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Abstract

A tapered-end flow Zn-air fuel cell (ZAFC), mechanically refuelable with Zn micro-spheres, was
employed to study the effect of KOH electrolyte aging on the Zn anode. A complete description of
the architecture of the adopted cell is reported. The electrochemical characterization of the ZAFC
was performed by long-term current discharge tests in galvanostatic mode: the corresponding
polarization and power density curves were plotted. An insightful investigation on the particulate
Zn anode consisting of spheres of diameter 0.4 mm was performed by means of X-ray diffraction
(XRD), scanning electron microscope (SEM) and Raman spectroscopy in order to characterize the
crystallographic structure, surface morphology and chemical nature of residual metal and solid
corrosion products. Electrochemical impedance spectroscopy (EIS) allowed to obtain information
on the charge transfer mechanism of zinc anode reaction and on the thickness, compactness, and
blocking features of the passive film as a function of the ageing of the electrolyte. The results of our
analysis revealed the formation of a passive layer of zinc consisting of a white and porous film of
ZnO precipitate (type I) and a light-gray to black compact film (type II). The failure of the

particulate anode was chiefly caused by the increase in zincate concentration in the electrolyte, but
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is was enhanced by the non-uniform spatial current distribution due to the instability of the passive

film at high pH.
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1. Introduction

Among the configurations for Zn-air rechargeable batteries, mechanically and electrically
rechargeable systems generated significant interest as next-generation battery for automotive and
stationary applications [1-3]. Mechanically rechargeable Zn-air fuel cells (ZAFCs) can be
categorized into two types, "reconstructable cells" and "refuelable cells" [4, 5]. In the former case,
Zn plates or cassettes are replaced and are designed to be physically removed and regenerated after
discharging. In the latter case of "refuelable cells", aqueous electrolytes are pumped into the battery,
either carrying Zn electroactive fuel or flowing the electrolyte through a packed bed of Zn particles
that progressively corrode and are discharged by gravity. Several approaches for ZAFCs anode have
been proposed by different research groups and summarized in several reviews (i.e. [5, 6]): a system
with mechanically refuelable anode [1], a fluidized bed system [2] and a tapered-end structure [7,
8].

In terms of Zn electrode failure, in the case of mechanically rechargeable Zn-air fuel cells,
passivation and self-discharge are two of the main problems responsible for poor cycle life
performance [6]. Since solid Zn and zinc oxide (ZnO) particles are handled in a ZAFC, the clogging
problem of unreacted zinc, solid products and byproducts in the electrolyte is quite severe. In the
packed-bed anode configuration described in [9, 10] the electrolyte flows by natural convection and
bed occlusion limit the cell capacity and performance. Some of the research works to solve this
problem were conducted in a fluidized bed system [2], but unreacted zinc still remained in this case.

According to literature packing and clogging in the bed could be prevented by a tapered-end
2



structure of the anode [7, 11, 12], where the formation of bridges and voids between the Zn particles
allow the electrolyte to circulate easily with low hydraulic resistance. In this configuration the Zn
particles compartment is made of two non-parallel surfaces with a small vertical angle served by a
continuous vertical flow of electrolyte. The distance between walls must be designed to promote
bridging of the particles, typically about 1 to 7 times the average dimensions of the particles at the
point of entry into the cell [7, 13]. The anodic dissolution of Zn under discharge progressively
reduces the size of the reacting particles that move downwards by gravity together with solid
products and byproducts. The tapered geometry allows the gap/particle size ratio to be maintained
as the particles travel from the top to the narrower end at the bottom of the anodic compartment.
Accordingly, a low packing density and a low hydraulic resistance are guaranteed in the particle bed
thanks to the formation of particle arches and/or bridges between the nonparallel walls promoting
the development of voids during subsequent particle dissolution.

