biologic VMP3 potentiostat.

All the experiments were conducted in a climate chamber (BindeKMF115) to keep
constant conditions of 25°C and 50%.h. and electrochemical experiments were

controlled with a Biologic VMP3potentiostat.

Sample analysis and microscopy: Characterization of the microstructures of the Zn
anodes after discharge was done by confocal laser scanning microscopy (OLS4100,
Olympus Corp., Japan) and scanning electron microscopy (Quanta 650, FEI, USA) using

the Everhart=Thornley Detector (ETD). The elemental analysis was performed by energy
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dispersive X—ray spectroscopy (EDX) (Octane Super Detector, EDAX, USA) dhe
corresponding phase maps were obtained by using TEAMDAX software. The SEM
measurements were performed with 20kV of applied acceleration voltages.
Crystallographic characterization of the Zn anode surfaces was performed by-r&y

diffraction (XRD) (Cusource Empyrean, Malvern Panalytical, Germany).

5.3. Experimental Results and Discussion

Open circuit potential and potentiodynamic polarization

Figure 5.3 shows the OCP profiles of Zn in 2M NaCl at 4, in absence (black curve) and
presence (red curve) of EDTA. The potential of Zn in neat 2N&Cl starts at initial values
of around —1.05 Vagiagci, slightly increasing to—1.11 Vagagc after 2h and then slowly
decays to—1.06 Vagagci after 24 h, while the potential of Zn in 2MNaCl with 0.1M EDTA is
stable at around—1.22 Vagiagci during the 24 h of OCP experiment. Thyshe addition of
EDTA to the 2M NaCl results in an increase of the potential of about 1My.

The increase of the initial potential towards more negative values along the firsti2of the
Zn in the 2MNacCl could be attributed to the slow adsorption of OHons present in the
electrolyte. Subsequently, slight decay of the potentiaksults from the drop on the pH
value due to the lack of buffering capabilities of NaCl solutiorfd63]. According to the
Pourbaix diagram of Zn Figure 4.2a), the cell potential slightly decreases (around
160 mV) when the pHvalue changes between 11 and 8.8.21,134]. Measurement of the
pH value of the electrolyte after the 24h of OCP supports this observation, since the pH
value drops from 10 to around 8 while there is also 5nV decrease on the electrode
potential. The limited decay of the electrode potential can be due to the quapassive
state of the Zn surface since it is not completely active. In line with the Pourbaix diagram
[121,134], the potential of Zn at pH10 should be around-1.25Vagagcl (=1.03 Vshg).
However, the experimental results indicate that the surface of Zn is in a quapassive
state since the potential of the Zn in the neat 2MacCl is lower than the expected value. On
the other hand, addition of EDTA to the 2NNaCl results in an enhanced potential to

—-1.22 Vag/agel, Which is similar to the potential given by the Pourbaix diagram.

The enhancement of the potential in presence of EDTA can be attributed to two main
factors: (1) the chelating properties of EDTA, and (2) an increase of the pH stability of the
NaCl electrolyte. The chelation process (or complexation) prevents the formatoof

insoluble species of Zn, resulting in highly soluble Z&DTA complexes. However, EDTA
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can be present as several dissociated species (6 possible deprotonated species)
depending on the pHvalue, where the completely deprotonated species are more effective
for complexation (30% EDTA is fully dissociated at pHO0 [115]). The addition of EDTA to
the 2M NaCl solution increases the pH stability of the electrolyte, as observed from the
almost unaffected pH of the electrolyte after the 24 of OCP experiments in presence of
EDTA. Also, the higher potentials with EDTA in comparison to neat NaCl solution

corroborates the absence of a passive film on the Zn surface.

Possible mechanisms of the interaction between the Zn and EDTA can be found in the
literature, among which Ryczkowskj164] demonstrated via (PA) FFR (Photoacoustic
Fourier transform infrared spectroscopy) that EDTA could be adsorbed on some
inorganic oxides and hydroxides. Different adsorption mechanisms were proposed
depending on the pH of the solution and the nature of thmetal surface involved in the
chelation, namely if it consisted of oxides, hydrous oxides, hydroxides, oxyhydroxides,
hydrous or superficially hydrated oxides[164,165]. Moreover, previous studies have
shown that EDTA is capable of leaching metal ions from oxides or hydroxidg$6—168].
Hence, similar mechanisms could also be the origin of the EDTA influence on the Zn
potentials shown in this study.

-0.6

{ 2M NaCl pH 10

-0.74 —e—No EDTA

| —e—0.1MEDTA
-0.84
-0.94
-1.04
-1.14  eee
1.2 qe00
-1.34
-1.44
-1.54

-1.6 T T T
0 4 8 12 16 20 24

Time / h

Figure 5.3: OCP profiles of Zn in 2MNaCl at pHLO in absence (black curve) and presence ¢
0.1M EDTA (red curve).

Potential / Vagaqci

Further experiments were performed by potentiodynamic polarization method to get
more insights on the possible influence of EDTA on the electrochemidathavior of Zn in

NaCl electrolytes.Figure 5.4 shows the potentiodynamic polarization of Zn in neat
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2M NaCl (black curve) and in presence of 0.1EDTA (red curve). The corrosion
parameters were obtained by Tafel fit in the range of £5V of the corrosion potential

(Ecorr) and are summarized inTable 5-1.

Table 5-1: OCP values and corrosion parameters derived from potentiodynamic polarizatior
of Zn in 2MNaCl at pH10.

OCP after 24n | Potentiodynamic polarization

ECDrr / -]:nrr /
mv mV PA cnr2
No EDTA -1070 -1255.5+4.7 4.8+0.9
0.1M EDTA -1220 -1323.0+6.9 5.4+0.8

The Eorr of Zn in neat 2M NaCl is arounel.25 Vagagcl, while addition of EDTA shifted the
Ecor to —1.32Vagiagcl. The corrosion current densities are obtained as 4.75 and
5.39 pAcm=2in absence and presence of EDTA, respectively. Both curves show a shoulder
at around -1.08V without EDTA and-1.0V in presence of EDTA. These shoulders
resemble a passivation peak, where the current slightly decreases as the anodic scan
continues. However, the current densities continue increasing at potentials more anodic
than the semijpassivation peak, indicating hat the Zn could still readily react. The rapid
increase on the current densities originate from pitting caused by the chloride ions, which
starts at around—1.05 Vag/agci (Epitiing) [56] .
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Figure 5.4: Potentiodynamic polarization of Zn in2 M NacCl at pHLO in absence (black curve)
and presence of 0.M EDTA (red curve)with a scan rate ofu | 60 .

The slight decrease on the current densities betweencer (—1.25Vagiagc) and Boitting
(—1.05 Vagiagel) during the potentiodynamic polarization of Zn in neat 2MNaCl confirms

the existence of a passive film. On the contrary, the potentiodynamic polarization of the
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Zn in presence of 0.1M EDTA shows less significant passivation peak, but a higher E
and larger current densities in the range from Er (—1.32Vagiagc) tO  Epiting
(—1.05 Vag/iagel) in comparison to the solutions not containing EDTA. Under high anodic
polarizations (>—1.0Vagagcl), the current response of the Zn for both solutionshow
almost identical behavior; hence, it suggests that there might be a limiting current for the
effectivity of EDTA on the enhanced potentials but no visible adverse effect in comparison

to neat electrolyte.

The fact that the OCP is more positive than thecde for the solutions with and without
EDTA can be explained through the cathodic corrosion of Zn in chloride solutift69]. As
proposed by Baugh[155], water reduction occurs at potentials more cathodic than

—-1.37 Vagiagcion Zn in chloride based solutions according to the following reaction:

c(/ cAoc/ 5.4

Since the present polarization experiments start at1.6 Vagagc, OH ions from hydrolysis
could be produced in relatively high amounts. Upon the local concentration increase of
the producedOHi ons, “ |l ocal al kalization” can occur
[169,170]. Although the Zn is immersed in neaneutral electrolyte, local dissolution of a
possible passive layer could also be expected similarly as in the alkaline electroly{&§] .
Furthermore, Prestat et al. studied the reaction products of Zn under prolonged cathodic
potentials in nearneutral NaCl media, where Raman microscopy and-bay diffraction
revealed the presence of metallic Zn after holding a cathodic potential 61.27 Vag/agci for

at least 17h. It was reported that ZnO is mainly present in the range from1.04 to
-1.26 Vagiagc, While Simonkolleite mainly appears at potentials anodic te-1.01 Vag/agcl
[169]. Thus, the reaction products on Zn electrodes show differences depending on the

potentials that were applied and most likely, also on the polarization durations.

According to the potentiodynamic polarization curves, the observedckr of Zn in 2MNacCl
without EDTA (Figure 5.4) corresponds to the potential of neat Zn, which is activated by
the cathodic polarization. Further evidence for the cathodic activation of Zn can be found
in previous studies which report the polarization curves of Zn electrodes in NaCl solutions
and are summarized inTable A5 and Table A-6. If the initial scan potential for the
potentiodynamic polarization is more cathodic than the water reduction potential
(<=1.37 Vagiagc)), the resulting Eorr is also more negative than the commonly reported

open circuit potentials (<-1.05Vagiagcl), Which is in good agreement with the present
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work [170-172]. Contrariwise, the corrosion potential of Zn near1.05 Vagiagciis usually
obtained when the initial scans start at more positive values than the water reduction
potential [173,174]. Therefore, it can be stated that neither the NaCl concentration, pH,
scan rate, electrode area, immersion time nor counter electrode have no influence on the
resulting Ecorr derived from the potentiodynamic polarization. On the other hand, the
reported Ecor iS more dependent on the potential at which the potentiodynamic

experiments were started.

In contrast to the neat 2MNaCl electrolyte, the resulting polarization curve of the
electrolyte containing 0.1MEDTA is affected by the cathodic activation, only at a minor
degree. More specifically, the difference between the OCP anebrEin the electrolyte
without EDTA is around 185mV, while for the electrolyte containing 0.1MEDTA is
around 102mV. In the OCP profiles, however, the overall enhancement of the potential
with the addition of EDTA to the electrolyte is around 150nV, and the increased pantial

is stable without the necessity of a cathodic polarization. This effect can be attributed to
the chelation properties of EDTA and the increased pH stability of the NaCl solutions

containing 0.1MEDTA due to its buffering capabilities.

