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Improved Electrochemical Performance of Zinc Anodes by

EDTA in Near-Neutral Zinc—Air Batteries

Saul Said Montiel Guerrero,”® Yasin Emre Durmus,**® Krzysztof Dzieciol,”
Shibabrata Basak,” Hermann Tempel,”’ Stefan van Waasen,"” ¢ Hans Kungl,”’ and

Rudiger-A. Eichel™?

The influence of ethylenediaminetetraacetic acid (EDTA) electro-
lyte additive on the performance of Zn—air batteries with near-
neutral chloride-based electrolytes was examined for primary
and secondary batteries. The electrochemical measurements
indicated that Zn is not completely active in neat 2 M NaCl, but
still could be discharged up to 1 mAcm ™2 around —1.0 Vag/agcr-
The characterization of the Zn surfaces revealed the existence
of a passive film consisting of Simonkolleite, Zn(OH),, and/or
ZnO. The EDTA additive enhanced the discharge voltages by
200 mV to —1.2 Vpgagq indicating an active Zn surface. The

1. Introduction

In recent years, metal-air batteries have attracted much
attention as one important line of development towards
resource efficient, environmentally friendly, and high energy
density electrochemical storage systems.!™ Among various
possible chemistries, zinc-based metal—air batteries are the
most advanced for both primary and secondary applications.
Primary aqueous Zn—air batteries have already been available
since the 1930s and nowadays successful advancements can
commercially be found in low-power telecommunication and
medical applications. Secondary Zn—air batteries, however, are
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effect of EDTA is explained by its chelation abilities with Zn**
before formation of hydroxide or oxide species. The Zn—air cells
with EDTA were operated up to 930 h with specific energies up
to 840 Whkg, ™. The cells could also be cycled up to 70 cycles
while providing enhanced discharge voltages at 1.15V over
50 cycles. The positive effect of EDTA is dependent on the
amount of free EDTA molecules. Nevertheless, the Zn—air cells
showed better performance in terms of higher discharge
voltage, discharge energies, and lower overpotentials in pres-
ence of EDTA.

still facing challenges especially in alkaline electrolytes which
hinder their advances towards further development and
commercialization.””

Theoretically, Zn—air batteries have the potential to provide
specific energies of 1352 Whkg,,”' and energy densities of
9653 Whl,, . From the practical performance point of view,
primary Zn—air batteries can provide specific energies of 500-
700 Whkg,,™' when related to anode mass only.®¥' A compar-
ison to Li-ion batteries at a coin cell level also shows prominent
results for Zn—air batteries in terms of specific energies and
volumetric energy densities; 500 Whkgzcon™ and
1400 WhLyycor™' Vs, 350 Whkgiicer ' and 810 Whi "1
Secondary Zn—air batteries, however, suffer from several
challenges and thus, depending on the depth of discharge, can
only provide specific energies up to 500 Whkg,,™' with a cycle
life typically limited to several hundreds of cycles.”"® The main
challenges for limited performance can be attributed to the
nature of alkaline electrolyte in which air cathodes and Zn
anodes face issues such as inefficient electrocatalysts, unstable
carbon-based air electrode, CO, uptake from ambient air,
dendrite formation, corrosion and limited cyclability of Zn
anodes. Although Zn anode related obstacles may be reduced
to an extent by using corrosion inhibition additives or excess
amount of Zn etc., the obstacles remaining at the air cathode
also hinders the performance. The insoluble carbonate forma-
tion upon CO, uptake from the ambient air results in electrolyte
consumption and pore clogging at the air cathode. Moreover,
sluggish kinetics toward O, reduction and evolution reactions
and degradation of the bifunctional catalysts are other major
factors that impede the efficient use of rechargeable Zn—air
batteries. Nevertheless, the alkaline Zn—air batteries remain as
the most advanced systems and can provide highest specific

energies.""
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Currently, there are several strategies focusing their effort
to overcome some of the aforementioned challenges by
developing alternative aqueous,"*" non-aqueous,”" even sol-
id-state®?" Zn—air batteries. Among these, for example, the
neutral or near-neutral electrolytes can provide solutions to
corrosion of Zn anode, dendrite formation, and carbonization
of the electrolyte. Mostly ammonium chloride (NH,CI) is used as
the standard salt for such electrolytes. Although the history of
NH,Cl-based batteries (zinc-carbon or Leclanché batteries)
dates back to the 19" century,”** the first concept to utilize it
in the primary Zn—air battery was published by Jindra et al. in
1973%% and in the secondary Zn—air battery by Amendola et al.
in 2012.%

In following years, the development of NH,Cl-based Zn—air
batteries was focused on the optimization of the electrolyte
content to improve the battery performance. In 2014 and 2016,
Goh etal” and Sumboja etal!” developed a secondary
Zn—air battery with an electrolyte consisting of NH,Cl+ Zinc
chloride (ZnCl,) with additives (polyethylene glycol or thiourea)
which were used to improve the deposition of the Zn ions
more homogeneously during cycling. Utilizing such electrolytes
in the secondary Zn—air batteries resulted in extended
operation times up to 5,100 h with 540 cycles (at low depth of
discharge); nonetheless, it was suggested that the performance
could be further improved by better performing electro-
catalysts and tuning the electrolyte properties.™ In 2017, Clark
etal. presented the first continuum model of NH,ClI+ZnCl,
based secondary Zn—air batteries to optimize the electrolyte
composition and the cell design while considering the pH
stability and final discharge products.”” The model was further
developed and validated by experimental methods such as
galvanostatic cycling, operando pH experiments, XRD, and EDX
characterization of the surfaces.”® Accordingly, the perform-
ance of the Zn—air battery could be well evaluated and the
potential obstacles were highlighted. In a recent study, Durmus
et al. performed electrochemical investigations on the applic-
ability of Zn—Al alloys and Zn electrodes in neutral Zn—air
batteries with NaCl electrolyte.”” In comparison to Zn electro-
des, the influence of Al alloying was reported as temporarily
enhanced discharge potentials in 2 M NaCl electrolytes with
pH 7.