In this work we adopted a mechanically refuelable tapered-end flow Zn-air fuel cell with Zn micro-
spheres fuel ([6, 14] and reference therein) and we studied the effect of electrolyte aging on the
behaviour of the Zn anode. An insightful characterization the Zn anode spheres by means of EIS,
SEM, EDX and Raman measurements, not yet available in literature, is provided together with a
complete description of a simple tapered cell architecture aimed to facilitate the reproducibility of

future experiments on flow Zn-air cells using Zn microspheres.

2. Experimental

2.1 Cell architecture

In this work we adopted a mechanically refuelable flow ZAFC concept, based on the tapered-end
device described in [6, 14] and we have carried out our studies on a self-fabricated laboratory

device [15]. The cell was constructed by assembling two components of polymethyl metacrylate
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(PMMA), a hopper on the anodic side and a gas distribution plate on the cathodic side, hosting the
current collector and the air cathode. The anode consisted of Zn spheres having diameter of 0.4 mm,
that were fed into the anode chamber through the hopper. The exposed area of a sphere inside an
assembly with varying packing ratio is not easy to be calculated. In agreement with [16], we have
estimated the theoretical surface area of the anode by assuming that the spheres were cubes with 1/6
(one face) of their surface area inaccessible either because they attach to the substrate or because
they attach to another particle. Based on the initial number of Zn spheres (46878) and considering
the area of a single micro-sphere (0.02cm?) the theoretical surface area is calculated to be 780 cm?.
Driven by gravity, Zn spheres automatically flowed from the upper end to the lower end of the
anode chamber. To reduce the self-discharge problem, a copper current collector having high
hydrogen overpotential was employed [17]. Potassium hydroxide (KOH) 6 M was selected as
electrolyte because of its good conductivity [5, 18]. KOH was contained in a separated storage tank
and was degassed by nitrogen in order to reduce the problem of the formation of carbonate. In fact
COz present in the air dissolves in the electrolyte forming carbonate and, consequently, increasing
the viscosity of the electrolyte and decreasing its ionic conductivity [6]. KOH was then pumped into
the chamber, by means of a peristaltic pump, producing a circulating flow from the bottom to the
top of the hopper. The electrolyte flow rate was set at 1 liter per hour. The air electrode was soaked
in KOH solution for 6 hours before use in the cell [9, 19]. The cathode was an Electric Fuel E-4 Air
Electrode consisting in three layers: an active layer of manganese based catalyzed carbon, a
blocking layer of laminated porous Teflon film and a separator layer of laminated microporous film
with non-woven fabric. Oxygen was fed fluxing in a gas distribution plate (Fig. 1) at a rate of 107
liter per hour and reduced to hydroxyl ions, completing the discharging process.

2.2 Electrochemical characterization of the Zn-air battery

The electrochemical characterization (current discharge test, polarization and power density curves)

of the Zn-air battery was performed, at room temperature, at the constant current of 212 mA (or 7
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mA cm™ with respect to the air cathode area) by means of an AMEL 5000 potentiostat/galvanostat.
A single current discharge test at 750 mA (or 25 mA cm™) was also performed.

EIS measurements were carried out through a Parstat 2273 potentiostat/galvanostat equipped with
an Impedance Analyzer directly connected to the cell. The impedance spectra were recorded in the
range 2 MHz- 0.01 Hz at 25 °C and an ac amplitude of 10 mV. Before each measurement, the cell
was stabilized for at least 15 min. The high frequency inductive points were not considered because
they do not convey electrochemical information, but are rather determined by the porous nature of
the electrodes and to the electronic contacts of the cell [20, 21]. The data analysis and equivalent
circuit fitting were carried out through the EIS Spectrum Analyzer software. The function selected
to minimize the difference between the experimental and theoretical data is based on the amplitude

weighting:

where i corresponds to measured values of impedance and icaic corresponds to the calculated values

and N is the number of points.

2.3 Characterization of the spent zinc spheres anode

After the long-term current discharge test, we disassembled the cell for visual observation and we
characterized the spent zinc spheres for their crystallographic structure, surface morphology and
chemical nature by means of XRD, SEM and Raman spectroscopy, analyzing three samples of
powder at three different locations along a channel of the hopper in the anodic side of the cell. XRD
analyses were performed by means of a Ultima+Rigaku diffractometer, equipped with a Bragg—
Brentano goniometer. The surface morphology was examined with a Cambridge Stereoscan SEM.
Raman measurements were performed with a LabRam confocal system, using a 10x objective.