Galvanostatic discharge / Half zcell stripping

As previously examined by the OCP profiles and potentiodynamic polarization
experiments, the Zn is in a quaspassivated state in the 2M NaCl, while addition of EDTA
allegedly hinders the formation of a passive film resulting in a more active metallic Zn
surface. The semipassivated (without EDTA) and activated (with EDTA) state of Zn was
further investigated under several anodic current densities (galvanostatic discharge or

half—cell stripping) as presented inFigure 5.5.

Figure 5.5a shows a stable discharge potential of Zn in neat 2MaCl at around
—-1.03 Vagiagciunder 0.1 to ImA cm~2 anodic currents, while the discharge potential of Zn
in EDTA containing electrolyte Figure 5.5b) is around —1.25Vagagci under 0.1 and
0.25mAcm=2. The resulting potential of Zn in presence of EDTA is initially lower at
—1.14Vagiage under 0.5mA cm=2 and at—1.1 Vagiagci under 1 mA cm=2, but in both cases
the potential increases to—1.25 Vagiagei within 12 hours. The reason for this gradual shift
to more negative discharge potentials upon 0.5 andrhA cm=2in presence of EDTA is still

unknown and needs further investigation. Overall, the average discharge potentials are
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220 mV more negative for all the applied currents on Zn in presence of 0.18DTA and

directly increase the power output in comparison to the Zn discharged in neat 2MacCl.

According to Pourbaix diagram[121,134], the immunity region of metallic Zn remains
below the stability window of water in aqueous solutions and therefore Zn dissolves while
producingHe. Zn is i n the “lpandshould eotdisplay gotentials ah t
around —1.25 Vagiagcl. The discharge potential of Zn in the neat electrolyte at pHD is not
significantly different in comparison to discharge behavior in 2M NaGiith pH 7 [132].
The lack of enhanced potential at pialue of10 could be partially explained by the poor
pH stability of neat NaCl solutions, since the pkalue of such solutions is dependent on
the salt concentration and the resulting effect on the activities of Hand OH [115].
Experimentally, the poor pH stability of neat NaCl is confirmed by the draopf the pH value
from 10 to around 8 after the galvanostatic dischargetlie pH value ofthe solutions was
measured before and after the experiments by the pH electrode). Thus, lower pH values
also contribute to lower potentials of Zn in accordance with Pourbaix. The almost
unaffected discharge potential under different current densities figure 5.5a) in the neat
electrolyte suggests the discharge of Zn continues through pitting mechanism, which
agrees with the results from the potentiodynamic polarization experiments. Moreover,
the possible presence of a passive film seems to reduce the potentialzof but does not

inhibit the dissolution.
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Figure 5.5: Galvanostatic hak-cell discharge of Zn in 2MNaCl at pHLO under 0.1, 0.25, 0.5 anc
1 mAcm2in a) absence of EDTA and in b) presence of 0. BTA. The abscissa in (b) illustrate:
the average discharge potential of the Zn electrodes in the neat electrolyte (obtained frqa)).

In order to understand the possible origin of such passive film in presence of neat Na&l,
reaction mechanism of Zn during discharge is hereby provided. As previously discussed,

Zn spontaneously reacts in aqueous solutions aescribed byEquation1.17.

84

pH



According to McMahon et. al.[163], the Zr?* ion is quite abundant at low Ci
concentrations (0.06M), while its ion fraction is almost zero at high Clconcentrations
(5.45M). Accordingly, Zia*+ is not stable in 2MNaCl and will tend to further react as
described in theequation 1.18 and 1.19.

For simplicity, the: T / ( #l J / reaction product will be referred hereafter as
Simonkolleite, which is a white and lowwater—soluble powder. Upon saturation, the
continuously produced Zn(OH} from Equation1.18 can further react depending on the

local pH and Ciconcentration asexpressed byEquation 1.20,1.21 and 1.22.

The formation of ZnO requires a dehydration of a stable layer of Zn(OHypon local
saturation, as described byequation 1.20[121]. Under anodic conditions, the production
of Zn(OH} increases,and the saturation is faster reached, which possibly promotes the
production of ZnO. Given the bulk conditions of the neat 2MaCl, production of zincates
(: T/ ( )canoccur only at a minor degree in neaneutral electrolytes since it requires
high pH conditions. Prestat et. al. could mainly identify Simonkolleite at potentials close
to —1.02 Vagiagciwhile ZnO is mainly found at-1.12 Vagiagciin 0.6M NaCl solutiond169].
In accordance with the potentials observed in the discharge experiments1.03 Vagiagcl),

a mixture of reaction products Simonkolleite, ZnO and Zn(Ok¢ould be expected, where
a thin but still present layer Zn(OH} is the intermediate compound before the formation
of ZnO and Simonkolleit§155,169]. These products are the proposed compounds of the

passive film.

Furthermore, depending on the applied currents, white flakelike precipitates were
present in the electrolyte at the end of the experiments. For instance, after Bddischarge

at 1mA cm=2 there are appreciable precipitates, while the electrolyte is relatively clear
after 24 h at 0.1mA cm=2. Table A-7 shows a summary of the physical properties of the
possible reaction products of Zn in NaCl electrolytes. Zn(OH)¥nO and Simonkolleite are
all white precipitates and are between 127 and 234% larger in volume than the metallic
Zn. The volume increase of the reaction products and the subsequent mechanical stress

produced could partially explain the presence of suchrpcipitates.

A possible way to decrease or even completely prevent the formation of a passive film on
the Zn surface could be achieved by using complexing agents in the electrolyte, which are
widely used in chemistry due to their chelation properties with metallic ions The

resulting complex species are highly soluble in wat€il15]. In the chelation process, the

85



metallic ion is surrounded by the complexing agent and the reaction between the metallic
ion and the surrounding media is reduced. The bonding strength between the metallic ion
and the complexing agent is indicated by the magnitude of the chelation stabyli
constants, where higher values result in more stable complexes. The increase on the
discharge potential of Zn upon addition of EDTA to the 2MaCl could be therefore
attributed to the relatively high chelation stability constant of EDTA with the Z#&+ ions
(16.5) and the continuous solvation of the resulting ZREDTA complex in the electrolyte
[115]. Thus, the formation of passive species adsorbed on the Zn surface is most likely
hindered.

With respect to the pHvalue stability of the NaCl solutions, formation of zinc hydroxide

or Simonkolleite according to theEquation 1.18 and 1.19 lead to consumption of hydroxyl
ions; thus the pH value tends to decrease as confirmed by the discharge experiments.
Contrariwise, the presence of EDTA in the solutions stabilizes the p¥hlue of NaCl
solutions during the discharge, as confirmed by the pkhlue still close to 10 after the 24h
discharge experiments, due to complexing 2nions before the other possible reactions
that would consume OH ions can take place. Furthermore, in accordance to previous
studies [166-168], EDTA can be adsorbed on the surface of ZnO or even leach the ions
from the respective oxide or hydroxide, which adds up to the synergetic effects of addition

of EDTA to the 2MNaCl on discharge performance.

Characterization of the Zn surfaces

Laser Scanning Microscopy (LSM) investigations have been performed to gain better
insights into the surface morphologies of the Zn after galvanostatic discharge
experiments. Figure 5.6 shows the 3D LSM images of the Zn samples after 1 andi4
discharge with 1mA cm-2in presence and absence of EDTA. The surface of Zn aftérdf
discharge for both electrolytes show a similar roughness of less than 10n, as shown in
Figure 5.6a,c. However, Zn shows a thin film with some areas exposing a metallic surface
underneath after discharge in neat 2MNaCl Figure A-14) while the Zn discharged in
presence of EDTA shows a more homogeneous surface and no film or other particulates

on the surface.

More remarkable differences appear after 24 of discharge, where the surface of the Zn
in neat 2MNaCl has height differences up to 10Am, as seen irFigure 5.6b. Within the

large pits, a metallic Zn surface was visible (blue regions), suggesting that some areas of
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the metallic anode were continuously exposed during the 2K of discharge upon partial
breakage of the passive film (yellow and orange regions). Conversely, the Zn discharged
in the solutions containing 0.1M EDTA shows a surface roughness of around |4
(Figure 5.6d) and no apparent layer or particulates were observed. Thus, the$edings
confirm that the presence of EDTA effectively suppresses the formation of a passive film.
The absence of any solids on the Zn surface after discharge also indicates that all the

discharged Zn is dissolved in the electrolyte.
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Figure 5.6: Laser scanning microscopy images of Zn discharged in 2044CI pH10 in absence
(a, b) and presence of EDTA (c, d) aftertl(a, c) and 24h (b, d) with 1 mA cm2. Yellow/orange
areas in (b)represent the passive layer formed after 24 of discharge in neat 2MNaCl pH10.

In addition to the characterization of the surface morphologies by LSM, the chemical
nature of the surfaces of the Zn electrodes after discharge was analyzed byR&y
Diffraction (XRD). Figure 5.7 shows the XRD patterns of the Zn samples that were
discharged under ImA cm=2for 24 h in 2M NaCl with and without EDTA.

In Figure 5.7a both patterns (purple and yellow) show that the Zn surface is mostly in
metallic state while the Zn surface discharged in neat electrolyte also reveals some extra
peaks which indicate the presence of SimonkolleiteF{gure 5.7b,c). However, on both
electrodes neither ZnO nor Zn(OH)could be detected, as shown in the enlarged area in

Figure 5.7c. Furthermore, the white precipitates in the neat 2MNaCl electrolyte were
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collected, dried, and analyzed by XRD (orange line) revealing the presence of

Simonkolleite, ZnO and Zn.

Until now, it could be concluded that Simonkolleite and possibly ZnO are the main
components of the passive film when Zn is discharged in the neat 2M NaCl. But as shown
in Equations1.19, 1.20 and 1.22, the production of Simonkolleite and ZnO requires
Zn(OHY as an intermediate step. Thus, the passive layer on the Zn discharged in neat
electrolyte should also show the presence of Zn(OH)but the amount might be too small

to be identified by XRD or it may be amorphous. Similarly, if a thin Zn(OH)assive layer

is also present on the Zn after discharge in presence of 0. BNDTA, it might not be possible

to be detected by XRD.
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Figure 5.7: a) XRD patterns of Zn discharged in 2MaCl at pHLO with and without EDTA under
1 mA cm2after 24 h, b) enlarged region of the peaks between 10 and 15° and c) enlarged regi
of the peaks between 27 and 37°.

