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Abstract

Zinc—air batteries have gained significant attention as safe battery alternatives, with high theoretical
energy densities and a high abundance of their constituent materials. However, barriers to their
widespread adoption include the need to improve their cycling lifetime, as well as stability and
avoiding degradation mechanisms such as zinc dendrite growth and hydrogen-producing side
reactions. X-ray computed tomography (CT) is a widely used technique for the study of batteries.
In situ / operando x-ray CT has been increasingly used to study the zinc anode of zinc—air batteries
to evaluate the interesting morphological changes occurring during the reaction from zinc (Zn) to
zinc oxide (ZnO) during discharge (vice versa during charge). However, several studies have been
carried out using synchrotron x-ray sources, which have limited availability for users. In this work,
we present a comprehensive study of the discharge of commercial, primary zinc—air batteries using
a laboratory-based x-ray source for in situ x-ray CT measurements. Four different discharge rates
are investigated (C/30, C/60, C/90 and C/150), with tomograms collected at various stages
throughout each discharge. Results confirm that with decreasing C-rate (i.e. decreasing discharge
current) a greater volume of zinc is reacted, with average mass utilisations of 17%, 76%, 81% and
87% for C/30, C/60, C/90 and C/150, respectively. Furthermore, quantification using x-ray CT
datasets showed that there is a direct correlation between the volume of zinc remaining in the cell
and the state-of-charge of the cell, which deviated from linearity for the longer C-rates. Finally, a
potential new mechanism for shape change is discussed, where a Zn particle is replaced with a pore
of a similar volume. As well as improvements in statistical relevance gained from multiple repeats
for each C-rate, the results presented here could be used in both modelling of battery performance,
as well as consideration for future anode design concepts.

1. Introduction

Given the urgent need to move to low-carbon technologies, batteries are being increasingly used in a range of
applications, from personal electronics to vehicles to stationary power. Lithium-ion batteries are the most
widely used chemistry, but to meet the growing demand, there is a need to move beyond lithium towards
alternative battery chemistries [1]. Metal—air batteries are a group of such battery alternatives that hold
promise, especially for stationary power and flexible electronics applications [2]. Because oxygen from the air
is the reactant on the cathode side, the theoretical specific energies of metal-air cells are significantly higher
than Li-ion cells, as the reactant does not need to be stored in the battery itself [3]. Of the metal—air batteries,
zinc—air cells are one of the most promising technologies. Whilst the theoretical specific energy is lower than
Li-air (~1350 Wh kg ™! for zinc—air, versus 5200 Wh kg ™! for Li-air [2]), it is still around three times higher

© 2021 The Author(s). Published by IOP Publishing Ltd
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than Li-ion (upwards of 270 Wh kg™! [4]) and work by Hopkins et al has shown that the practical specific
energy of secondary cells can compete with projected values for Li—air [5], with primary zinc—air cells already
reaching practical specific energies of 450 Wh kg, ~'. Furthermore, significant advantages of zinc—air
technologies include the ability to use aqueous electrolytes, since there are fewer safety concerns associated
with the contact between zinc and water, and there is no risk of thermal runaway, explosion, or fire [6, 7].
The materials inside zinc—air cells are relatively low-cost and zinc is one of the most abundant metals in the
Earth’s crust [8], which makes them an attractive battery alternative as demand continues to rise. Primary
zinc—air batteries are already commercialised, with wide-spread adoption for low-current, personal
electronics applications, like hearing aids, but the market is growing for the use of zinc—air batteries in
stationary power and large-scale storage applications [9].

Zinc—air batteries have three main components: a zinc anode, a cathode with a catalyst tailored to the
oxygen reduction reaction (ORR)—or a bifunctional catalyst capable of both ORR (discharge) and oxygen
evolution reaction during charge, and a separator (e.g. made from glass-fibre materials) soaked in an aqueous
alkaline electrolyte, such as KOH. The cell reactions proceed as stated below, with the forward reaction in all
cases being the discharge and the reverse reaction being the charge. At the anode, zinc is converted to zinc
oxide (ZnO), via a zincate (Zn(OH),2~) intermediate, which is dissolved in the electrolyte. At the cathode,
oxygen from the air reacts with water via an electrochemical reduction reaction to form hydroxide. Overall,
zinc is converted to ZnO during discharge and back to zinc during charge (in the case of secondary cells):