Excitation at 633 nm was provided by a He—Ne laser, delivering 7 mW at the sample surface.



3. Results and discussion

3.1 Electrochemical characterization of the Zn-air battery

The study was performed introducing an anode, consisting in 25 g of Zn spheres having diameter of
0.4 mm, that were fed into the anode chamber through the hopper. The open circuit potential of the
Zn-air battery remained steady at 1.45 £ 0.05 V during 6 h of storage (Fig. 2). Fig. 3 presents
polarization and power density curves for the Zn-air battery. A current density of 56 mA cm™ and a
peak power density of 36 mW cm™ were obtained. In this study we are not primarily interested in
the peak power delivered by the cell, since this is mainly governed by the performance of the air
electrode [22], but rather we concentrate on the depth of discharge, that is instead controlled by the
anode performance. Fig. 4a presents the discharge characteristics up to a cutoff voltage of 0.2 V at a
constant current of 212 mA (7 mA cm?), showing that the discharge was sustained for 91 h (black
curve). When normalized to the consumed mass of Zn, the specific capacity of our battery was over
770 mAh gz,!, corresponding to an energy density of 894 Wh kgz,!. Slightly lower values of 718
mAh gz,"!, corresponding to an energy density of 673 Wh kgz,!, have been recorded by applying a
current of 750 mA (25 mA cm™). Furthermore, no significant potential drop was observed under
galvanostatic discharge for about 24 h (Fig. 5).

With the adopted system, although Zn is gradually consumed during the discharge process, after
discharge battery operation can be resumed by refilling the Zn spheres. Therefore, after the
discharge at a cutoff voltage of 0.2 V, the battery was mechanically recharged introducing 25
additional grams of Zn spheres and the discharge characteristics at a constant current of 212 mA (7
mA cm?) were recorded. Discharge and mechanical recharge were repeated five times. In order to
evaluate the effect of the KOH electrolyte ageing, the same electrolyte, having a volume of 5 liter
was continuously flushed. In correspondence of the fifth recharge we noticed a clear decrease in the

discharge time and consequently in the specific capacity due to the aging of the electrolyte driven
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by the electrochemistry of zinc in concentrated alkaline solutions. Alkaline zincate solution can be
reasonably treated as a ternary electrolyte consisting of KOH, potassium zincate (K2Zn(OH)4), and
H,0 [23]. When ionic zinc species Zn*' are introduced into the solution by dissolution of Zn [24-
26]:

Zn+ 4 OH > Zn(OH)4* +2e ()

they may remain in the electrolyte as zincate ions or deposit as ZnOgs):

Zn(OH)> >  ZnOg) + 2 OH + H0 (3)

In addition, Zn(OH)4> ions can also precipitate in the form of solid K»Zn(OH), if the solution is
oversaturated with K»Zn(OH)s. Both solid ZnO and solid K»Zn(OH)4 are electrical insulators and
have higher molar volumes than metallic zinc; consequently, their precipitation in a zinc electrode
may cause pore blockage in addition to electrode passivation, gradually decreasing the specific
capacity of the cell. The relevant precipitation rates depend on alkali concentration (decreasing
during discharge), initial electrode porosity, and applied current density.

Therefore, after the 5™ recharge, in addition to the usual addition of 25 g of Zn spheres, we replaced
the spent electrolyte with a fresh one. We recorded the discharge characteristics at 212 mA (7 mA
cm), and then we repeated a second time this operation of addition of zinc and fresh electrolyte. In
this case we observed better discharge characteristics with respect to the fifth recharge that we
discussed before. Furthermore we noticed that, as expected, with fresh flowing electrolyte, the
general degradation trend is clearly slower than in the case of recirculation of the same electrolyte
for several complete discharge cycles. We quantified this behavior in terms of current efficiency
(Fig. 4b).