In order to gain further insights into the surface products of the Zn electrodes, Scanning
Electron Microscopy (SEM) imaging coupled to Energy Dispersive Spectroscopy element
analysis (EDX) was carried outFigure 5.8 shows the SEM images and EDX maps of Zn
after 24 h of discharge at InAcm=2 in 2M NaCl without and with 0.1MEDTA. The Zn
surface in Figure 5.8a (no EDTA) shows the microstructure of the region where the
passive filmpartially extends over the metallic Zn. The EDX map kigure 5.8c depicts a
better contrast between the film and the metallic Zn. The SEM image Hgure 5.8b
(0.1M EDTA) illustrates a surface without any apparent layer on top of the Zn surface,
while the EDX map irFigure 5.8d shows two regions containing mostly Zn. The elemental
distribution is provided in Table5-2. The individual elemental maps oFigure 5.8c,dare
provided in Figure A-16. Also, the SEM images and elemental maps foh Hischarged
surfaces can be found in the supporting infoigure A-14, Figure A-15 and Table A-8).
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Table 5-2: Theoretical element weight distribution of Zn corrosion products and EDX elemental
analysis of Zn after 24 discharge at ImAcm-2in 2M NaCl pHLO with and without 0.1M EDTA

Zn wt% O wt% Cl wt% C wt%
ZnO 80.34 19.66
Theoretical ;n(%l-':)za(:b . 67.14 32.86
s(OH)Cl-Ho 60.33 26.58 13.09
(Simonkolleite)
Zn/O phase (red) 96.08 2.37 1.54
. Zn/Cl/O phase (yellow) 67.92 21.89 10.19
Zn in 2MNacCl
Zn/O phase (blue) 83.15 12.32 4.53
Zn/O phase (green) 59.39 32.61 8.00
. ) Zn phase (red) 98.16 0.18 0.19 1.46
Zn in2M NaCl with 0.IMEDTA
Zn/O/CI/C phase (cyan) 86.18 3.30 0.95 9.58

The sample discharged in neat 2MlaCl under ImAcm=2 in Figure 5.8c shows four
different regions. The red region corresponds to metallic Zn. The yellow region has an
elemental composition that is close to Simonkolleite. The blue and green regions are
attributed to ZnO and Zn(OH) respectively while neglecting the Cl contentFigure 5.8d
shows two regions on the Zn surface that was discharged in 2NACI| containing
0.IMEDTA. The red region corresponds to pure Zn with probably some EDTA still
adsorbed. The cyan region has a composition that is also very close to metallic Zn with
additional ~10 wt% C. The difference between the red and the cyan region can be
attributed to the possibly different amount of remaining adsorbed EDTA on the Zn

surface.

Consideringequations 1.18, 1.19, 1.20, 1.21 and 1.22 in addition to the results provided

by XRD, SEM and EDX analysis are important to determine the nature of the passive film
forming on Zn upon discharge in 2MNaCl without EDTA. Equatiori.18 shows that
Zn(OHY can be formed following the oxidation of Zn to Z#. Upon local saturation of
Zn(OH), ZnO or Simonkolleite can be formed. However, as revealed by the XRD and EDX
results, Simonkolleite can belearly detectedonly after long discharge time (at least 24).
Thus, ZnO could be assumed as a second component of the passive film, besides the
Zn(OH). However, it is noteworthy to mention that the surface of the Zn electrodes could
possibly be changing while cleaning and transferring into other characterizatiomools
after the electrochemical investigations. Hence, for example, ZnO might mainly be
detected instead of Zn(OH) although the latter may be the main product during the
electrochemical studies, as previously described gguation 1.20. Once the ZnO/Zn(OH)
passive film is formed over the neat Zn, the reaction continues as dictated by

equation 1.22 and Simonkolleite is formed. Moreover, this passive film grows until
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forming scales, which breaks upon the mechanical stress of the volume increase (see
Table A-7) and some pieces might precipitate. Support for this idea can be observed in
the SEM images (surface films ifigure 5.8a andFigure A-15), besides the flakes found

in the sediments after 24h of discharge. Additionally, the XRD results after 24 of
discharge (Figure 5.7) show a high presence of Simonkolleite in the sediments collected,
while the intensity peaks of Simonkolleite on the Zn electrode after discharge were not
significant. However, some amount of Simonkolleite was detected by EDX{dure 5.8c and
Table 5-2). Thus,it could be concluded that the thin passive film on Zn upon discharge in

2M NaCl without EDTA consists of a combination of ZnO/Zn(OtHand Simonkolleite.
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Figure 5.8: SEM images (a, b) and EDX maps (c, d) of Zn discharged foh2t 1mAcm=2in
2M NaCl pH10 without (a, c) and with 0.1M EDTA (b, d). The weight distribution of the ED.
maps is provided below the figure.

Conversely, the addition of EDTA to the 2MaCl interferes with the formation of a passive
film by complexing the Zn directly after its oxidation (Equationl.20), as evidenced by the

SEM, EDX and LSM results. Furthermore, the electrolyte has no precipitates and remains
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clear after discharging the Zn in presence of EDTA, implying that the ZEDTA complex

remains solvated.

Accordingly, the following mechanism can be proposed for the OCP and discharge
experiments of Zn in 2MNaCl pH10 with 0.1M EDTA. The EDTA is directly adsorbed on
the Zn surface upon immersion of the electrode by possibly interacting with the metallic
surface[164,165]. After the spontaneous (OCP conditions) reaction or anodic oxidation
(discharge conditions) of Zn to ZA*, the adsorbed EDTA chelates and captures theZn
limiting the formation of ZnO, Zn(OH) or Simonkolleite as schematically shown ifrigure
5.9. The ZineEDTA complex remains as an aqueous specie, thus avoiding the formation
of a passive film. The inhibition of passive film formation leaves the next layer of metallic
Zn available to continue with the reaction and no potential drop is expected witenough
EDTA to continue the chelation process. Such limitation is therefore of interest in a full

cell experiments over extended periods of discharge.

Figure 5.9: Schematic representation of the complexation process and possible differences
Zn surfaces that are in contact with the neat NaCl and NaCI+EDTA solutions. For simplicity,
ions and the molecules are shown in spherical shapes.

Fullzcell galvanostatic discharge experiments

Figure 5.10 shows the fullcell galvanostatic discharge profiles of Zn in 2MlaCl pH10
electrolytes under 0.25, 0.5 and InAcm=2 in absence (black curves) and presence of
0.1MEDTA (red curve). The Open Circuit Voltage (OCV) of Zn in the neat RECI is

around 1.1V, while the discharge voltages are similar among all the applied currents at
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around 0.9V during the first hours. However, the Zn discharged in neat electrolyte under
0.25mAcm2 shows a fluctuating voltage after 291 and reached a total of 93h,

whereas it could be discharged under 0.5 and hA cm=2 for a total of 255 and 110h,

respectively.
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Figure 5.10: Full—cell galvanostatic discharge profiles of Zn in 2MlaCl at pHLO in absence
(black curves) and presence (red curves) of 0.1LEDTA under a) 0.25nA cm=2, b) 0.5mA cm-2,
c) ImAcm=2,

The OCV of Zn in 2MlaCl with 0.1MEDTA is at around 1.4/, while the discharge voltage
under the applied currents is similar at around 1.1 to 1.1%. The overall discharge voltage
enhancement provided by the addition of EDTA to the electrolyte is around 270 to 320V
higher in comparison to the neat electrolyte. Nevertheless, the discharge voltage of Zn in
presence of EDTA noticeably decreases after 606Qunder 0.25mA cm=2, after 270h under
0.5mA cm=2and after 101h under 1 mA cm=2. The resulting value after the voltage drop
are then similar to the respective cell voltages without EDTA. It is noteworthy to mention
that there were strong fluctuations on the cell voltages most likely due to discharge via

pitting mechanism after the effect of EDTA was lésThe cells containing EDTA could be
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operated in total up to 931h under 0.25mA cm2, 330h under 0.5mAcm=2 and 146h

under 1 mAcm—2.

In order to determine the limiting factor on the enhanced discharge voltage, further
experiments under 1mA cm2 with a 40 mL electrolyte reservoir (vs. 20mL from Figure
5.10) were performed (seeFigure A-17), showing a significant increase of the discharge
time with similar discharge voltages to those presented irrigure 5.10c. Thus, the total
amount of EDTA available in the electrolyte for the discharge plays an important role for

extending the improved discharge energies of Zmir batteries.

In comparison to similar nearneutral battery systems under the same discharge current
densities [76,78,81], the addition of EDTA to the electrolyte shows noteworthy higher
discharge voltages (1vV vs 1.15V, respectively), which are also fairly comparable to the
voltages observed in alkaline systems (1.2%kon vS 1.15VNaciat 1 mAcm=2) [78,175].
Besides the cell voltage enhancement, all the futlell discharge experiments performed
with the electrolyte containing EDTA exhibited no deposits on the electrode surfaces,
while the electrolyte was also almost free of precipitates. Conversely, the cdischarged
with neat 2M NaCl electrolyte showedh thick white layer covering theair electrode, which
probably led to clogging and stopped the discharge. Similarly, large amounts of
precipitates could be found in the used 2MNaCl without EDTA and the Znraode was also

covered with a thick white layer.

As discussed in the halfcell stripping section, a passive film forming upon contact of Zn
with the neat2M NaCl could also explain the relatively low OCV and discharge voltage of
the full—cell, besides the poor pH stability of NaCl and formation of insoluble reaction
products (such as Simonkolleite). In contrast, the enhanced voltage observed for the cells
containing EDTA could be attributed to the absence of film formation resulting from the
chelating properties of EDTA. Therefore, the surface of the disarged samples in the fult
cell setup was further analyzed by XRD in order to detect possible reaction products

which could explain the observed discharge voltages.