In general, the field of electrolyte additives for aqueous
Zn—air batteries is quite extensive due to the different desired
effects. While some of the additives®>? are used to enhance
the charge efficiencies by shifting the hydrogen evolution
potential to higher values in order to further improve the metal
deposition, other electrolyte additives are also used for
prevention of the dendrite formation® and homogeneous
deposition,® reduction of the corrosion reaction®*** or
chelation and pH stabilization."® Concerning the EDTA additive,
previous plating studies of sodium nitrate,*® alkaline,®” choline
chloride,”®* and acidic sodium chloride-based” solutions
containing Zn-EDTA chelates showed the possibility of Zn
electrodeposition from the dissolved Zn-EDTA complexes.
However, the overall performance of a Zn—air batteries with
near-neutral electrolytes containing EDTA is still an open
question.
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The present work, therefore, evaluates the influence of
Ethylenediaminetetraacetic acid (EDTA) additive on the per-
formance of near-neutral secondary Zn—air batteries. The
chelating properties of EDTA are widely known and used in
several fields as complexing agent for metal ions.*"*? Basing on
these properties, the electrochemical behavior of Zn electrodes
were investigated in 2 M NaCl solutions with pH 10 in the
presence and absence of EDTA additive. The corrosion
parameters of the Zn electrodes were extracted from potentio-
dynamic polarization experiments. The intermediate term
(24 h) discharge experiments were performed under current
densities of 0.1, 0.25, 0.5, and 1 mAcm™ in a three-electrode
setup. Subsequent to the discharge, the surface of the electro-
des were further characterized by laser scanning microscope
(LSM), X-ray diffraction (XRD), and scanning electron micro-
scope (SEM) in order to analyze the dissolution behavior and
the discharge products. The performance of full-cell Zn—air
batteries were evaluated in galvanostatic discharge experi-
ments (in primary-mode) up to 930 h and in galvanostatic
cycling experiments (in secondary-mode) up to 575 h with 70
cycles. In comparison to neat electrolyte, the influence of EDTA
additive was shown to enhance specific energies and mass
utilization efficiencies.

2. Results and Discussion
2.1. Open Circuit Potential and Potentiodynamic Polarization

Figure 1a shows the OCP profiles of Zn in 2 M NaCl at pH 10, in

absence (black curve) and presence (red curve) of EDTA. The
potential of Zn in neat 2 M NaCl starts at initial values of
around —1.05 Vgngei slightly increasing to —1.11 Vygayq after
2 h and then slowly decays to —1.06 Vygaqq after 24 h, while
the potential of Zn in 2 M NaCl with 0.1 M EDTA is stable at
around —1.22 Vgqc during the 24 h of OCP experiment. Thus
the addition of EDTA to the 2 M NaCl results in an increase of
the potential of about 170 mV.

The increase of the initial potential towards more negative
values along the first 2 h of the Zn in the 2 M NaCl could be
attributed to the slow adsorption of OH™ ions present in the
electrolyte. Subsequently, slight decay of the potential is
resulted from the drop on the pH value due to the lack of
buffering capabilities of NaCl solutions.**! According to the
Pourbaix diagram of Zn (Figure 1b), the cell potential slightly
decreases (around 160 mV) when the pH changes between 11
and 8.5."*) Measurement of the pH of the electrolyte after the
24 h of OCP supports this observation, since the pH drops from
pH 10 to values around pH 8 while there is also 50 mV decrease
on the electrode potential. The limited decay of the electrode
potential can be due to the quasi-passive state of the Zn
surface since it is not completely active. In line with the
Pourbaix diagram,***! the potential of Zn at pH 10 should be
around —1.25 Vugagq (—1.03 Vse). However, the experimental
results indicate that the surface of Zn is in a quasi-passive state
since the potential of the Zn in the neat 2 M NaCl is lower than
the expected value. On the other hand, addition of EDTA to the
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Figure 1. a) OCP profiles of Zn in 2 M NaCl at pH 10 in absence (black curve)
and presence of 0.1 M EDTA (red curve). b) Pourbaix diagram of Zn adapted
from Beverskog et al.*” The diagram shows the stability range of the stable
uncharged aqueous complex Zn(OH), before passivation (in form of ZnO) at
Zn concentrations > 107>,