The flux of the electrolyte under discharge is a necessary condition to allow the regeneration of cell
by means of electrolyte renewing. In fact, if the same battery is discharged in stagnant condition, its
performance is dramatically degraded. In Fig. 6 we report six discharge characteristics to a cutoff

voltage of 0.2 V at a constant current of 212 mA (7 mA cm) recorded without flux of KOH
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solution. One can easily observe that the depth of the first discharge is one order of magnitude less
with respect to the one of the fluxed cell (Fig. 4a), furthermore this value cannot be recovered by
adding fresh electrolyte due to the irreversible and drastic packing and clogging of the Zn spheres
[27]. The sudden drop in the voltage observed in correspondence of each new charge was caused by
a sudden increase in current density after leaving the battery at the open circuit potential [ 19]

3.2 Characterization of the Zn spheres anode

3.2.1 In-situ EIS study

Electrochemical Impedance Spectroscopy (EIS) has been used to monitor the anodic behaviour of
the Zn spheres. To this aim, the impedance of the Zn-air cell as function of applied potential, state-
of-charging (SoC) and number of mechanical charging steps has been studied.

Fig. 7a reports the EIS Nyquist plots of the Zn-air cell at different applied potentials. The low
frequency arc generally attributed to the air cathode ORR charge transfer [28] is visible and
decreases in diameter with increasing applied cell potential, whereas the high frequency impedance
data, typically referred to the anode impedance, have a poor signal-noise ratio. Therefore, the
individual spectral contributions of the two electrodes cannot be clearly resolved, and the separation
of the fitting parameters using a model involving two separated electrodes requires assumptions
with questionable validity [29]. For this reason, the particulate Zn anode the has been studied
separately by using a three electrode configuration with an Ag/AgCl reference inserted in the anodic
compartment. Potentiostatic EIS Nyquist plots at fixed anodic potentials between 0 and 100 mV vs.
OCP have been recorded at So0C=100% in fresh (1% discharge curve) (Fig. 7b) and aged (4"
discharge curve) (Fig. 7¢) zincate solutions. In both conditions the impedance spectra has been
fitted according to the equivalent circuit shown in the inset of Fig. 7b [30, 31]. In the model, Rohm
represents the ohmic resistance, i.e. the intercept of the impedance spectra at high frequency with
the real axis, associated with uncompensated contact and electrolyte resistance [32], R.; corresponds

to the anodic charge transfer resistance, CPE,; is the double layer capacitance, Rsm and CPEg, are
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the resistance and capacitance of the zinc oxide film on the metal surface. The non ideal capacitive
behavior is related to many factors such as roughness and fractal geometry, electrode porosity and
to current and potential distributions related with irregular electrode geometry and heterogeneities
[33]. A circuit model that takes into account the impedance properties of the zinc oxide film during
the charge transfer across the film should be physically more significant, also considering that an
oxide film is formed immediately upon exposing the zinc electrode to the air [30]. On the basis of
this equivalent circuit, the fit parameters values has been determined with good r.? values (see
Experimental Section and Fig. 7) and relative errors less than the 10 % and shown in Fig. 8.

As reported in Fig. 8a, the Ronm remains almost constant with the anodic polarization for fresh
solution as expected for an ohmic behavior. Taking into account the distance of 0.2 cm between the
reference electrode and the anode and the nominal surface area of 30 cm?, a value of conductivity of
660 mS cm! can be estimated in very good agreement with the conductivity of 6 M KOH (ca. 620
mS cm! reported in [25]). However, the electrolyte resistance increases when the solution contains
more zincate ions coherently with the ionic conductivity of KOH/Zincate solutions [25].