Figure 5.11 presents the XRD patterns of the samples after the loAgin full—cell
discharge experiment from Figure 5.10. The XRD results show the presence of
Simonkolleite on the Zn electrodes discharged under mA cm=2in neat 2MNacCl (purple
line), while the XRD patterns after discharged in 2NilaCl with 0.1MEDTA electrolyte

illustrate almost exclusively the peaks for metallic Zn (yellow line). Furthermore, the XRD
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analysis of Zn discharged with a larger reservoir volume show Simonkolleite in absence
of EDTA and only the Zn peaks in presence of EDTA (ddgure A-17b). Based on the
present results, it could be argued that the Simonkolleite is the main component of the
passive film of Zn in presence of neat 2MacCl, but the presence of ZnO and Zn(QH)
underneath the Simonkolleite layer cannot be conclusively discarded as shown by the
previous EDX analysis. In the case of the Zn discharged with EDTA, there are no

indications for a film formation from the XRD results.
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Figure 5.11: XRD pattern of Zn samples discharged in fuitells under ImAcm=2in 2M NaCl
pH 10 in absence (purple) and presence (yellow) of 0.18DTA.

Table5-3 presents a summary of the practical capacity, practical specific energy and mass
utilization efficiency calculated after the discharge of Zn in 2MlaCl in absence and
presence of 0.1MVEDTA under several current densities. The calculation of the values was
based on the total mass loss of the discharged Zn anodes. The practical capacity of Zn
discharged in neat 2MNaCl is in averagex T it | £ , while the average practical specific
energy isu X @ EE C . The overall utilization efficiency is around 90%. Contrariwise, the
cells discharged in presence of 0.1M EDTA showed an increase in the practical capacity
with an average ofx X ko! E . The practical specific energy shows a significant increase
with an average ofp 0 & EE C , which is around 45% higher than for the cells discharged

in neat 2MNaCl. The overall average mass utilization efficiency for the cells discharged in
presence of 0.1M EDTA is 95%, which is slightly higher than the cells discharged in
absence of EDTA.
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The enhanced practical specific energy of the cells discharged in presence of EDTA is

explained by the higher discharge voltage in comparison to the cells discharged in absence

of EDTA. The data iTable 5-3 shows that the most efficient cells are those discharged in
2M NaCl with 0.1MEDTA under 0.25mA cm=2, where the enhanced voltage lasts almost

until the end of the experiment. The latter suggests that even higher practical specific

energies and mass utilization efficiencies could be achieved with neimterrupted

enhanced voltages, specifically if enough EDTA is provided to achieve longer runs. All in

all, the discharge of Zn in a fullcell is possible with 2MNaCl in absence and in presence

of 0.1M EDTA, while the latter depicts better performances.

Table 5-3: Practical capacity, practical specific energy and mass utilization efficiency calculate
after the discharge of Zn in 2MNaCl pH10 in absence and presence of 0.1EDTA under several

currents.
Current Practical capacity Practical specific utiIiNzl 2§in Discharge time
Electrolyte density / / energy / L Enhanced / Total /
mAcm=2 mAh gzt Wh kgznt efficiency /
" " % h h
0.25 751.1+35 535.8+17.4 91.6+04 931
2M NaCl 0.5 735.1+17.3 574.9 + 65.5 89.6+21 255
1 748.4 + 18.7 611.0 + 28.2 91.3+2.3 110
0.25 796.4+5.0 829.5+7.7 97.1+0.6 600 931
2M NaCl +
0.5 750.8 £ 35.6 842.3 + 38.8 91.5+4.3 270 330
0.1IMEDTA
1 791.3+8.6 829.4 +23.4 96.5+1.1 101 146

Full zcell galvanostatic cycling

The possible beneficial effects of EDTA as additive for NaCl electrolytes should be further
extended to not only primary Znr-air batteries, but also for secondarybatteries, as
suggested by earlier studies in alkaline media. Thus, the evaluation of the effects of EDTA
on Zn upon charging in NaCl solutions is relevant to establish an initial framework since

no previous works exist to the knowledge of the authors.

Figure 5.12 shows the galvanostatic fullcell cycling profiles (at low depth of discharge)
under 0.5mA cm=2 current densities for 4 h per step (charge and discharge). The cycling
of Zn in neat 2MNaCl (black curve) shows an average discharge voltage at around 0\86
and charging voltages at around 1.5¥, which results in a 0.73/ voltage difference. The
cells cycled in presence of EDTA (red curve) showed an average discharge voltage around
1.15V and an average charge voltage at around 1.82 although at the initial cycles
(200 h) the cells with the EDTA additive exhibit slightly higher charging voltags in

comparison to the cell with the neat electrolyte. The origin of such higher charging
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voltage, whether it is from the air cathode or from the initial ZREDTA complexes is not
clear and requires further investigations. The average discharge voltage in presence of
EDTA is 290mV higher than without EDTA. The smaller discharge/charge voltage
difference in presence of EDTA (0.4Y voltage difference) indicates less overpotentials,

which is beneficial for battery applications

Considering the cycling stability, the discharge performance of Zair cell with neat
2M NacCl starts to decay from the 68 cycle after 550h, eventually leading to termination
of the cell operation due to reaching the 0.¥ cut-off voltage rapidly. Similar cycling life
was also achieved by the fulicells with 0.1IMEDTA additive whiledisplaying enhanced
performance for at least 51 cycles (41®) with discharge voltages at around 1.2%.
However, the discharge voltage starts to decrease from the ®B2cycle (after 420h) to
around 0.95V, which has a similar value to the cells without EDTA. Nevertheless, the
discharge voltage of the subsequent cycles partially recovers to \2for a limited time,
and eventually the positive influence of the EDTA additive was almost completely lost for

the remaining cycles.
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Figure 5.12: Full—ell galvanostatic cycling of Zn under 0.5nA cm=2for 4 h per step in 2MNacCl
pH 10 in absence (black curve) and presence (red curve) of 0.1BDTA.

All'in all, the fullcell experiments demonstrate the feasibility of cycling of Zn in 2NNaCl
pH value of 10 with and without 0.1M EDTA additive. Moreover, the cycling of Zn in the
electrolyte containing 0.1MEDTA shows a better performance in terms of the higher
discharge voltage, higher power output and discharge energies. However, further
investigations are needed in order to achieve better regeneration of active EDTA, which
would result in longer full—cell cycling with enhanced discharge and lower charging
voltages. In compariso to other Zn-air batteries with near—neutral electrolytes which

are mostly based on NECI electrolyte476,78,80] for their high buffering capabilities, this
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study also provides a possible alternative electrolyte as Nadlased solutions with
additives that prevent passive film formation and also help to stabilize the pH while
providing higher discharge voltages. The ability of EDTA to diminish or hinder the
formation of passive films could be further extended to other anode materials which
suffer from similar constrains in nearneutral electrolytes, while the only limitation is the

ability of the EDTA to complex such materials.

5.4. Summary and Remarks

As revealed by the OCP, potentiodynamic polarization, and hatkll discharge
experiments, the electrochemical activity of Zn electrodes is enhanced in presence of
EDTA at pHvalue of10. The potential is increased at least 15MmV at OCP conditions and
200mV up to 1mAcm=2 anodic current densities The reason behind the potential
enhancement is attributed to the inhibition ofa passive film, which is normally formed
upon immersion of the Zn inthe chloride-based electrolyte. Furthermore, thezn2* ion is
most likely chelated by the EDTA right after its formation, while the EDTA also increases

the pHvalue stability in comparison to the neat electrolyte

The LSM measurements gave further support to the existence of a passive fdmthe Zn
electrode immersed in the neat electrolyte, whereas the Zn surface presented no
observable deposits in presence of EDTAhe XRD diffractograms indicate the presence
of Simonkolleite on the electrode surface and in the precipitates formed upon discharge
while only Zn peaks could be recognized for the Zn samples immersed in EDTA. However,
according to the theoretical reactiors of Zn, Zn(OH} and ZnOshould be presentafter
discharge in the neat electrolytebut not all of them could be identified by XRD. Further
measurements by SEM/EDS-with more localized detection—suggestedthe presence of
Simonkolleite, ZnCand Zn(OH} in the samples discharged in the neat 2NMaCl, while only

Zn with minor traces of O and C could be found

The study was extended to fullcell discharge experiments, depicting better
electrochemical performance in presence of EDTA with remarkable higher specific
energies than in the neat electrolyte (45% higher). The latter increase is due to the higher
discharge voltages with the 0.1MEDTA (1.15-1.2V vs. less than 0.¥) and longer
discharge whereas the enhanced voltages were eventually lost probably due to depletion
of the EDTA in the electrolyte The XRD diffractograms of the samplegostzmortem

showed the presence of Simonkolleite for the electrolyte without additive, while some

97



peaks of ZnO could be identified for the solution with EDTAcurther possible benefits of
the EDTA on the electrochemical behavior of Zn were tested by fuiell cycling
experiments. The results showhigher discharge voltagesf the Zn in presence of EDTA
but also initial higher charge voltages, which continuously decreased similar voltages
as for the Zn cycled in the neat electrolyteThe cycling experiments irpresence of EDTA
lost the enhanced discharge vo#iges after52 cyclesand 420h eventually leading to cell

failure.

The chelating effects of EDTA were effectively observed for battery applications, but
further improvements regarding to longer discharge times with enhanced voltages and
better cyclability of the Zn electrodesis needed Possible candidates for this task could
belong to the aminopolycarboxylates, polycarboxylic acid or other inorganic acidsith

similar or better pH buffering and chelatingabilities.
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Chapter 6: Conclusion

Looking for energy storage alternatives, this thesis aimed tiind possible applications for
alkaline Stair batteries under the current status of development whereasanode and

electrolyte modification of Zn-air batteries was done to improve their performance.