2 M NaCl results in an enhanced potential to —1.22 Vagagci
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 formation of insoluble species of Zn, resulting in highly
soluble Zn-EDTA complexes. However, EDTA can be present as
several dissociated species (6 possible deprotonated species)
depending on the pH, where the completely deprotonated
species are more effective for complexation (30% EDTA is fully
dissociated at pH 10“"). The addition of EDTA to the 2 M NaCl
solution increases the pH stability of the electrolyte, as
observed from the almost unaffected pH of the electrolyte after
the 24 h 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.
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a) 06 Possible mechanisms of the interaction between the Zn
074 i'\ﬁ_N?\‘%'EDTA and EDTA can be found in the literature, among which
—e—+ 0.1IM EDTA Ryczkowski* demonstrated via (PA) FT-IR (Photoacoustic Four-
o -0.87 ier transform infrared spectroscopy) that EDTA could be
3:’ -0.9+ adsorbed on some inorganic oxides and hydroxides. Different
E’ -1.01 o adsorption mechanisms were proposed depending on the pH
‘;5 1.1d e of the solution and the nature of the metal surface involved in
> 4] the chelation, namely if it consisted of oxides, hydrous oxides,
% e hydroxides, oxyhydroxides, hydrous or superficially hydrated
b= -1.34 oxides.***”" Moreover, previous studies have shown that EDTA
% -1.44 is capable of leaching metal ions from oxides or
O 45l hydroxides.***" Hence, similar mechanisms could also be the
164 origin of the EDTA influence on the Zn potentials shown in this
' study.
1.7 T T T T T Further experiments were performed by potentiodynamic
0 4 8 ] 1= 18 < < polarization method to get more insights on the possible
Time /h influence of EDTA on the electrochemical behavior of Zn in
b) 20 NaCl electrolytes. Figure 2 shows the potentiodynamic polar-
1.6 4 ization of Zn in neat 2 M NaCl (black curve) and in presence of
124~ — 0.1TM EDTA (red curve). The corrosion parameters were
0.8 T -~a - obtained by Tafel fit in the range of +50 mV of the corrosion
w B W | potential (E,) and are summarized in Table 1.
>§> 0.4+ Zn?* = 1o The E.,, of Zn in neat 2 M NaCl is around —1.25 V,gnqa,
= 004~ _ _ S |3 while addition of EDTA shifted the Ey, to —1.32 Vagueq. The
W oo4] T~ ao N 15 corrosion current densities are obtained as 4.75and
084 ==~ -1 _ 539 pAcm™ in absence and presence of EDTA, respectively.
—~—— Both curves show a shoulder at around —1.08 V without EDTA
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Figure 2. Potentiodynamic polarization of Zn in 2 M NaCl at pH 10 in
absence (black curve) and presence of 0.1 M EDTA (red curve).
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Table 1. OCP values and corrosion parameters derived from potentiody-
namic polarization of Zn in 2 M NaCl at pH 10.
EDTA OCP after 24 h Potentiodynamic polarization
[mV] Ecorr Jcorr
[mV] [WAcm 7]

- —1070 —1255.5+4.7 48+0.9
0.1 M —1220 —1323.0+£6.9 54+08
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passivation peak, where the current slightly decreases as the
anodic scan continues. However, the current densities continue
increasing at potentials more anodic than the semi-passivation
peak, indicating that 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 —1.05Vygagq
(Epitting)'[n]

The slight decrease on the current densities between E,
(—=1.25 Vpgiaga) and Egiting (—1.05 Vag/aqc) during the potentiody-
namic polarization of Zn in neat 2M NaCl confirms the
existence of a passive film. On the contrary, the potentiody-
namic polarization of the Zn in presence of 0.1 M EDTA shows
less significant passivation peak, but a higher E_,, and larger
current densities in the range from E,, (—1.32 Vag/aga) t0 Epitting
—1.05 Vpgiaga) in comparison to the solutions not containing
EDTA. Under high anodic polarizations (>—1.0 Vagac), the
current response of the Zn for both solutions shows 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 the E_,, for the
solutions with and without EDTA can be explained through the
cathodic corrosion of Zn in chloride solution.”" As proposed by
Baugh,®® water reduction occurs at potentials more cathodic
than —1.37 Vpgaga ON Zn in chloride based solutions according
to the following reaction [Eq. (1)]:

2H,0 + 2~ — 20H™ + H, M

Since the present polarization experiments start at —1.6 V,,
agcr OH™ ions from hydrolysis could be produced in relatively
high amounts. Upon the local concentration increase of the
produced OH™ ions, “local alkalization” can occur on Zn
resulting in cathodic corrosion.”*® Although the Zn is
immersed in near-neutral electrolyte, local dissolution of a
possible passive layer could also be expected similarly as in the
alkaline electrolytes.”? Furthermore, Prestat et al. studied the
reaction products of Zn under prolonged cathodic potentials in
near-neutral NaCl media, where Raman microscopy and X-ray
diffraction revealed the presence of metallic Zn after holding a
cathodic potential of —1.27 V,a,q for at least 17 h. It was
reported that ZnO is mainly present in the range from —1.04 to
—1.26 Vpgiagcr While Simonkolleite mainly appears at potentials
anodic to —1.01 Vjgagc.®” 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
observed E., of Zn in 2M NaCl without EDTA (Figure 2)
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 the previous studies which
report the polarization curves of Zn electrodes in NaCl
solutions.”>™ If the initial scan potential for the potentiody-
namic polarization is more cathodic than the water reduction
potential (< —1.37 Vpgaqc), the resulting E,, is also more
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negative than the commonly reported open circuit potentials
(< —1.05 Vpg/agc)s Which is in good agreement with the present
work. Contrariwise, the corrosion potential of Zn near
—1.05 Vpgiaga is usually obtained when the initial scans start at
more positive values than the water reduction potential.*%*”!
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 E,,, derived from
the potentiodynamic polarization. On the other hand, the
reported E,, is more dependent on the potential at which the
potentiodynamic experiments were started.

In contrast to the neat 2 M NaCl electrolyte, the resulting
polarization curve of the electrolyte containing 0.1 M EDTA is
affected by the cathodic activation, only at a minor degree.
More specifically, the difference between the OCP and E_,, in
the electrolyte without EDTA is around 185 mV, while for the
electrolyte containing 0.1 M EDTA is around 102 mV. In the
OCP profiles, however, the overall enhancement of the
potential with the addition of EDTA to the electrolyte is around
150 mV, and the increased potential 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 0.1 M
EDTA due to its buffering capabilities.

2.2. Galvanostatic Discharge/Half-Cell Stripping

As previously examined by the OCP profiles and potentiody-
namic polarization experiments, the Zn is in a quasl-passivated
state in the 2 M NaCl, while addition of EDTA allegedly hinders
the formation of a passive film resulting in a more active
metallic Zn surface. The semi-passivated (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 in Figure 3.