The charge transfer resistance (Rc) of zinc anode reaction shown in Fig. 8b depends on the
overpotential in agreement with the Tafel equation [34] both in fresh and in aged electrolyte,
corresponding to a more concentrated zincate solution, confirming the adequacy of the model. In
order to compare the double layer capacitance values of the two conditions we cannot rely solely on
the values of CPE since the dimension of CPE (s"/ohm) depends on the value of the exponential
factor n, that can change across the performed measurement. Thus, an estimation of the double layer
capacitance (Cpr) has been made from the CPEppL values by using the equation Cpr= CPEpL -
(Wmax)! ™ proposed in [35, 36] (Fig. 8c). For a fresh solution Cpr exhibits an almost constant value
of 9.46 mF/cm? (by considering the effective geometric surface of the Zn spheres anode of 780 cm?
(see Experimental Section)), a value comparable with literature data on analogous systems [25, 37].

In concentrated zincate solution the trend of the Cpr can be correlated to that of the parameter n
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shown in Fig. 8d. In diluted conditions the CpL values are the same as the ones measured under
OCP conditions whereas, at 30 mV vs OCP, they increase by one order of magnitude at the anodic
potential where the CPE becomes a pure capacitance (n=1, Fig. 8d): for higher anodic polarizations
CpL values decrease with some fluctuations. From the Cpr behavior and from the npi=1 values it
can be deduced that the space charge region is very much flattened, i.e. parallel plate capacitance,
indicating reaction only through a smooth surface. In presence of high concentrations of zincate, the
compaction of the surface can be related to the formation of a passive film that decreases the
porosity and leakage between the Zn spheres [31].

In a fresh solution the film resistance (Rfim) is quite low and constant with anodic polarization,
because the high pH, maintained by the electrolyte flow, hinders passivation. When the zincate
concentration increases to values close to saturation and pH decreases, passivation is expected to
occur, forming an inner light gray/black dense ZnO layer in the region closer to the anode surface at
the metal/electrolyte interface, favored by the lower pH, and an external white porous layer by
precipitation of saturated zincate ions (Zn(OH)4>) [26, 38, 39] (Fig. 9). In this case the Ram was
found to decrease with the anodic overpotential (Fig. 8e), suggesting a field-enhanced dissolution
and/or modifications of composition, morphology and thickness of the ZnO passive layer, that has
been reported to be dependent on the anodic potential [40].

The anodic discharge curve has also been measured simultaneously with that of the cell at 7 mA
cm and reported in Fig. 10a. From this Figure we can infer that the decrease of cell potential with
time can be mainly attributed to the anodic overpotential. The increase of the anodic overpotential
with time of discharge can be attributed to the decrease of anodic active area due to zinc
consumption and/or to the physico-chemical modifications induced by the Zn passivation occurring
at higher zincates concentration (i.e. low SoC).

Fig. 10b reports the EIS Nyquist plots of the Zn-air cell at different SoC values. The impedance of

the low frequency arc, generally attributed to the ORR charge transfer at the air cathode and to the
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diffusion of reacting species through the thin corrosion product film [28, 41], increases with
increasing number of discharge steps, suggesting progressive inhibition of mass-transport processes.
Nyquist plots of the particulate Zn anode under open-circuit conditions and different SoC values are
reported in Fig. 10c for the first mechanical charge. The high impedance at SoC=100% can be
attributed to intense H» evolution concomitant with the high corrosion rate of the Zn at OCP due to
a high effective area of film-free spheres surface [42]. The ageing of the cell increases the coverage
of ZnO film on the Zn surface, thus decreasing the H, impedance. From SoC=80% (t=17h) to
SoC=30% (t=60h), the electrochemical reaction Zn/Zn>" occurs under charge-transfer control at
high SoC (80%) values and gradually changes to diffusion control with increasing SoC (30%). The
appearance of a diffusion contribution to impedance can be due to the development of the passive
layer on the zinc spheres and/or other insoluble complexes, resulting from the increased
concentration of zincate in the electrolyte with increasing depth of discharge. Hydroxide ions have
to diffuse through this passive layer to react with zinc ions and the kinetics of the reaction is thus
controlled by the diffusion through the passive film of OH™ ions to reaction sites and of oxidation
products away from it. Precipitation followed by zinc oxidation, dissolution and diffusion in the
electrolyte during discharge easily brings about passivation [43, 44]: in our cell these processes are
hindered by the flow of electrolyte (as evidenced by the comparison between Fig. 4a and 6). The
increase of zincate concentration has a growing impact on the voltage output and current efficiency,
that gradually decrease from the 1% to the 5" curve as shown in Fig. 4a and 4b. The 5" mechanical
recharge marks the end of the useful life of the electrolyte, due to zincate saturation; in fact by
renewing the electrolyte in the same cell (6 curve in Fig. 4a), the discharge curve notably
improves. Nevertheless the same output voltage (decrease of 7 %) and current efficiency (Fig. 4b)
of the 1* charge cannot be recovered. This is also confirmed by Fig. 10d where the EIS spectra of
the 1% and 7" charge are compared: the diffusion control due to passive film formation discussed