A feasible application of an alkalineand non-aqueous Siair battery with a mounted
circuit on the backside of the anodénas been demonstrated, showing the possible usage
of such Stair batteries for low—power consumption devices. With theexisting cell casing
design, seldestructing devicesare feasiblewith the incorporation of circuits on the back
side of the anode Under the current conditions, the alkaline Sair battery could deliver
up to 160 pA at 1.1V for over220 h, whereas the noraqueous could deliverl25-350 pA
at 0.6-1V for over 1982 h. Both battery types couldpower an LED until complete
depletion of the Si anodeand destruction of the circuit The estimated specific capacity
according to the mass loss of the anode was arouB8.881 ! E for the alkaline battery
and 1072.431 ! E for the non-aqueous battery. The tests showed the complete
dissolution of Si anode insulating grown SiQ, and the silicon die of the decapped
EEPROM.Further improvement on the electrochemical characteristics of the Sin
5M KOHcould be achieved by alloying it with Al The galvanostatic discharge experiments
with the SF5%AI alloys in 5M KOHrevealed a maximum attainable current density of
0.25mA cm=2, whereas the anode mass conversion could not be significantly increased in

comparison to the Sk100> As—doped samples.

The approach ofanode alloying to improve the electrochemical characteristics was
implemented to Zn-10Al anode alloys in neutral 2M NaCl electrolyte (pH 7), since Al
presents a more negative standard electrode potential than Zninitial half—cell
experiments (CV and galvanostatic dischargefjevealed no enhancementf the Zn-alloy
anode in comparison to the pure Zrlectrode. The discharge potentials of Zn and Z4.0Al
were around —1.05Vagiagcl under several current densities between 0.41 mA cn2,
whilst the Al electrode displayed discharge potentials around-0.75 Vagiagcr under the
same anodic currentsThe observed discharge potentials inttated discharge via pitting
mechanism for all the tested sampled.SM and AFM analysis of the samples before and
after the discharge displayed the higher selective consumption of the Znch areas, whilst
the Alich areas were almost unaffected. Analysis byagbtentiodynamic polarization

experiments showed a more negative corrosion potential than the corresponding open
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circuit potential for each sample (Zn, Zr10Al and Al). The initial cathodic potential
applied during the potentiodynamic polariza
al kal i z atlocallygroduced©OH ors able to remove the oxide layer formedn

the Zn and Al upon immersion in the Na€based electrolyte.By applyinga 1h cathodic

polarization pulse and followed by a galvanostatic discharge under several currents, the
enhanced potentials of the Zr10AI alloy electrode could be observed and qudified. A

maximum duration of 130 min enhanced potential starting at —1.4vagagc! until the

intersection with the potential of pure Zn was observed for current densities of JAA i,

whilst the effect was practically lost when ImA cm~2 anodic currents were applied.

As the cathodic activation method is nottcompletely practical for the operation of a
battery, a different strategy to activate the surface of the Zn was attempted by using the
chelating additive EDTAThe detailed electrochemical characterization of Zn electrodes

in 2M NaCl pH10 with and without 0.1M EDTA revealed the advantages of employing
EDTA as an additive within the electrolyte. The discharge potentials observed in kaiéll
experiments were increased by around 20@nV under 0.:1 mAcm2 in presence of
EDTA. LSM analysis of the surface revealed a more homogeneous consumption of the Zn
electrodes discharged in presence of EDTA, whilst the neat electrolyte induced the
formation of a passive film. A more comprehensive analysis of the Zn samples after
discharge in the neat electrolyte by XRD and SEM revealed the presence of a film
composed of Simonkdeite, ZnO and Zn(OH), whereas the Zn electrodes discharged in
presence of EDTA were free of any film and presented only traces of ZnO and adsorbed C.
Hereby is pragposed that the EDTA complexes with the Zn and forms soluble compounds,
preventing the formation of a passive film. The study was extended to fuitell
experiments and showed a significant increase of 45% in the practical specific energy in
presence of EDTA (up to 842.F EE C ) due to the higher discharge voltages. The
cyclability of the Zn in the 2MNaCl pH10 with and without 0.1MEDTA was evaluated,
displaying higher discharge voltages but also initial higher charging overvoltages. A total
of 51 cycles with discharge voltages of 1.18 and charging voltages of 1.6¥ over 416h
could be achieved. Future experimenting with similar chelating and buffering additives

may further improve the discharge and cyclability of Zn in near neutral electrolytes.

Further progresson alkaline Siair batteries could beachievedby the employment of St
alloys, including elements like Al or In, which euld modify characteristics such as the

passivation or corrosion of the Si in KOH. The development of new types of electrolytes
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capable to discharge the Si could ban alternative, as well as electrolyte additives to
improve the performance of Skair batteries. Similarly, chelating agents seem to be a good
alternative to improve the performance of ZABs, but further characterizatioand studies
are needed. The application of chelating agents as electrolyte additives or even as main
component of the electrolyte for ZABs and other MABs is still a promising research field
and needs further research to better understand the mechanisms band the

improvements observed.
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Figure 4.5: Cyclic voltammograms of pure Al and Zn, and ZfhOAIl alloy electrodes in
2M NacCl at pH value of 7. The scan was initiated toward anodic potentials as shown with
the arrows. The scanrate Was | 60 P...ccccoeeeceeiieeceiiceeeeeee e ceemeemeeee e B0
Figure 4.6: Galvanostatic discharge (or stripping) experiments of (a) pure Al, (b) pure Zn,
and (c) Zn-10Al alloy electrodes. The discharge current densities were 0.1, 0.25, 0.5, and
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Figure 4.7: Laser scanning micrographs of ZALOAI alloy electrodes: (a) 2D image of the
surface prior to galvanostatic discharge, (b) 3D image of the same area shown in (a), (c)
2D image of the same area afterI3 of galvanostatic discharge with ITnAcm=2in 2M NaCl

electrolyte with pH 7, (d) 3D image of the same area shown in (C)..............ceeevvvveeee. 63
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Figure 4.8: Atomic force microscopy images of agast Zr-10Al alloy electrodes. (a) The
surface topography, (b) Lateral force, (c) conductiveAFM (c-AFM). All the images were
recorded simultaneously. In (b), the green highlighted edges of the quadratic area indicate
the previous scan. In all the images, as a guide to the eye dashed lines are shown
corresponding to part of the halo structure separating the large Afich grain from the
eutectic lamellas and iSIanNdS...........cooooe oo ieeeeeeee e eeeeeeeee. .00
Figure 4.9: Potentiodynamic polarization curves of pure Al and Zn, and Z40Al alloy
electrodes in 2MNaCl solutions with pH7. The scans for each electrode were initiated at
cathodic potentials toward the anodic direction with a scan rate of mVs?................ 66.
Figure 4.10: Galvanostatic discharge (stripping) experiments of pure Al and Zn, and Zn
10Al alloy electrodes: (a) Potentiakime profile of electrodes under 1mA cm=2 current
density over 24h, (b) Potential response upon initiation of the discharge with InA cm2,
(c) PotentiaHtime profile of electrodes under 0.05mA cm=2 current density over 24 h, (d)
Potential response upon initiation of the discharge with 0.05nA cm=2. Initial 60 min of
(a,c) correspond t o t hegagpwhiclkwas applisditamactivate pul s e
the Al CONSHIIUBNTS......cceeeiiiii et eccceeeis e e e et s ereeeeee e s e eera e e e e s emmnnmmmmeesenneeeeeeessnnnnaOD
Figure 4.11: The time period analysis of the potential differences between Zn and Zn
10Al alloy electrodes during galvanostatic discharge experiments (séggure 4.10 under
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Figure 5.1: a) Molecular formula of EDTA, b) 2D and c) 3D general structure of EDTA
Metal complex (atom colors: black=carbon, white=hydrogen, red=oxygen, blue=nitrogen,
and Pale BIUE=ZINC) ... oo e e e e eeeeeemmmr e e e enen LoD
Figure 5.2: OCP profiles of Zn (black circles), Z40Al (red circles), and Al (blue circles)
in 2M NaCl at a) pH7 without EDTA, b) pH7 with EDTA, c) pHLO without EDTA and d)

Figure 5.3: OCP profiles of Zn in 2NNaCl at pHLO0 in absence (black curve) and presence
Of 0.1M EDTA (€0 CUINVE)......ciiiiiiiiiiiiiiiiimmmmcccce e eeeeetittese s immmmmmmme e eeeeeessnsessmmmmmmmmeeeeeesess D00

Figure 5.4: Potentiodynamic polarization of Zn in 2M NaCl at pHLO in absence (black
curve) and presence of 0.M EDTA (red curve) with a scanrate afi 60 p............. 81
Figure 5.5: Galvanostatic hakcell discharge of Zn in 2MNaCl at pH10 under 0.1, 0.25,
0.5 and ImAcm=2in a) absence of EDTA and in b) presence of 0. BIDTA. The abscissa
in (b) illustrates the average discharge potential of the Zn electrodes in the neat

electrolyte (obtained from (2)).......ccoevuiiiiiiiii e cerimeer e rereemer e e O
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Figure 5.6: Laser scanning microscopy images of Zn discharged in 284Cl pH10 in
absence (a, b) and presence of EDTA (c, d) afteh {a, c) and 24 (b, d) with 1 mA cm=2.
Yellow/orange areas in (b) represent the passive layer formed after 2B of discharge in
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Figure 5.7: a) XRD patterns of Zn discharged in 2MaCl at pHLO with and without EDTA
under 1 mA cm=2 after 24 h, b) enlarged region of the peaks between 10 and 15° and c)
enlarged region of the peaks between 27 and 37°...........cocoviiiiicceeeeemeeeeviii e e ieeeeeaa88
Figure 5.8: SEM images (a, b) and EDX maps (c, d) of Zn discharged foh24 1 mA cm2

in 2M NaCl pH10 without (a, ¢) and with 0.1M EDTA (b, d). The weight distribution of the
EDX maps is provided below the figure.............ccooooiiiimceiiiie e .90
Figure 5.9: Schematic representation of the complexation process and possible
differences on Zn surfaces that are in contact with the neat NaCl and NaCI+EDTA
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Figure 5.10: Full-cell galvanostatic discharge profiles of Zn in 2NMaCl at pH10 in

absence (black curves) and presence (red curves) of 0.18DTA under a) 0.25mA cm2,
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Figure 5.11: XRD pattern of Zn samples discharged in fultells under ImAcm=2 in
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Appendix
1. Standard Electrode Potential

Table Az1: Standard electrode potentials at 25°CReproduced after McCafferty20].
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2. Polarization Principles and Analysis of Potentiodynamic Polarization Curves

In order to understand the basics of the electrode reaction kinetics, a detailed explanation
of the physicochemical changes of the electrode is attained by decomposing the PoP
shown in Figure 2.1c. The electrodes with a different potential than its OCP are then in a
“polarized” state. The working electrode (WE) in a halcell can become negatively
charged upon supply of electrons from an external source, resulting in a cathodic
polarization of the WE. The excess of electromsomotesthe cathodic reactions of the WE,
which can resultin water reduction and hydrogen evolution for aqueous electrolytes.
Also, reducible species present in the electrolyte can be redeposited (plating in hatfell
terminology), as in the case of Zn€dissolved in nearneutral electrolytes for example.
Since the counter electrode (CE) usually consist of a nereactive metal, water oxidation,
oxygen evolution andor other oxidation reactions may occur at the counter electrode.
Inversely, when electrons are removed from the working electrode by an external load,
the oxidation of the WE is promoted (stripping in halcell terminology) and the electrode

is under anodicpolarization. Additionally, the electrons provided at the counter electrode
can promote reduction reactions, such as water reductig hydrogen evolution and
plating of reducible soluble species present in the electrolyte. The latter can be also

originated from the oxidized species of the working electrode.