Anode: Zn +40H™ = [Zn(OH),]*” +2¢~ (1)
[Zn(OH),]*” = ZnO + H,0 4 20H " (2)
1
Cathode: EOZ +H,O+2¢” =20H" (3)
1
Overall: Zn + 502 = ZnO. (4)

Widespread adoption of secondary zinc—air batteries is at present limited by insufficient bifunctional
catalysts for the cathode [10-12], but there is growing interest in improving the anode architecture to help
improve cycle lifetime and avoid zinc dendrite formation in both primary and secondary cells [13, 14].
Although alternative methods for recharging have been suggested, such as mechanical recharging by
replacement of the anode [15] or flow-battery systems [16], challenges remain for zinc—air batteries in order
to maximise the full capacity of the anode during cell discharge. Furthermore, zinc—air batteries have been
shown by electrochemical impedance spectroscopy (EIS) to have a significant rate-dependence, with
increasing capacity utilisation with decreasing rate (i.e. longer discharge times) [17]. However, while
electrochemical methods like EIS can provide information about the bulk behaviour, they do not provide any
information about anode morphology and the changes occurring within the electrode microstructure during
discharge.

X-ray computed tomography (CT) is a versatile technique for imaging energy materials in three and four
dimensions (three spatial dimensions plus time), and it has been widely used for imaging both energy
storage and conversion technologies, like batteries and fuel cells, respectively [18]. An advantage of the
technique is that it is non-destructive, meaning that the entire sample can be imaged in 3D without the need
to disassemble the sample. Thus, changes in the morphology of a sample can be tracked throughout an
experiment, for example, during a full discharge cycle of a battery. X-ray CT has been increasingly used for
in situ and operando studies of both primary and secondary zinc—air batteries. Some of the earlier studies
include work by Arlt et al to investigate the state-of-charge (SoC) in primary commercial cells and model
some of the mechanisms for shape change and particle shrinking [19], and work by Schroder et al to monitor
the air electrode during discharge [20]. More recent work has included the study of shape change of zinc
during discharge/charge cycles [21], deposition of zincate onto the cathode [22], and morphology changes in
zinc sponges during cycling [23]. Degradation mechanisms like dendrite growth have also been studied using
operando x-ray CT [13] and imaging data has been used to validate models for zinc particle shape change
[24]. Limitations of some of the works mentioned here are that they were carried out at synchrotron x-ray
sources [13, 23]. While synchrotron sources are unmatched in terms of x-ray flux, which allows for higher
temporal resolution, access to beamlines is limited and experiment durations are often short, with limited
scope for replicate experiments. In contrast, laboratory-based x-ray sources are more widely available and
while they are limited by flux, the spatial resolutions that can be achieved for full-field imaging are
approaching those of synchrotron sources [25]. Their availability means that repeating measurements on
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multiple samples is possible, which greatly improves the statistical robustness of results. Finally, very low
C-rates (like the C/150 rate used in this work), which take ~6 d, can be investigated; such long experiments
times cannot be carried out easily using synchrotron sources.

This work presents a comprehensive study of the discharge of primary, commercial zinc—air cells at
different C-rates and correlates the electrochemical behaviour to electrode morphology changes using in situ,
lab-based x-ray CT. We present new insights into mechanisms for shape-change during discharge, as well as
providing a thorough statistical analysis by carrying out multiple repeats of experiments. Finally, we present
new methods for quantifying the volume of zinc at different SoC and suggest how these methods could be
applied to the design and engineering of novel anode architectures.

2. Experimental and methodology

2.1. Electrochemical

Commercial 300 mAh PR48 hearing aid cells were used throughout this work and were discharged at various
C-rates. A total of four cells were discharged for each C-rate and four different C-rates were investigated,
namely C/30, C/60, C/90, and C/150, with C/30 being the highest and C/150 being the lowest. Thus, a total
of 16 cells were discharged. For each C-rate, three cells were imaged at the start and end of discharge and a
fourth cell was imaged at intervals throughout discharge (see section 2.2 for details of imaging), with all
information about C-rate, corresponding discharge current, and time intervals, summarised in table 1. In
this work, when a voltage of 1.1 V was reached, the cell was considered to be ‘discharged’ (according to the
manufacturer’s specifications) and full discharge data for all 16 cells can be found in (figure S1 (available
online at stacks.iop.org/JPMATER/5/014001/mmedia)) of the supplementary information (SI). Given the
high overpotentials in the fastest discharge measurements, the voltage limit was set slightly below 1.1 V for
the cells discharged at C/30, as can be seen in (figure S1(a)).