above appears at lower SoC values (SoC= 80%, 17 h) for the 7" mechanical charge. This suggests
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that the ageing of the anode during discharge cannot be associated only with the ageing of the
electrolyte. In fact, the use of concentrated alkaline solutions (such as 6 M KOH) and the flow of
the electrolyte reduce zinc passivation because of the partial dissolution of the passive film [26].
However, excessively high solubility generates morphological changes of the anode surface at
preferential sites that in turn cause non-uniform current distribution leading to undesirable
electrolyte concentration gradients [25]. As a consequence, un-reacted inactive Zn/ZnO spheres are
accumulated at the end of every discharge, as demonstrated by the different morphochemical
features of the Zn spheres observed along the longitudinal dimension of the cell discussed in the
Section 3.1.2.

3.2.2 Characterization of spent zinc spheres

After the 7" discharge of the long-term current discharge test at 212 mA (7 mA cm?), we
characterized the spent zinc spheres for their crystallographic structure, surface morphology and
chemical nature by means of SEM, XRD and Raman spectroscopy, analyzing three samples of the
residual powder at three different locations along one channel of the hopper in the anodic side: close
to the inlet of the flow-field, mid-way between the inlet and the outlet and close to the outlet, as
indicated in Fig. 11a.

- XRD

The XRD patterns of the spent zinc samples taken from the three indicated positions, as described
above, are reported in Fig. 11b and compared to those of fresh zinc particles. As expected and
coherently with the JCPDS card 04-0831, the fresh zinc displayed characteristic peaks of Zn metal,
at 20 of 36.4, 39.0, 43.4, 54.5,70.4, 77.4, 82.3, 86.6, 90.3 and 95.0°. The residual powder collected
from positions A, B and C after the long-term current discharge test, shows different patterns. The
material found in zone C shows the peaks of Zn metal described above, together with the
characteristic peaks of ZnO, according to the JCPDS card 36-1451, at 20 of 31.8, 34.4, 36.2, 47.5,

56.5, 62.8, 66.4, 68.0, 69.0, 72.6, 77.0, 81.4, 89.7, 92.8, 95.4 and 98.7°. Material from zones A and
12



B shows only the peaks corresponding to ZnO. No traces of zinc metal are visible. The obtained
results are coherent with anode reactions (2) and (3).

Initially, zinc metal is oxidized to release electrons and form zinc(Il) ions. This process proceeds
until the concentration of the zincate ions, Zn(OH)4*, reaches saturation. In the saturated solution
zincate ions further react forming solid ZnO. In the experiments carried out with flowing
electrolyte, instead, zincate ions are continuously carried along the channel and their concentration
progressively increases. This situation favours the formation of ZnO in the upper part of the
channel. Instead the presence of metal Zn in zone C was due to a not yet complete oxidation of Zn
spheres present in this area, where the Zn particle layer lies far from the anodic current feeder.

- SEM

Fig. 11c shows the SEM images of pristine zinc spheres and of the three samples of the residual
zinc powder recovered from the anode hopper after the long-term discharge test. The fresh zinc
spheres present a smooth surface while, coherently with the literature [45-47], two different kinds of
ZnO morphology can be observed on the one hand for zone C and on the other hand for zones B
and A, respectively. The black reaction product present in zone C appears as a compact film,
whereas the grey material formed in zone B and the white one found in zone A show a porous
morphology.