In the practical situation when the potential is initially shifted from the OCP to more
cathodic potentials, a current response with negative value coming from the cathodic
electrochemical reactions at the working electrode surface is measured by the
potentiostat, as seen irFigure 2.1c. Following the scan direction toward more negative
potentials, the current eventually becomes zero and may have a similar value to the OCP.
Since the PoP technigue constantly changes the potential, the zero net current condition
may arise from a differentequilibrium than the observed under OCP conditions and the
term corrosion potential (Eo) is employed. After the k& is reached and the potential
continues in the more anodic direction, the current response with positive values coming
from the anodic reactions at the working electrodes may start increasing again.
Additionally, the total current measured by the potentiosat (represented as i) requires a
correction to current density (j) and it is done by dividing the total current by the working

electrode area (typically with units of mAcm=2).
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During the change in the electrode potential, mainly three different types of polarization
can be differentiated[20]:

1. Activation polarization, characterized as a slow electrode reaction, meaning that
electrons flow in or out of the electrode faster than they can react. Under cathodic
polarization, the electrons accumulate at the surface of the electrode turning it
more negative. If the electrons leave the metal matrix faster than the reacting
atoms leave the matrix, the electrode surface becomes more positive and anodic
polarized.

2. Concentration polarization, which occurs when the reactants or products change
its concentration near to the electrode surface and the presence of such ions
contributes to the overall polarization.

3. Ohmic polarization, caused by current/resistance (IR) drops in solution or across
surface films, such as oxides or salts at the WE surface. The reason for an IR drop
can be attributed to low conductivity of the electrolyte or misplacement of the
reference electrode, which in such case should be placed as close as possible for
electrolytes with low conductivity. Moreover, the ohmic polarization caused by the
presence of a film in a system may be of interest in the characterization of

electrode/film/electroly te interfaces.

As proposed by the mixed electrode potential of Wagner and Trayd33] and the Tafel
analysis[20], the cathodic and anodic reactions simultaneously contribute to the overall
current measured during the PoP. The discrete contributions of each reaction are easier
to distinguish during the activation polarization, where the influence of other effects (sth

as the concentration or ohmic polarization) is reduced. The so called Tafel extrapolation
(or Tafel analysis) can be applied in the potential region where the agtition polarization
takes place which also shows some linearity at around £5énV of the GCP. To facilitate
the Tafel analysis, the polarization curve is rearranged as the logarithm of absolute
current density versus the working electrode potential { 1980 &4, as seen inFigure
2.1d. In this new arrangement, the currents located at cathodic potentials of theo E
correspond to the branch of the cathodic reactions and vice versa. Moreoveéigure 2.1d
shows the Tafel extrapolation (linear region for each reaction), and the respective
contributions to the global polarization curve become more evident. Technically
speaking, the anodic reactions also take place along the cathodic side of the polarization

(cathodic branch), but its contribution is meaningless in comparison as the current
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densities logarithmically decrease. The same analogy applies for the anodic branch, where
the cathodic reactions still occur but in a trivial degree. The intersection of the cathodic
and anodic branches extrapolation assists in the estimation of the corrms current

density (jo) for corroding metals.

The mathematical description of theFigure 2.1d is given by the Tafel equation for non
corroding metals (derived after the ButleVolmer equation)[20], and is as follows:

1 & Azl
CoH4a

I TECT TEC % %
where j is the current density, § is the corrosion current density E is the applied potential,
Eo is the corrosion potential,) is the degree of symmetry of the free energy barrier
resulting from E, n is the number of el ectro
constant (96,485.4C), R is the gas constant and T is the temperature. The termand b
for non—corroding metals in EquationA-1 can be substituted by dor and Eor for

corroding metals. The EquatiomlA-1can be rewritten for the anodic reactions as

- . . E
s Alix Az2
E
where s is the anodic overpotential% %, andA is defined as
A A% cdmd4 Az3
Al TEC 1T &
whereas the extrapolation for the cathodic reactions can bexpressed as
O
s Ali= Az4
E
where s is the cathodic overpotential% %, andA is described as
A A % CO NP4 AZ5

Al 166 p 11 &
Software such as E@.ab from Biologic™ already possess tools assisting the user to

manually and visually fit the Tafel plot, making the extraction of the electrochemical data

user—friendly and faster[176].
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3. Pourbaix Diagrams

As described in the working principle of a metalair battery (Figure 1.1), metal ions
constantly dissolve into the electrolyte under discharge (or spontaneous corrosion)
conditions and modify the equilibrium state of the system. In addition, the reaction

products of the halfcell reactionsmay change the local or bulk pialue.

Assuming only the influence of the increase in the concentration of the metal iorlSgure
A-1 shows the Pourbaix diagrams of Si, Zn and Al with a concentration of 2,

reproduced after[135,136]. The first noticeable remark inFigure A-1lais the transition

of the regionwith( 3 E/ to3 E/ , which is a passive compoundrigure A-1b depicts

a smaller area in the acidic pH for the T , whereas the passive 1 / substitutes the
soluble: 1/ ( o011 ( and: 1/ ( . In the case of AlRigure A-1c), the
domainof! T and! 1/ ( is shrunk and the passivé | /  region grows.
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Figure Azl: Pourbaix diagram of a) zinc andb) aluminum with a concentration of 102M.
Reproduced after[134-136].

The change in the concentration of the metal also has an impact on the standard electrode
potential as defined by theNernst equation, and by the comparison of the transition lines

of the immunity/corrosion/passivation in Figure 4.2 and Figure A-1.
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4. Electrochemical Evaluation of Si zAl alloys as anode materials for Si zair
batteries in 5M KOH

Figure A-2 shows the binary phase diagram of silicon and aluminumThe Si+Al alloy
present a single eutectic point at around 12.6%Al/87.4%Si and 577°&M-Si, S+1%Al, and
SH5%AI samples were produced by arc melting.
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Figure Az2: Phase diagram of ISAl alloys.Reconstructed from Murray et. al[177].

Table A2 presents the results of weight loss experiments and the equivalent corrosion
rate for SHAI alloys. The values for Si <100> Adoped are added for comparison. The
RM-Si presents a 36% higheweight loss and corrosion rates, whereas the S1%Al and
SH5%AI shows a 71% and 143% higher weight loss and corrosion rates, respectively. The
samples, howeverpresented some cracks and pores por to the experiment due to the
arc melting method employed. Such imperfectios could partially explain the higher

corrosion observed for the RMSi and also for the SiAl alloys.

Table Az2: Weight lossresults and equivalent corrosion rate for Si <100> Asdoped wafer, RM-Si, St
1%Al, andSH5%AI after 24 h of immersion in 5SMKOH.

Alloy Weight LossRate Corrosion Rate
/I CAAWAI /A E
Si <100> Asdoped 8.22+0.45 1.47+0.81
RM-Si 11.20+1.12 4.59+0.46
SH1%AI 14.07+£2.93 5.77£1.20
SH5%AI 20.05£1.70 8.22+0.69

The electrochemical evaluationof SiAIl alloys in 5M KOH are presented inFigure A-3.
The halfcell cyclic voltammetry (CV) of the SiAl alloys in KOHreveal possible higher
anodic current densities with increasing content of Al of up to A cm=2 without

apparent passivation, as observed for Sbwt.%Al (blue curve) of Figure A-3a. In
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comparison, the remelted Si (RMSi) displays the typical CV profile as the Si As(100)
wafers(black curve ofthe inset ofFigure A-3a), while the Si-1wt.%Al can slightly increase
the maximum current densities from 0.09 to 0.4MmAcm=2 [41,48]. The discharge
behavior of the S+Al alloys was also characterized by fulcell discharge, showing stable
voltages at around 1.0 to 1.%/ for the three alloys up to 10QuAcm=2 (Figure A-3b-d).
However, only the Sibwt.%Al alloy could be discharged under 25@A cm~2 delivering up
to 1.18V, as shown irFigure A-3d.
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Figure Az3: Electrochemical evaluation of SiAl alloys by a) cyclic voltammetry of RM-Si (black
curve), SH1wt.%Al (red curve), and Si5wt.%Al in 5M KOH, and discharge profiles of b) RMbI,
c) SHIwt.%Al, and d) Sibwt.%Al in 5M KOH under several current densities.