Figure 3a shows a stable discharge potential of Zn in neat
2M NaCl at around —1.03 Vpgagq under 0.1 to 1 mAcm™2
anodic currents, while the discharge potential of Zn in EDTA
containing electrolyte (Figure 3b) is around —1.25 V,g/ay under
0.1 and 0.25 mAcm™. The resulting potential of Zn in presence
of EDTA is initially lower at —1.14 V. under 0.5 mAcm™?
and at —1.1 Vpgpgc under 1 mAcm™ but in both cases the

a)-o b) -0.
-0.74 0.74
_ 0.8 _ 0.8
S )
2-094 £ 09
T 10Teunmeteibereoreeoetoeseeeeennnenneeeeeeeel <101
] g 111
[ER K (AL Preee aranss
> 124 Z 1.2 F"""""Wamuﬂm
S 13 £ 139
=
2 .adamnac £ -1.492M NaCH0.1M EDTA
< ® 01mAom? L
151 o o25macm? ® 025mAcm?
1.6 & osmaem? 164 4 osmacm?
47 AmAom? 7] imAem?
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time/h Time/h

Figure 3. Galvanostatic half-cell discharge of Zn in 2 M NaCl at pH 10 under
0.1,0.25,0.5 and 1 mAcm™2 in a) absence of EDTA and in b) presence of

0.1 M EDTA. The abscissa in (b) illustrates the average discharge potential of
the Zn electrodes in the neat electrolyte (obtained from (a)).
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potential increases to —1.25 Vagngc) Within 12 hours. The reason Zn(OH), — ZnO + H,0 )
for this gradual shift to more negative discharge potentials
upon 0.5 and T mAcm™2 in presence of EDTA is still unknown Zn(OH), + 20H™ — Zn(OH)2~ 6)
and needs further investigation. Overall, the average discharge
potentials are 220 mV more negative for all the applied 5Zn(OH), 4 2CI~ + H,0 — Zn;(OH),Cl, - H,O + 20H" 7

currents on Zn in presence of 0.1 M EDTA and directly increase
the power output in comparison to the Zn discharged in neat
2 M Nadcl.

According to Pourbaix diagram,***! the immunity region of
metallic Zn remains below the stability window of water in
aqueous solutions and therefore Zn dissolves while producing
H,. Zn is in the “passive” regime at pH 10 and should not
display potentials at around —1.25Vpguq. The discharge
potential of Zn in the neat electrolyte at pH 10 is not
significantly different in comparison to discharge behavior in
2 M NaCl with pH 7.2 The lack of enhanced potential at pH 10
could be partially explained by the poor pH stability of neat
NaCl solutions, since the pH of such solutions is dependent on
the salt concentration and the resulting effect on the activities
of H™ and OH™." Experimentally, the poor pH stability of neat
NaCl is confirmed by the pH drop from 10 to around 8 after the
galvanostatic discharge (pH of the solutions were 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 3a) 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
potential of Zn, but does not inhibit the dissolution.

In order to understand the possible origin of such passive
film in presence of neat NaCl, reaction mechanisms of Zn
during discharge is hereby provided. As previously discussed,
Zn spontaneously reacts in aqueous solutions as follows
[Eq. (2)1:

ng — an:q) +2e” )

According to McMahon et. al,”® the Zn?' ion is quite
abundant at low Cl~ concentrations (0.06 M), while its ion
fraction is almost zero at high CI~ concentrations (5.45 M).
Accordingly, Zn®" is not stable in 2M NaCl and will tend to
further react as follows [Egs. (3), (4)1:

Zn?; +20H" — Zn(OH), Q)

5Zn*" +80H™ + 2CI +

4

H,0 — Zns(OH)4Cl, - H,0
For simplicity, the Zn;(OH)sCl, - H,O reaction product will
be referred hereafter as Simonkolleite, which is a white and low
water soluble powder. Upon saturation, the continuously
produced Zn(OH), from Equation (3) can further react depend-
ing on the local pH and CI~ concentration as follows [Eqs (5)-

)l
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The formation of ZnO requires a dehydration of a stable
layer of Zn(OH), upon local saturation, as described by
Equation (5). 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 2M NaCl, production of zincates
(Zn(OH)?") can occur only at a minor degree in near-neutral
electrolytes since it requires high pH conditions. Prestat et. al.
could mainly identify Simonkolleite at potentials close to
—1.02 Vpgaga While ZnO is mainly found at —1.12 Vagpgq in
0.6 M NaCl solutions.®” In accordance with the potentials
observed in the discharge experiments (—1.03 Vugpgc) @
mixture of reaction products Simonkolleite, ZnO and Zn(OH),
could be expected, where a thin but still present layer Zn(OH),
is the intermediate compound before the formation of ZnO
and Simonkolleite.®*? These products are the compounds of
the passive film.

Furthermore, depending on the applied currents, white
flake-like precipitates were present in the electrolyte at the end
of the experiments. For instance, after 24 h discharge at
1 mAcm™ there is an appreciable amount of precipitates, while
the electrolyte is relatively clear after 24 h at 0.1 mAcm™
Table ST (Supporting Information) shows a summary of the
physical properties of the possible reaction products of Zn in
NaCl electrolytes. Zn(OH),, ZnO 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 such precipitates.

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 water.”” In the chelation process, the 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 stability
constants, where higher values result in more stable complexes.
The increase on the discharge potential of Zn upon addition of
EDTA to the 2 M NaCl could be therefore attributed to the
relatively high chelation stability constant of EDTA with the
Zn’" ions (16.5) and the continuous solvation of the resulting
Zn-EDTA complex in the electrolyte.”” Thus, the formation of
passive species adsorbed on the Zn surface is most likely
hindered.

With respect to the pH stability of the NaCl solutions,
formation of zinc hydroxide or Simonkolleite according to the
Equations (3) and (4) lead to consumption of hydroxyl ions;
thus pH tends to decrease as confirmed by the discharge

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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experiments. Contrariwise, the presence of EDTA in the
solutions stabilizes the pH of NaCl solutions during the
discharge, as confirmed by the pH still close to 10 after the
24 h discharge experiments, due to complexing Zn** ions
before the other possible reactions that would consume OH™
ions can take place. Furthermore, in accordance with previous
studies,*>% 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 2 M NaCl on discharge performance.