- Raman

The Raman spectra of the spent zinc powder at the three different investigated locations are
reported in Fig. 11d. In all the spectra six more evident peaks can be observed: at 333, 378, 406,
439, 574 and 584 cm’!. All these peaks, together with the peak at 99 cm™ - not visible from the
performed measurements, because it is outside the range of the collected spectra - are the typical
Raman peaks of ZnO. In fact, on the basis of literature data, the Raman spectrum of ZnO presents 6
peaks, corresponding to the following modes: A; (TO) at 378 cm™ and A; (LO) at 574 cm’!, E;

(TO) at 406 cm™ and E; (LO) at 584 cm™ are polar modes associated to the oxygen-dominated

13



high and to the combination

phonons, whereas the peaks at 439 cm™ and 330 cm™! attributed to E»
ExMeh - B,lo% respectively, are non-polar modes [48, 49]. The spectra obtained on the powder in the
three different locations of a channel of the hopper, reveal that moving from zone A to zone C, the
intensity of the Raman band at 574 cm’!, corresponding to the A; (LO) mode, markedly increases,

whereas the band at 439 cm™!, corresponding to E,"e"

mode decreases. The changes between the
intensities of these two peaks and in particular the presence of a high intensity one corresponding to
the A1 (LO) mode can be attributed to the presence of interstitial Zn and oxygen deficiency in the
lattice (Zn1+x0), as already observed in the past for ZnO film obtained by electrochemical
passivation in alkaline solution [50, 51] or sputtering under high vacuum conditions [52, 53]. This
result is also confirmed by the dark color of zone A. In fact the darkening of the film has been
ascribed to the incorporation of an excess of zinc within the lattice structure of zinc oxide [54].

The conclusions that can be drawn from the analysis of our Raman and SEM data on anodically
formed ZnO that are coherent with the structure of the passive layer of zinc observed by [51, 55],
i.e. a dual layer structure consisting of a porous film of ZnO precipitate (type I) and a compact film
(type II), and shown in Fig. 9. Type I is white and porous and forms by precipitation from a
supersaturated layer of electrolyte and Type II forms directly on the electrode surface and ranges
from light-gray to black due to an excess of zinc in the film. The formation of type II film is favored
by low pH at the interface between the metal and the electrolyte and contributed to the failure of the
Zn anode to operate properly by blocking the diffusion of OH™ ions toward Zn interface in
agreement with EIS results shown in Fig. 10d. The results of this work have shown that the failure
of the anode spheres is mainly due to electrolyte ageing (increase in zincate concentration) as
expected (Fig. 4a, 5™ curve), but another component of degradation comes from a non-uniform
spatial current distribution due to the instability of the passive film at high pH (6M KOH), with the

presence of voids detected at the compact oxide/precipitated layer interface and within the compact
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oxide itself (Fig. 9) [26] and revealed by analyzing the morphochemical distribution of ZnO along

the longitudinal dimension of the anode.

4. Conclusions

This work reports a detailed study of the effect of electrolyte aging during battery discharge on the
behaviour af the particulate Zn anode of a mechanically refuelable tapered-end flow Zn-air fuel cell.
The potential decrease in the Zn-air battery discharge curve is mainly due to the anodic
overpotential increase. By means of EIS measurements, this effect has been attributed to the
physico-chemical modifications induced by the Zn passivation occurring at higher zincates
concentration (i.e. low SoC). The EIS spectra of the anode spheres recorded under anodic
polarization revealed that the impedance properties of the zinc oxide film and the charge transfer
parameters can be easily separated and quantified. The charge transfer resistance of zinc anode
reaction depends on the overpotential in agreement with the Tafel equation, while qualitative
variations in thickness, compactness, and blocking features of the passive film as a function of the
ageing of the electrolyte (i.e SoC) can be also obtained. In particular, the electrochemical reaction
Zn/Zn*" occurs under charge-transfer control at high SoC (80%) values gradually changes to
diffusion control with the decrease of the SoC (30%), due to the development of the passive layer
on the zinc spheres and/or other insoluble complexes owing to the increased concentration of
zincate in the electrolyte. The results of this work have thus shown that the failure of the anode
spheres is mainly due to electrolyte ageing (increase in zincate concentration). Moreover, another
component of degradation coming from a non-uniform spatial current distribution, due to the
instability of the passive film at high pH (6M KOH), with the presence of voids at the compact
oxide/precipitated layer interface and within the compact oxide itself, has been revealed by
analyzing the morphochemical distribution of ZnO along the longitudinal dimension of the anode