2.2. X-ray computed tomography (x-ray CT)

X-ray CT was performed using a Nikon XT 225 (Nikon, Tring, UK). The sample was mounted inside a 3D
printed jig, placed onto a sample holder and the orientation was marked on the cell as an alignment reference
(figure S2(a)). Between scans, the cell was removed from the holder and discharge was continued using a
potentiostat (Gamry Interface 1000, Gamry, USA), as described in the previous section. Whilst there was
some minor movement in sample position arising from the removal/insertion of the cell into the holder, this
was kept to a minimum using the method described above. Furthermore, during image processing, datasets
were first aligned to orient the samples to identical coordinates and rotation axes.

Scans were collected with a tube voltage of 190 kV and a 0.55 mm thick copper filter was placed between
the source and the sample to pre-harden the beam and minimise beam artefacts (figure S2(b)). An identical
source-to-sample distance was used for each scan to keep the resolution constant (figure S2(b)), and after
reconstruction with the proprietary Nikon reconstruction software CT Pro 3D (Nikon, Tring, UK), resulting
images for all datasets had a voxel size 0of 4.91 ym. One sample for each C-rate was imaged at intervals
throughout the discharge (as discussed in the previous section), in addition to the ‘fresh’ and ‘discharged’
state, and three samples for each C-rate were imaged in the ‘fresh’ and ‘discharged’ state only. The repeats
were performed to both allow better statistical analysis of the results, as well as to confirm that pausing the
discharge of the in situ samples did not affect the discharge time of the cell. The discharge times of the in situ
cells were found to be consistent with those discharged continuously, thus confirming that the intermittent
pausing of discharge did not affect cell performance.

2.3. Image post-processing

Post-processing of each dataset was carried out using Avizo software (Thermo Fisher Scientific, USA). First,
each sample was registered to the ‘fresh’ sample using the ‘Register Images’ module in Avizo, to ensure the
orientation of each image was identical, followed by application of a median filter to reduce the noise in each
tomogram. A 3D volume rendering of a cell in the ‘discharged’ state, which was discharged at C/90, is shown
in figure 1(a) and a portion of the rendering has been removed from view such that the internal features of
the cell can be visualised. The outer and inner cell casing can be seen and contain both the unreacted zinc
particles and the bulk ZnO species, as well as the mesh at the bottom of the cell. An example xy orthoslice
(indicated in figure 1(a)) is shown in plan-view in its original grayscale form in figure 1(b) and with the
segmented phases overlaid in figure 1(c). Segmentation of the zinc phase was carried out using a
thresholding approach, where a lower threshold value of ~68% of the upper threshold value was chosen,
with the upper threshold value being the maximum grayscale value of the dataset. This was to ensure that the
relative differences in the histogram were accounted for, and the same ratio of zinc was segmented. To
confirm this method, the outer cell casing was also segmented using the same approach and the volume
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Table 1. Details of the chosen C-rate and discharge currents. The hours at which scans were collected for in situ experiments are also

given.
C-rate, C/N; N= Discharge current/mA Time intervals for in situ imaging/h
30 10 0,1,2,3,4,5
60 5.00 0,5, 22,28, 44
90 3.33 0,5, 22, 28, 44, 49, 66, 71, 75
150 2.00 0,24, 49, 74, 99, 124, 138

Zinc M Fores
W zno M Casing

Figure 1. (a) Volume rendering of a cell discharged at C/90 in the ‘discharged’ state. A section of the cell has been removed from
the visualisation to allow for the internal features of the cell to be displayed. The xy ortho-slice shown in (b) and (¢) is indicated
on the image. The outer cell casing can be seen, with the outer and inner casings, as well as the mesh separating anode and
cathode at the bottom of the cell; (b) filtered grayscale xy ortho-slice, where the light grey zinc particles and casing materials are
seen, as well as the dark grey zinc oxide phase and the black ‘pore’ phase; (c) same xy ortho-slice from the segmented dataset, with
zinc (yellow), zinc oxide (blue), pores (red) and casing (purple).

fraction of the zinc and the outer cell casing was measured. This will be discussed further in section 3.1. A
‘pore’ phase was also segmented using a thresholding approach, followed by manual refinement of the
thresholded values to remove any voxels assigned to regions that did not belong to the ‘pore’ phase
(figure 1(c), red phase). This is because the grayscale values of these isolated pores that are contained within
the ZnO solid phase and the values of the empty regions of the cell casing are similar. The pore phase was
segmented in all ‘discharged” datasets for cells discharged at rates of C/90 and C/150.