2.3. Characterization of the Zn Surfaces

Laser scanning microscopy (LSM) investigations have been
performed to gain better insights into the surface morpholo-
gies of the Zn after galvanostatic discharge experiments.
Figure 4 shows the 3D LSM images of the Zn samples after 1
and 24 h discharge with T mAcm™ in presence and absence of
EDTA. The surface of Zn after 1h of discharge for both
electrolytes show a similar roughness of less than 10 um, as
shown in Figures 4a and c. However, Zn shows a thin film with
some areas exposing a metallic surface underneath after
discharge in neat 2M NaCl (see Figure S1) 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 h of dis-
charge, where the surface of the Zn in neat 2 M NaCl has height
differences up to 100 um, as seen in Figure 4b. Within the large

1 h discharge

pits, a metallic Zn surface was visible (blue regions), suggesting
that some areas of the metallic anode were continuously
exposed during the 24 h of discharge upon partial breakage of
the passive film (yellow and orange regions). Conversely, the
Zn discharged in the solutions containing 0.1 M EDTA shows a
surface roughness of around 40 um (Figure4d) and no
apparent layer or particulates were observed. Thus, these
findings 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 product of Zn is dissolved in the electrolyte.

In addition to the characterization of the surface morphol-
ogies by LSM, the chemical nature of the surfaces of the Zn
electrodes after discharge was analyzed by X-ray diffraction
(XRD). Figure 5 shows the XRD patterns of the Zn samples that
were discharged under 1 mAcm™ for 24 h in 2 M NaCl with
and without EDTA.

In Figure 5a, 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 Simonkolleite (Figures 5b and
). However, on both electrodes neither ZnO nor Zn(OH), could
be detected, as shown in the enlarged area in Figure 5c.
Furthermore, the white precipitates in the neat 2 M NadCl
electrolyte were 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 2 M NaCl. But as shown in

24 h discharge
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Figure 4. Laser scanning microscopy images of Zn discharged in 2 M NaCl pH 10 in absence (a, b) and presence of EDTA (c, d) after 1 h (a, ) and 24 h (b, d)
with 1 mAcm~2 Yellow/orange areas in (b) represent the passive layer formed after 24 h of discharge in neat 2 M NaCl pH 10.
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Figure 5. a) XRD patterns of Zn discharged in 2 M NaCl at pH 10 with and without EDTA under 1 mAcm? after 24 h, b) enlarged region of the peaks between

10 and 15° and c) enlarged region of the peaks between 27 and 37°.

Equations (5) and (7), the production of Simonkolleite and ZnO
requires Zn(OH), 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), passive layer is also present on the Zn after discharge

No EDTA

Znwt% Owt% Clwt.%
96.08 237 1.54
67.92  21.89 10.19
. 83.15  12.32 4.53
B sos0 3261 8.00

Figure 6. SEM images (a, b) and EDX maps (c, d) of Zn discharged for 24 h at 1
weight distribution of the EDX maps is provided below the figure.
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in presence of 0.1 M EDTA, it might not be possible to be
detected by XRD.

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 out. Figure 6 shows the SEM images and EDX

Zn wt.%

C wt.%
. 98.16 0.18 0.19 1.46
86.18 3.30 0.95 9.58

mAcm~?in 2 M NaCl pH 10 without (a, ¢) and with 0.1 M EDTA (b, d). The
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maps of Zn after 24 h of discharge at 1 mAcm 2 in 2 M NaCl
without and with 0.1 M EDTA. The Zn surface in Figure 6a (no
EDTA) shows the microstructure of the region where the
passive film extends over the metallic Zn. The EDX map in
Figure 6¢ depicts a better contrast between the film and the
metallic Zn. The SEM image in Figure 6b (0.1 M EDTA) illustrates
a surface without any apparent layer on top of the Zn surface,
while the EDX map in Figure 6d shows two regions containing
mostly Zn. The elemental distribution is provided in Table 2.
The individual elemental maps of Figures 6c and d are provided
in Figure S3. Also, the SEM images and elemental maps for 1 h
discharged surfaces can be found in the Supporting Informa-
tion (Figure S1, S2, and Table S2).

The sample discharged in neat 2 M NaCl under 1 mAcm~
in Figure 6¢c 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 content. Figure 6d shows two regions on the
Zn surface that was discharged in 2 M NaCl containing 0.1 M
EDTA. 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

Considering the Equations (3) — (7) 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 2 M NaCl without EDTA. Equation (3) shows that
Zn(OH), can be formed following the oxidation of Zn to Zn?".
Upon local saturation of Zn(OH),, ZnO or Simonkolleite can be
formed. However, as revealed by the XRD and EDX results,
Simonkolleite can be found only after long discharge time (at
least 24 h). 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 characterization tools after the electro-

2

Table 2. Theoretical element weight distribution of Zn corrosion products
and EDX elemental analysis of Zn after 24 h discharge at 1 mAcm 2 in 2 M
NaCl pH 10 with and without 0.1 M EDTA.