The previous set of experiments partially reveal the effect of the mixed potential theory
as only higher anodic current densities were observed but the potential/voltage showed
no significant increase, which can be attributed to the relatively low conterdf Al. Further
evaluation of the corrosion mass and anode mass conversig¢hased on the Si only)s
presented in Figure A-4. Figure A-4areveals corrosion masses of the RMBI in the range
of 7.5 to 12.5 mg, similar to thevalues observed for St1%Al in Figure A-4b. The Si5%Al
samples displayed the highest corrosion masses in the range of 17.5 to 2m§ (Figure
A-4c). In general, all the anode mass conversion was under 3% for RM, below 1.5% for
the SH1L%AI, and under 2.25% for the S5%AIl (Figure A-4a-c). The relatively high
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corrosion masses and low anode mass conversion can be partially attributed to the low
quality of the samples due to the preparation method by arc melting, similar as the weight
loss and corrosion rates presented inTable A-2. An imperfectionfree sample could

possibly increase the anode mass conversion and reduce the corrosion currently

observed for S+AI alloys.
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Figure Az4: Corrosion mass and anode mass conversion @f RM-Si, b) S-1wt.%Al, and c) Si-
5wt.%Al after dischargeunder several current densitiesin 5M KOH
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5. Cover Feature: Improved Electrochemical Performance of Zinc Anodes by
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12/2021 WILEY-VCH
Figure Az5: The Cover Feature illustrates how
corrupting the “place of power ", whi ch o

city. Hydra'"s heads are representi ng -pd0e@

films by blocking the purple Zn2+ ions at the surface. The presence of EDTA, on the other he
prevents the formation of such passivating films due to its remarkable Zn2ehelation ability

and directly leads to improved electrochemical performance ahe Zn electrodes in resource
efficient Zn-air batteries [159].
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6. Visualization of solvation, complexation, and precipitation

In essentially any oxidation process of a metal in aqueous media, the formation of complex
molecules is consequence as the oxidized metal losses its outermost shell electrons and
becomes positively charged. The positive sites of the metal cation are thexpesed and
prone to further interactions with the aqueous electrolyte, which can result in its
solvation, complexing,or precipitation. The term solvation refers to the interaction of a
solvent with a dissolved specie and applies to any solvent, while hyation is specifically
applied for water—solute interactions. Taking the water molecule as an example, the
oxygen atom has a larger electronegativity than the hydrogen atoms, meaning that the O
atom “pull s” the el ectrons o énonterdoe thelk isaat o ms .
resulting partial negative charge localized around the oxygen atom commonly
represented as) , while the hydrogen atoms become partially positive chargediénoted
as) ) [115]. Additionally, the negative partial charges of the water are attracted to
positively charged species and vice versa, which results in the solvation of the solute due
to the interaction of the charges. The solvation effect becomes stronger for moleculegtwi
larger differences on the partial charges, while a more homogeneous distribution of the

partial charges within a molecule result on poorer solvents.

Figure A6 shows a simplified visualization of the oxidation and solvation or reaction of
the resulting metal cation under different pH conditionsFigure A-6a shows the metal in
the basal state with the outermost shell of electrons filled, which after oxidation and
release of the electrons becomes positively chargedrigure A-6b). The metal cation can
then undergo different reactions depending on the pH conditions of the aqueous
electrolyte. The high abundance of Hions (red spheresin Figure A-6c) at low pH
conditions has a deficit of electrons and keeps the metal cations solvated, whereas the
excess OHions (blue/red spheresin Figure A-6e) also solvate the positive metal ion and
negatively charge themetal in alkaline environments Nevertheless, if the conditions of
the electrolyte are close to neutrality, the charge contribution of Hor OH- ions is
counterbalanced and the formation of solid species without charge is likely to occur, as

depicted by the formation of a metal oxide irfFigure A-6d.
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Figure Az6: Visualization of the solvation of an oxidized metal under different pH conditions
where a) is the basal state of the metal, b) the oxidized metal without the electrons of tt
outermost orbital shell, ¢) the metal cation solvated by Hons (red spheres) in acidic media, d)
the metal ion sharing the electrons of the oxygen (blue sphere) resulting in a solid specie
neutral media and e) the metal ion solvated by OHions (blue/red spheres) in alkaline
conditions. See text for an extended explanation.

The previous description can be applied to several Pourbaix diagrams of anoeigpe
metals under the condition of low concentration of the metal cation in a watebased
media[121]. However, other conditions may affect the formation of insoluble/uncharged
species, such as the concentration of the metal cation, effects of the metal cation over the
pH, electrolyte composition, temperature, additives in the solution, etd.he production of

the solid, complex, or solvated species is described by tHermation constants or

equilibrium constantsKn, according to the following equations:

-8
- 8 uwu - 8 + _— A6
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-8 AzZ7
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where M is the metal ion, X is the complexing agent, IMiX the resulting complex molecule
and Ks is the stepwise formation constants derived from the relation of the products over
the reactants. The magnitude of Kindicates the stability of the product of the reaction
also indicating the formation likeliness of such molecule. A way to interfere with the

formation of unwi shed” products is by intro

metal ions solvated.
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7. Chelating Agents and pH Buffering additives : Structure and Properties

Different organic and inorganic molecules can be employed to stabilize the pH and/or
complex with metal ions.Figure A-7 presents the structure of amingolycarboxylic acids

which present amino and carboxylic ligands.

d) o)
</
o N
4 O
HO /Ho%o

Figure Az7: Group of aminopolycarboylic acid: a) glycine (Gly), b) iminodiacetic acid (IDA), c
nitrilotriacetic , acid (NTA), d) diethylenetriaminepentaacetic aciqDTPA).

Figure A-8 present the structure of the polycarboxylic acids, which only present COOH

groups.

a) HO OH b) O
Hc>_2_<\ m
o
OH
(0] OH OH
Figure Az8: Group ofpolycarboxylic acids a) citric acid (CA), and b) tartaric acid (TA).

Figure A-9 displays the structure ofsomebuffering additives.

oH b) o)
| w \\{’”
- /B\OH O/ e N \O

Figure Az9: Buffering additives: a) boric acid (BA), and b) MNcyclohexy3—amino—
propanesulfonic acid (CAPS).

a)

Table A-3 summarizes the pk—valuesand buffer rangeof some complexing agents and

pH buffering additives.The buffer range was estimated base on pKl1 [115].
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Table Az3: pKs—values and bufferrange of some selected complexing agents and pH bufferir
additives

pKa—values Buffer range Ref.
Gly 24 9.80 8.8-10.8 [178]
IDA 2.6 9.90 8.9-10.9 [179]
NTA 1.8 2.50 9.60 8.6-10.6 [180]
EDTA 0.0 1.50 2.00 2.69 6.13 10.37 9.37-11.37 [115]
DTPA 1.8 2.60 4.40 8.8 10.40 7.811.4 [181]
TA 2.9 4.30 1.95.3 [182]
CA 3.1 4.80 6.40 2.1-74 [115]
BA 9.2 12.74 8.2-10.2 [115]
CAPS 10.50 9.5-11.5 [115]

The fractional compositiondiagramsof the complexing agents and pH buffering additives
listed in Table A-3 are presented in Figure A-10, Figure A-11, and Figure A-12. The
species with the most positive charge representhe fully protonated complexing agent
(with all its H atoms), the intermediate species lose stepwise one*Hon as the pH
increasesbecoming more negative and the more negative specie representshe fully

dissociated/deprotonated molecule.
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Figure Az10: Fractional composition of dissociated species versus pH of polycarboxylic acid
a) TA, and b) CA. Reproduced aft§t60,183]
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Table A4 summarizesthe stability constants of complexation of several chelating agents
and metals. Taking the EDTA as an example, it shows relative high stability formation
constants with all the displayed metals, making it a possible candidate as electrolyte
additive in metal—air batteries and the inhibition of certain passive species. Similarly,
iminodiacetic acid (IDA), glycine (Gly), nitrilotriacetic acid (NTA), diethylenetriamine-
pentaacetic acid (DTPA) and citric acid (CA) display promising values ferg. Al and Zn.

Table Az4: Stability constants of complexation of several chelating agents and metals.
Summarized from[185-187].

Metal

Complexing agent

Gly IDA NTA EDTA DTPA TA CA
Al3+ 4.94 8.16 9.50 16.13 18.40 1.18 7.98
Cat N/A 2.59 6.41 10.96 10.74 1.95 3.45
Cw* 8.12 10.63 12.96 18.80 21.53 2.5 3.61
Fex* 4.13 5.80 8.84 14.33 16.55 2.24 4.8
Fes* 6.34 10.42 15.87 25.10 28.05 N/A N/A
In3+ N/A 9.54 16.90 24.95 29.00 N/A N/A
Mg?* 1.34 2.94 5.46 8.69 9.30 1.44 3.45
Mn2+ N/A N/A 7.44 14.04 15.60 2.49 N/A
Mns3+ N/A N/A 20.9 24.80 32.6 N/A N/A
Nat 0.00 0.4 2.15 1.66 2.00 0.50 0.71
Niz+ 5.78 8.90 11.54 18.62 19.40 2.60 5.17
Sre* N/A N/A N/A 18.30 N/A N/A N/A
Tis+ N/A N/A N/A 17.30 N/A N/A N/A
Zre* 4.96 7.27 10.66 16.50 18.75 2.66 4.76

Figure A-13 presents the specie predominance of Zn and Al depending on their respective
concentrations versus pH assuming a 2K and the specie formation of Zn and Al
depending on their respective concentrations versus the EDTA concentration at pH
(black lines) and pH10 (red lines). The diagrams were created using the Make
Equilibrium Diagrams Using Sophisticated Algorithms (MEDUSA) softwaf&60] .