Measurement of the zinc volume fraction was carried out using the ‘volume fraction’ module in Avizo.
The volume was then converted to a theoretical capacity, using the following equation:

Csegmented = Vsegmented (mmS) X p (g mm—S) x C (mAh g_l) (5)

where Ciegmented 18 the segmented capacity, Viegmented is the volume of the segmented zinc phase in mm?, pis
the density of solid zinc in g mm ™, taken to be 0.0071 g mm ™ [5], and C is the theoretical specific capacity
of zinc, taken to be 825 mAh g~! [26].

Further advanced metrics for understanding changes in morphology arising from cell discharge included
the calculation of the continuous particle size distribution (cPSD) for the zinc in each of the cells, then
averaging over the four samples in the ‘fresh’ and ‘discharged’ state. The cPSD was calculated using an Image]J
plugin, developed by Miinch et al [27]. Values for the average diameter of the ‘pore’ phase, found in cells
discharged at rates of C-90 and C-150, were also calculated using the same method.

Animations of each in situ discharge were created using the ‘Animations’ tool in Avizo. Due to each
dataset being aligned to the ‘fresh’ dataset for each C-rate, an identical ortho-slice in the xz plane was selected
at each time interval for the four discharge rates. After adding scalebars and timestamp labels to each
ortho-slice image, they were stitched together sequentially to create the animations. The four animations are
found in the SI, for the four in situ measurements at different C-rates.

3. Results and discussion

3.1. Rate-dependency of discharge

The discharge data for each in situ cell discharge at the four C-rates are shown in figures 2(a)—(d), with the
voltage spikes arising from the pause in the discharge during imaging. As can be seen in all cases, the ~1 h
interruption did not negatively influence cell performance. Full discharge data for all four cells can be found
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Figure 2. Example discharge profiles for one of the four cells for each C-rate; (a) C/30 discharge at 10 mA (grey); (b) C/60
discharge at 5 mA (orange); (c) C/90 discharge at 3.33 mA (blue) and (d) C/150 discharge at 2 mA (green). For each graph, the
bottom x-axis represents the capacity (with a maximum value of 300 mAh) and the top x-axis represents the time of discharge,
with the axis label and tick mark values shown in each case; (e) average mass utilisation (taking the average of the four cells for
each C-rate) based on electrochemical data (dark grey bars) and imaging data (light grey bars, black diagonal lines). Error bars are
also shown based on the standard deviation.

in (figure S1) of the SI. None of the cells reached full discharge of the 300 mAh capacity at 1.1 V. The poorest
discharge performance was for the highest discharge rate of C/30 (i.e. highest current of 10 mA) (figures 2(a)
and (e)). By halving the discharge current to 5 mA (C/60), there was a ca. 60% increase in the capacity of zinc
discharged. From 5 to 3.3 to 2 mA (C/60 to C/90 to C/150, respectively), there were increases in the mass
utilisation, from 75.8% to 80.5% to 87.4% of the 300 mAh capacity, respectively (figure 2(e), dark grey bars).
Such a rate dependency has also been reported by others [17], thought to arise from increasing resistance
resulting from the higher current, which leads to larger internal overpotentials. It could also be due to oxide
formation effectively ‘blocking’ the active material at higher rates, though the exact nature of this relation is
complex and dependent on many factors, like electrode thickness, particle size and/or electrolyte
concentration [28]. The inability of zinc—air cells to fully discharge at a relatively high C-rate of C/30 is not
yet well understood. Furthermore, when compared with typical zinc—air studies at lower C-rate discharges,
and where only 10%—-25% of the capacity is discharged [29], there still appears to be an inefficient use of
battery capacity. Work in the area of improving zinc—air batteries that have faster charge/discharge
capabilities and longer lifetimes is necessary.