Zn (e} Cl C
[wt%] [wt%] [wt%] [wt%]
Theoretical ZnO 80.34 19.66
Zn(OH), 67.14  32.86

Zns(OH),Cl,-H,0® 6033 2658  13.09
(Simonkolleite)

Zn in 2 M Nacl Zn/0 phase (red) 96.08 237 1.54
Zn/Cl/O phase 6792 2189 10.19
(yellow)
Zn/O phase (blue)  83.15 1232 453
Zn/O phase (green) 5939 3261 8.00
Znin 2 M NacCl Zn phase (red) 98.16  0.18 0.19 1.46
with 0.1 M EDTA  Zn/O/Cl/C phase 86.18 3.30 0.95 9.58
(cyan)

[a] The elemental weight distribution was calculated omitting the H, since
EDAX cannot detect H.
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chemical 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 by Equation (5). Once the ZnO/Zn(OH), passive film
is formed over the neat Zn, the reaction continues as dictated
by Equation (7) and Simonkolleite is formed. Moreover, this
passive film grows until forming scales, which breaks upon the
mechanical stress of the volume increase (see Table S1) and
some pieces might precipitate. Support for this idea can be
observed in the SEM images (surface films in Figure 6a and
Figure S2), besides the flakes found in the sediments after 24 h
of discharge. Additionally, the XRD results after 24 h of
discharge (Figure 5) show a high presence of Simonkolleite in
the sediments collected, while the intensity peaks of Simonkol-
leite on the Zn electrode after discharge were not significant.
However, some amount of Simonkolleite was detected by EDX
(Figure 6¢c and Table 2). Thus it could be concluded that the
thin passive film on Zn upon discharge in 2 M NaCl without
EDTA consists of a combination of ZnO/Zn(OH), and Simonkol-
leite.

Conversely, the addition of EDTA to the 2 M NaCl interferes
with the formation of a passive film by complexing the Zn
directly after its oxidation [Eq. (2)], as evidenced by the SEM,
EDX and LSM results. Furthermore, the electrolyte has no
precipitates and remains clear after discharging the Zn in
presence of EDTA, implying that the Zn-EDTA complex remains
solvated.

Accordingly, the following mechanism can be proposed for
the OCP and discharge experiments of Zn in 2 M NaCl pH 10
with 0.1 M EDTA. The EDTA is directly adsorbed on the Zn
surface upon immersion of the electrode by possibly interact-
ing with the metallic surface."**” After the spontaneous (OCP
conditions) reaction or anodic oxidation (discharge conditions)
of Zn to Zn*", the adsorbed EDTA chelates and captures the
Zn?" limiting the formation of ZnO, Zn(OH), or Simonkolleite as
schematically shown in Figure 7. The Zinc-EDTA 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 with enough EDTA to
continue the chelation process. Such limitation is therefore of
interest in a full-cell experiments over extended periods of
discharge.

2.4, Full-Cell Galvanostatic Discharge Experiments

Figure 8 shows the full-cell galvanostatic discharge profiles of
Zn in 2M NaCl pH10 electrolytes under 0.25, 0.5 and
1T mAcm™? in absence (black curves) and presence of 0.1 M
EDTA (red curve). The open circuit voltage (OCV) of Zn in the
neat 2 M NaCl is around 1.1V, while the discharge voltages are
similar among all the applied currents at around 0.9 V during
the first hours. However, the Zn discharged in neat electrolyte
under 0.25 mAcm™ shows a fluctuating voltage after 291 h
and reached a total of 931 h, whereas it could be discharged
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Figure 7. Schematic representation of the complexation process and
possible differences on Zn surfaces that are in contact with the neat NaCl
and NaCl+ EDTA solutions. For simplicity, the ions and the molecules are
shown in spherical shapes.

under 0.5 and 1mAcm™? for a total of 255 and 110h,
respectively.

The OCV of Zn in 2 M NaCl with 0.1 M EDTA is at around
1.4V, while the discharge voltage under the applied currents is
similar at around 1.1 to 1.15V. The overall discharge voltage
enhancement provided by the addition of EDTA to the electro-
lyte is around 270 to 320 mV higher in comparison to the neat
electrolyte. Nevertheless, the discharge voltage of Zn in
presence of EDTA noticeably decreases after 600 h under
0.25 mAcm™, after 270 h under 0.5 mAcm™ and after 101 h
under 1 mAcm™. The resulting values 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 lost. The cells
containing EDTA could be operated in total up to 931 h under

0.25mAcm™2 330h under 0.5mAcm™ and 146 h under
1TmAcm™

In order to determine the limiting factor on the enhanced
discharge voltage, further experiments under 1 mAcm2 with a
40 mL electrolyte reservoir (vs. 20 mL from Figure 8) were
performed (see Figure S4a), showing a significant increase of
the discharge time with similar discharge voltages to those
presented in Figure 8c. Thus, the total amount of EDTA
available in the electrolyte for the discharge plays an important
role for extending the improved discharge energies of Zn—air
batteries.

In comparison to similar near-neutral battery systems under
the same discharge current densities,"*'** the addition of
EDTA to the electrolyte shows noteworthy higher discharge
voltages (1V vs 1.15V, respectively), which are also fairly
comparable to the voltages observed in alkaline systems
(1.25 Viou Vs 1.15Vyq at 1 mAcm™2)."*® Besides the cell
voltage enhancement, all the full-cell 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 cell discharged
with neat 2 M NaCl electrolyte showed a thick white layer
covering the air-electrode, which probably led to clogging and
stopped the discharge. Similarly, large amounts of precipitates
could be found in the used 2 M NaCl without EDTA and the Zn
anode was also covered with a thick white layer.

As discussed in the half-cell stripping section, a passive film
forming upon contact of Zn with the neat 2 M 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 discharged samples in the full-cell setup was further
analyzed by XRD in order to detect possible reaction products
which could explain the observed discharge voltages.

Figure 9 presents the XRD patterns of the samples after the
long-run full-cell discharge experiment from Figure 8. The XRD
results show the presence of Simonkolleite on the Zn electro-
des discharged under 1 mAcm™ in neat 2 M NaCl (purple line),
while the XRD patterns after discharged in 2 M NaCl with 0.1 M
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Figure 8. Full-cell galvanostatic discharge profiles of Zn in 2 M NaCl at pH 10 in absence (black curves) and presence (red curves) of 0.1 M EDTA under a)

0.25 mAcm2 b) 0.5 mAcm2 c) 1 mAcm™2.
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Figure 9. XRD pattern of Zn samples discharged in full-cells under 1 mAcm™
in 2 M NaCl pH 10 in absence (purple) and presence (yellow) of 0.1 M EDTA.
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EDTA electrolyte illustrate almost exclusively the peaks for
metallic Zn (yellow line). Furthermore, the XRD analysis of Zn
discharged with a larger reservoir volume show Simonkolleite
in absence of EDTA and only the Zn peaks in presence of EDTA
(see Figure S4b). 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 2 M NaCl, but the
presence of ZnO and Zn(OH), 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.