by means of XRD, SEM and Raman measurements. As a consequence, unreacted inactive Zn/ZnO
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spheres are accumulated at the end of every discharge step. The analysis of our Raman and SEM
data are coherent with the dual layer structure consisting of a porous film of ZnO precipitate (type I)
and a compact film (type II). The formation of type II film is favored by low pH at the interface
between the metal and the electrolyte and contributed to the failure of the Zn anode by blocking the

diffusion of OH™ ions toward Zn interface in agreement with EIS results.
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Figure captions

Fig. 1 - Experimental layout of laboratory Zn-air flow fuel cell used in this work

Fig. 2 - Open circuit potential of the Zn-air flow fuel cell

Fig. 3 - Polarization and power density curves of the Zn-air battery

Fig. 4 - (a) Discharge characteristics of the Zn-air battery at a constant current density of 7 mA cm™
and (b) corresponding current efficiency. At the indicated points, the Zn were mechanically added
and the electrolyte was replaced. (c) Scheme of the side-view of the anodic compartment showing
non-packed Zn spheres

Fig. 5 - Specific capacity of the Zn-air battery normalized to the mass of the consumed Zn at
constant current density of 7 mA cm™ and of 25 mA ¢cm™

Fig. 6 — (a) Discharge characteristics of the Zn-air battery at a constant current density of 7 mA cm’
2 without flow the electrolyte. (b) Scheme of the side-view of the anodic compartment showing
close-packing and clogging of the Zn spheres

Fig. 7 - Nyquist plots measured before discharge at the bias indicated in the graph and amplitude 10
mV. (a) Cell. WE: Zn spheres anode, RE=CE: air cathode. (b) Anode. WE: Zn spheres anode, RE:
Ag/AgCl, CE: air cathode, 1% discharge of Fig. 4. (¢) Anode. WE: Zn spheres anode, RE: Ag/AgCl,
CE: air cathode, 4™ discharge of Fig. 4. Scatter: experimental points. Line: fitted spectrum. The
equivalent circuit used to fit the spectra is reported in the inset of Panel (b)

Fig. 8 - Variation of impedance parameters obtained by fitting the EIS spectra reported in Figure 7,
Panel (b) and (c). (a) ohmic resistance, (b) charge-transfer resistance, (c) double-layer capacitance
(d) exponent of the CPE, (e) film resistance

Fig. 9 - Model of spherical Zn particles with passive ZnO shell

Fig. 10 - (a) Discharge characteristics of the Zn-air battery and the Zn-spheres anode at a constant
current density of 7 mA c¢cm™. Nyquist plots measured at open circuit potential and amplitude 10

mV: (b) WE: Zn spheres anode, CE: air cathode, SoC 100%, (c) WE: Zn spheres anode, RE:
22



Ag/AgCl, CE: air cathode, 1* discharge of Fig. 4 at various SoC, (d) WE: Zn spheres anode, RE:
Ag/AgCl, CE: air cathode, SoC=80%

Fig. 11 - (a) Spent zinc powder characterized after the long-term current discharge test at the three
indicated different locations; (b) XRD diffractograms; (¢) SEM micrographs at magnification of

100x and 500x; (d) Raman spectra
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Figure 4c Click here to download Figure Figure4c.tif %
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Figure 6b Click here to download Figure Figure06b.tif
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