Figure A-13a,b are in partial agreement with the explanation ofFigure A-6, since soluble
species are present almost independent of the Zn and Al concentration at extreme acidic
and alkaline pH but specially at low pH values for the Zn. Contrariwise, very insoluble
species tend to form in the nearneutral pH range (pH5 to 10) for both metals, denoted
with the subindex (s) for solid species. In the case of Zn, Zn(QH)Zrs(OH)sCk
(Simonkolleite) and ZnO at saturation points of Zn concentrations as low as P,
whereas the solubility limits for Al are lower at 108M resulting in AI(OH). Figure A-13a,b
also show some correlation with the Pourbaix diagrams dfigure 4.2b,c andFigure A-
1b,c but differ in the elements considered for its construction. Namely, the Pourbaix
considers only Zr-H20 and AHH20 while the MEDUSA diagram can include Zd20-Cl
and AHH2O-CI. The latter can better assist in the estimation of possible reaction products

of Zn in the nearneutral chloride—based electrolytes. In contrastFigure A-13c,d display
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a significant solubility increase in presence of EDTA for both Zn and Al, resulting in
Zn(EDTA¥-and AI(EDTA)OH-at pH7 and 10. Of the pH is increased from 7 to 10, there
is a remarkable increase on the amount of fully dissociated EDTA more capable for
complexation, as seen irFigure A-11d. A further possible advantage upon addition of
EDTA would be the inhibition of Simonkolleite and chloridecompounds formation,
which otherwise consume the chloridebased electrolyte. Yet, the formation of the soluble
Zn—-EDTA and AHEDTA complex could tak advantage of the higher potentials displayed
at higher pH values Figure 4.2b,c and Figure A-lb,c). In accordance, higher
concentrations of EDTA can complex with more Zn and Al, preventing the formation of

insoluble species, as observed iRigure A-13c,d.
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Figure Az13: Species predominance of a) Zn and b) Al concentration versus pH assuming
2M CF concentration. ¢) Zn and d) Al concentration versus EDTA concentration assumil
2M Ctat pH7 (black lines) and pH10 (red lines).
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8. Supporting information of the Chapter 5

Table Az5 Comparison ofelectrochemical parameters obtained from potentiodynamic polarization with initial scan potential more negative
than the water redWsgd) on potential (-1.37

NaCl Electrode

. Initial scan potential Ecorr . T Scan rate OCP time
Material (Vagingo) (Vagingo) conc?’\r;lt)ranon pH ©C) (mVIs) (ilrr‘ﬁ?) (min)s Counter electrode Autor

Zn, 4N -1.6 -1.242 2.00 7 25 5 1.32 5 Pt Durmus [132]
Zn, 99.97% pure -1.7 -1.143 0.60 - 25 1 1 60 Graphite flake Yang[188]
E‘:;fn e sheets ~1.585% ~1.285% 0.60 . 25 1 2 36.6 Pt plate Hao[172]
Zinc Plating -1.465* -1.22* 0.60 7 28 5 1 15 Pt Yan[189]
Pure Zn -1.965* -1.263* 0.60 7 RT 5 1 600 Pt grid Bae[190]
Zn -1.965* -1.3926* 0.10 - - 10 0.2 60 Pt Nady[191]

-1.965* -1.6878* 0.20 - - 10 0.2 60 Pt

-1.965* -1.675* 0.40 - - 10 0.2 60 Pt

-1.965* -1.6476* 0.50 - - 10 0.2 60 Pt
Zn -1.465* -1.285* 0.60 - 30 - - 0.6 Pt wire Hamid [192]
Zn coating -1.61* -1.267* 0.60 - RT 1 0.25 60 Ptplate Li[193]
Galvanized Zn -1.765* -1.255* 0.51 - - 2 0.785 - Pt plate Unal[194]
Galvanized Zn, B B ) Dutra [195]
Cyclicvoltammetry 15 1.33 0.60 8.2 25 333 0 Pt
Zn -1.565* -1.265* 0.51 - - 2 1 0 Pt Souza[196]
Zn electroplated -1.485 -1.299 0.60 - - 10 0.40 - Pt Zhao[197]
Zn -1.565* -1.165* 0.60 5.4 - 1 2.25 10 Graphite Leidheiser[170]

aOCP time before starting the potentiodynamic polarization
* potentials corrected from SCE to Ag/AgCl
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Table Az6: Comparison of electrochemical parameters obtained from potentiodynamic polarization withitial scan potential more positive
than water reduction potential (=1.37 Vagagc).

Initial scan NaCl .
Material potential (VE“’" concentration pH o-[: Scac /rate Electrodze area ocp t'Te (IDOL:ntzr Autor
(Vagingo) 'AgiAgC]) (M) (°C) (mVI/s) (cm2) (min) electrode

Galvanized Zn -1 -1 0.20 - - 1.00 0.01 360 Pt Andreatta [198]
Zn -1.05 -1.04 0.20 - - 1.00 0.01 0 Pt Andreatta [198]
Electr_odeposned Zn, 130 _1.975+ _1.025* 0.60 ) RT 1.00 1.00 ) Pt plate Hu [199]
pum thickness
Galvanized Zn -1.3 -0.82 0.60 - - 10.00 1.00 - Graphite Anwar [200]
Nano ' crystalline _1.953* ~1.053* 0.60 o5 ) 1.00 10 Pt wire Onkrappa[201]
electrodeposited Zn
Zn -1.015* -0.965* 0.10 6.5 20 1.00 - - Pt Shang[202]
Zn -1.115 -0.915 0.60 - - - 1.00 - Pt wire Punith Kumar [203]
Zn -1.319 -0.919 0.60 - - 1.00 0.78 - Pt H Lee[204]
Zn -1.215* -1.015* 0.60 - 20 0.20 1.00 - Pt plate Wang[205]
Deposited Zn -1.3 -1.072 0.10 - - 10.00 2.40 30 Pt rod Zhang[206]
Galvanized Zn -1.215* -1.011* 0.86 6.3 19 1.00 4.00 - Pt plate Bacharov[207]
Zn -1.165* -0.969* 0.62 - RT - - Graphite rod Daniyan[208]
Zn -1.3 -1 0.60 8.2 25 0.33 - Pt Dutra [195]
Zn, aerated solution -1.27 -0.97 0.60 8.2 25 0.33 - Pt Dutra [195]
Zn, deaerated solution -1.27 -1.17 0.60 8.2 25 0.33 - Pt Dutra [195]
Zn -1.265* -0.965* 0.50 - 30 0.33 0.28 - Graphite rod Abd-El-Naby[209]
Zn -1.265* -1.008* 0.60 - - - - - Pt Sherine[210]
Zn -1.015* -0.965* 0.10 - - 1.00 0.10 - Pt Simdes[211]
Zn -1.015* -1.015* 0.50 5 25 1.00 0.38 20 Pt sheet Mufoz[212]
Zn -1.015* -1.025* 0.50 - 30 0.08 0.79 240 Pt Aramaki [213]
Zn -1.015* -1.025* 0.50 - 30 0.08 0.79 240 Pt Aramaki [213]

aOCP time before starting the potentiodynamic polarization
* potentials corrected from SCE to Ag/AgCl
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Table Az7: Water solubility and physical characteristics of Zn and its reaction products it
chlorinated solutions

Volume expansion

. Specific -
Reaction product Water SOI_Ub”'ty Color volume2 after reaf:tlon of
mg Lt D metallic Zn
Cm3g 1

%
Metallic Zn - Blue silvery 0.140 -
Zns(OH)sChk-H20/ Simonkolleite Insoluble [214] White powder 0.303 216
ZnO 2.9[215] White powder 0.327 234
Zn(OH) 648 [216] White powder 0.178 127

acalculated as the inverse of the density

Figure A-14 shows the SEM images and EDX maps of Zn after 1 h of discharge raAl
cm~2in the prepared electrolytes. The SEM image irigure A-14a (no EDTA) shows two
different areas: 1) a cracked film on the surface 2) a relatively flat Zn surface. The EDX
phase maps inFigure A-14c (no EDTA) further confirms the existence of two different
regions: one Zn phase and one Zn/O phase. The SEM imadeigure A-14b (0.1MEDTA)
reveals a relative rough surface and the Zn grains from polishing cannot clearly be
distinguished, but no film or reaction products is observed. The EDX maps kigure A-

14d (0.1MEDTA) reveals a homogeneous detection of only Zn.
No EDTA

—— I

Znwt% Owt% Clwt% Znwt% Owt% Clwt% Cwt%
B o846 141 0.12 B %63 034 0.05 298

B 87 2060 0.53

Figure Az14: SEM images and EDX elemental map of Zn discharged for 1 haiA.cm2in 2M NaCl
pH 10 without and with 0.1M EDTA
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Figure A-15 shows the EDX mapping for each single element presentedkigure A-14.

No EDTA

Figure Az15: SEM and EDX map of Zn discharged fohlat 1mA cm2in 2M NaCl pH10 without
and with 0.IMEDTA.

Table Az8: Element weight percentage distribution of Zn corrosion products and elementa
analysis of Zn after 1h of discharge at InA cm2.

Zn wt% O wt% Cl wt% C wt%
ZnO 80.34 19.66
) Zn(OH)2 67.14 32.86
Theoretical
Z(OH)CL HoO: 60.33 26.58 13.09
(Simonkolleite)
Zn region (red) 98.46 1.41 0.12
2MNaCl Zn/O region (blue) 78.87 20.60 0.53
2M NaCl + 0.1IMEDTA Zn region (red) 96.63 0.34 0.05 2.98

aThe elemental weight distribution was calculated omitting the H, sincEDAX cannot detect H

148



Figure A-16 shows the EDX mapping for each single element presentedkigure 5.8c,d
of the main text.

i

Zn
100 um
—

gy

Figure Az16: SEM and EDX elemental map of Zn discharged forf24t 1mA cnrzin 2M NaCl pH10
without and with 0.1M EDTA.

The limitation of the full—cell setup was further studied by doubling the reservoir volume
from 20 to 40 mL. Figure A-17a shows an Open Circuit Voltage (OCV) of Zn in the neat
2M NaCl pH10 (black curve) at around 1.06V, then the voltage drops to 0.9¥ under
1 mA cnr2 anodic current. The cell voltage continues decreasing down to 0.%6 and
becomes irregular after 134h. The cell still reached over 450 of operation with voltages

oscillating between 0.88 and 0.3V. On the other hand, the OCV of Zn in the electrolyte
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with 0.1M EDTA (igure A-17a, red curve) is around 1.42/, whereas the cell voltage
drops to 1.06V under 1mA cm2 anodic current. The cell voltage slightly increases to
1.13V and it decreases after 285 to values around 1.07 to 0.8/, which are similar to
the discharge voltages of the cell discharged without EDTA. The cell voltage then oscillates
between values of 0.88 and 0.7¥, whereas the cell breaks after 41@. The total time of
operation was drastically increased by just doubling the reservoir of the cell. The XRD
analysis of the anode surface posterior to the dischargéFigure A-17b) reveals the
presence of Simonkolleite, while the sample discharge in 0.1EDTA shows no clear
traces of Simonkolleite, ZnO or Zn(OH)
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Figure Az17: a)Full—cell galvanostatic discharge profiles of Zn in 2MlaCl at pHLO in absence
(black curves) and presence (red curves) of 0.1 EDTA under ImA crmr2with a 40 mL reservoir
(blue curve corresponds to the experimental data with 20nL from Figure 5.10) and b) XRD
patterns after the discharge experiments.
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