Table 3 presents a summary of the practical capacity,
practical specific energy and mass utilization efficiency calcu-
lated after the discharge of Zn in 2 M NaCl in absence and
presence of 0.1 M EDTA 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 2 M NaCl is in average 744 mAhg,,”', while
the average practical specific energy is 573 Whkgz,~'. The
overall utilization efficiency is around 90%. Contrariwise, the
cells discharged in presence of 0.1 M EDTA showed an increase
in the practical capacity with an average of 779 mAhg,,”". The
practical specific energy shows a significant increase with an

average of 833 Whkg,, ', which is around 45% higher than for
the cells discharged in neat 2 M NaCl. The overall average mass
utilization efficiency for the cells discharged in presence of
0.1 M EDTA is 95%, which is slightly higher than the cells
discharged in absence of EDTA.

The enhanced practical specific energy of the cells dis-
charged in presence of EDTA is explained by the higher
discharge voltage in comparison to the cells discharged in
absence of EDTA. The data in Table 3 shows that the most
efficient cells are those discharged in 2 M NaCl with 0.1 M EDTA
under 0.25 mAcm™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 efficien-
cies could be achieved with non-interrupted enhanced vol-
tages, specifically if enough EDTA is provided to achieve longer
runs. All in all, the discharge of Zn in a full-cell is possible with
2 M NaCl in absence and in presence of 0.1 M EDTA, while the
latter depicts better performances.

2.5. Full-Cell Galvanostatic Cycling

The possible beneficial effects of EDTA as additive for NaCl
electrolytes should be further extended to not only primary
Zn—air batteries, but also for secondary batteries, 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 10 shows the galvanostatic full-cell cycling profiles
(at low depth of discharge) under 0.5 mAcm™ current densities
for 4 h per step (charge and discharge). The cycling of Zn in
neat 2M NaCl (black curve) shows an average discharge
voltage at around 0.86V and charging voltages at around
1.59V, which results in a 0.73 V voltage difference. The cells
cycled in presence of EDTA (red curve) showed an average
discharge voltage around 1.15 V and an average charge voltage
at around 1.62 V although at the initial cycles, the cell with the
EDTA additive exhibited slightly higher charging voltages in
comparison to the cell with the neat electrolyte. The origin of
such higher charging voltage, whether it is from the air cathode
or from the initial Zn-EDTA complexes is not clear and requires
further investigations. The average discharge voltage in pres-
ence of EDTA is 290 mV higher than without EDTA. The smaller
discharge/charge voltage difference in presence of EDTA

Table 3. Practical capacity, practical specific energy and mass utilization efficiency calculated after the discharge of Zn in 2 M NaCl pH 10 in absence and

presence of 0.1 M EDTA under several currents.

Electrolyte Current density Practical capacity Practical specific energy Mass utilization efficiency Discharge time
[mAcm™] [mAhg,, "] [Whkgz, '] [%] Enhanced Total

(h] th]

2 M NacCl 0.25 751.1£35 5358+174 91.6+£04 - 931
0.5 7351+£173 57494655 89.6£2.1 - 255
1 748.4+£18.7 611.0+28.2 91.3+£23 - 110

2 M NaCl+0.1 M EDTA 0.25 796.4+5.0 829.5+7.7 97.1+£0.6 600 931
0.5 750.8£35.6 842.31+38.8 91.5£43 270 330
1 791.3+86 82944234 96.5+1.1 101 146
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Figure 10. Full-cell galvanostatic cycling of Zn under 0.5 mAcm ™ for 4 h per step in 2 M NaCl pH 10 in absence (black curve) and presence (red curve) of

0.1 M EDTA.

indicates less overpotentials, which is beneficial for battery
applications.

Considering the cycling stability, the discharge performance
of Zn—air cell with neat 2 M NaCl starts to decay from the 68"
cycle after 550 h, eventually leading to termination of the cell
operation due to reaching the 0.5V cut-off voltage rapidly.
Similar cycling life was also achieved by the full-cells with 0.1 M
EDTA additive while displaying enhanced performance for at
least 51 cycles (416 h) with discharge voltages at around 1.25 V.
However, the discharge voltage starts to decrease from the 52™
cycle (after 420 h) to around 0.95 V, which is similar to the cells
without EDTA. Nevertheless, the discharge voltage of the
subsequent cycles partially recovers to 1.2V for a limited time,
and eventually the positive influence of the EDTA additive was
almost completely lost for the remaining cycles.

All in all, the full-cell experiments demonstrate the feasi-
bility of cycling of Zn in 2 M NaCl pH 10 with and without 0.1 M
EDTA additive. Moreover, the cycling of Zn in the electrolyte
containing 0.1 M EDTA 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 comparison to other Zn—air
batteries with near-neutral electrolytes which are mostly based
on NH,Cl electrolytes"***% for their high buffering capabilities,
this study also provides a possible alternative electrolyte as
NaCl-based 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
near-neutral electrolytes, while the only limitation is the ability
of the EDTA to complex such materials.

3. Conclusions

The influence of ethylenediaminetetraacetic acid (EDTA) elec-
trolyte additive on the electrochemistry of Zn electrodes was
investigated in half- and full-cells with near-neutral electrolytes.
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The OCP experiments showed that the Zn is not completely
active in presence of neat 2 M NaCl at pH 10, however, the
EDTA additive enhanced the potentials by almost 200 mV.
Further evidence of the quasi-passivated state of the Zn in neat
2 M NaCl is found from the galvanostatic discharge, where the
discharge potentials under different current densities were
similar due to pitting. Conversely, the galvanostatic discharge
of Zn in presence of 0.1 M EDTA shows a general enhancement
of around 200 mV on the discharge potential under several
currents implying a more active surface of the Zn without any
pitting. The LSM, SEM and EDX measurements of Zn discharged
in neat 2M NaCl revealed the existence of a passive film
composed by Simonkolleite, Zn(OH), and/or ZnO, while such a
passive film was not present on the Zn surfaces after
discharging in the electrolyte containing 0.1 M EDTA.

The oxidation of Zn in presence of neat 2 M NaCl seems to
mainly promote the production of insoluble species, which
may eventually form a passive film and precipitates in the
electrolyte. Contrariwise, the overall enhancement on the cell
potentials in presence of EDTA is explained by the chelation of
Zn*>" ions by the EDTA before formation of hydroxide or oxide
species. The complexation process can occur upon adsorption
of EDTA on the Zn surface. Consequently, the EDTA prevents
the formation of insoluble species such as Simonkolleite, ZnO,
or Zn(OH), while the produced Zn-EDTA complex remains
solvated. Thus, the metallic Zn surface remains active and
available for further reaction.

The performance of Zn—air full-cells were investigated by
galvanostatic discharge under several current densities. The
discharge experiments with neat electrolyte lasted up to 930 h
while providing discharge voltages below 1 V. The addition of
0.1 M EDTA to the electrolyte increases the cell discharge
voltage to a maximum of 1.2V. Accordingly, the practical
specific energies of Zn are significantly enhanced up to
833 Whkg,, ' in presence of EDTA. In addition to the
galvanostatic discharge, the Zn—air cells could also be cycled
up to 70 cycles with 0.5 mAcm™2 while delivering average
discharge voltages of 0.86V in neat electrolyte and 1.15V in
presence of EDTA additive. In both galvanostatic discharge and
cycling experiments, the positive effect of EDTA additive on the
enhanced discharge voltages lasted for several hundred hours
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and is limited only by the available amount of EDTA. Further
investigations should focus on the chelation mechanisms of
EDTA as well as the recovery of the Zn ions from the complexes
upon charging.

Experimental Section

Material preparation and chemicals

Zinc rod (4 N) was acquired from Alfa Aesar. The electrodes were
prepared by cutting sections of the Zn rod into 0.125 mm thickness
discs. For the half-cell 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 half-cell and full-cell experi-
ments were 1.32 cm? and 0.44 cm?, respectively.

The 2 M NaCl-based electrolyte solutions were prepared from NaCl
crystals (>99.5%, Merck-Millipore) and Ethylenediaminetetraacetic
acid (EDTA) (99.3 %, VWR Chemicals). Deionized water was obtained
from a PURELAB Elga water purification system (conductivity
<0.1 uScm™'). The electrolyte solutions were prepared by dissolv-
ing the NaCl and EDTA in deionized water, and then the pH of all
solutions was initially adjusted to pH 10 with NaOH solutions by
the help of a dual pH/conductivity meter (Duo S213, Mettler
Toledo).

Electrochemical half-cell setup

The half-cell consisted of a three-electrode setup with Zn as
working, Pt mesh as counter, and silver/silver chloride (Ag/AgCl in
3 M NaCl) as reference electrodes. The volume of the cell was
20 mL. The potentiodynamic polarization tests were undertaken in
the range from —1.6 Vygag t0 —0.6 Vpgngq starting from cathodic
potentials. Half-cell stripping (or galvanostatic discharge) was
performed under 0.1, 0.25, 0.5 and 1 mAcm™ current densities
with a cut-off potential of —0.5 Vag/agci-

Electrochemical full-cell setup

The full-cell setup consisted of freshly ground Zn discs as anode,
porous carbon-based commercial air electrodes (E4 type, Electric
Fuel Ltd), and 2 M NaCl with pH 10 with and without addition of
EDTA (0.1 M). The full-cell is made of three poly(methyl methacry-
late)) (PMMA) discs with an inner volume of 0.6 mL. The details of
the cell setup can be found in a previous study.®” The symmetrical
exposed area of the anode and air cathode to the electrolyte was
0.44 cm?. The cell was connected to a pump (Reglo Analog MS-4/
112, Ismatec) and to a reservoir with capillary tubes (g,,=0.75 mm.
PEEK, BOLA). The electrolyte was circulating in bottom-top
direction. Both ends of full-cell were connected to the same
reservoir which contained 20 mL of the electrolyte. Following the
discharge experiments, the weight loss of the Zn electrodes were
calculated after cleaning with saturated Glycine solution according
to DIN EN 1SO 8407.%

A continuous recirculation of the electrolyte from a reservoir was
performed for the full-cell discharge experiments. The electrolyte
of the full-cell cycling experiments was circulated by pumping
every 25 min for 5 min with a flow rate of 0.1 mLmin™"' for each cell
in order to provide enough dissolved Zn. The intermittent
operation of the pump was controlled by a TTL pulse via the
analogue connection of the Biologic VMP3 potentiostat.
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All the experiments were conducted in a climate chamber (Binder
KMF115) to keep constant conditions of 25°C and 50% r.h. and
electrochemical experiments were controlled with a Biologic VMP3
potentiostat.

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 micro-
scopy (Quanta 650, FEI, USA) using the Everhart-Thornley Detector
(ETD). The elemental analysis was performed by energy-dispersive
X-ray spectroscopy (EDX) (Octane Super Detector, EDAX, USA) and
the corresponding phase maps were obtained by using TEAM
EDAX software. The SEM measurements were performed with
20 kV of applied acceleration voltages. Crystallographic character-
ization of the Zn anode surfaces was performed by X-ray diffraction
(XRD) (Cu-source Empyrean, Malvern Panalytical, Germany).
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