Also shown in figure 2(e) are the values for the average percentage of zinc volume discharged based on
calculations from the imaging data (light grey bars, black diagonal lines). For all C-rates, there is good
agreement between the electrochemical and imaging data points, although the values from the imaging data
are slightly higher for C-rates of C/30, C/60 and C/90, by 1.7%, 0.8%, and 1.4%, respectively. The slightly
higher values imply that the segmentation has overestimated the amount of zinc discharged (i.e. the zinc
volume remaining is lower than expected). However, this may be a result of some zinc being converted to
zincate, dissolved in the electrolyte, and causing further reactions. The exact values for the percentages
discharged are found in table 2, along with the measured zinc and casing volumes, and the average capacity
(calculated from the zinc volume segmented in each of the four datasets for each C-rate). Firstly, looking at
the ‘volume’ columns, the average casing volume across the 16 samples segmented is in the range of
10.1-10.4 mm?, confirming that the segmentation method used across all samples was consistent. The values
for average zinc volumes in the ‘fresh’ and ‘discharged’ states were used to calculate average percentage
discharge values, as well as the average capacity.

Furthermore, examining the values for capacity, for all discharge rates, the average capacity remaining is
larger when calculated from the electrochemical data than when calculated from imaging data. This suggests
that the volume of zinc that was segmented is smaller than expected, which further points to the fact that
some zinc has dissolved in the electrolyte and is reacting, but this has not been captured by the segmentation.
This phenomenon has also been suggested for other similar zinc—air cells from different manufacturers [19].
It is interesting to note that the difference between electrochemical and imaging values decreases with
decreasing C-rate, from +15.8 mAh for C/30 to +-5.0 and +5.3 mAh for C/60 and C/90, respectively, and to
+0.5 mAh for C/150. A suggested reason for this is that the zinc either in the bulk or dissolved in the
electrolyte is increasingly reacted during longer periods of discharge, meaning that the volume of zinc in the
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Table 2. Volume and capacity data across imaging and electrochemical (EC) experiments, including standard deviation (o).

Volume

Percentage

Capacity

Average volume/mm’

Average percentage

Average capacity remaining,

Crate, (o/mm) Average discharged/% (/%) , imaging/mAh (o/mAh) Average capacity ,

C/N; Casing Difference remaining) EC, Difference
N= Fresh Discharged volume/mm? EC, %k Imaging, %r (%r — %1)1% Fresh Discharged, C; Cg/mAh (o/mAh) Cg — Ci/mAh
30 49.0 (0.6) 38.5 (1.7) 10.4 (0.3) 16.6 (3.0) 18.3 (2.4) ~17 286.8 (3.4) 225.4 (9.9) 234.4 (7.5) 1158

60 49.3 (0.2) 11.5(1.2) 10.1 (0.5) 75.8 (2.7) 76.6 (2.3) —0.8 288.6 (1.0) 67.5(6.9) 72.5 (8.0) +5.0

90 50.1 (1.0) 9.1(0.8) 10.2 (0.4) 80.5 (3.5) 81.9 (1.3) —1.4 293.2 (5.7) 53.2 (4.5) 58.5 (10.5) +5.3

150 49.5 (1.1) 6.3 (1.5) 10.3 (0.3) 87.4 (3.1) 87.2 (2.9) 10.2 290.2 (6.7) 37.0 (8.7) 37.5(9.5) 105
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particle form is the main reacting species by the end of the discharge at C/150. However, further
confirmation of this is needed, which may be achieved by weighing the final reaction products, for example.

3.2. In situ observation of discharge

The reaction from Zn to ZnO is accompanied by significant volume expansion, and with decreasing
discharge current, the occupied volume of the cell casing increases, as can be seen by the transfer from light
grey zinc particles in the ‘fresh’ cells (figures 3(a), (¢), (e) and (g) for discharge rates of C/30, C/60, C/90 and
C/150, respectively) to a light-grey, bulk ZnO structure occupying most of the cell casing (figures 3(c), (f), (i)
and (1)). Also shown are ortho-slices taken in an intermediate state around halfway through each discharge
(figures 3(b), (e), (h) and (k)), in which the majority of the volume expansion occurs in the first half of
discharge, especially for the lower discharge rates of C/90 and C/150. It is noticeable from the fastest
discharge rate (C/30, figure 3(b)) that the morphology has changed little during the discharge. It appears
there is a vacancy in the centre of the cell, but it is unknown what occupies this space; it could arise from
hydrogen gas formation as a result of side reactions [30], but further investigation is needed to confirm this
since it was not observed for discharge at lower currents.

A more detailed analysis of the discharge is afforded by observing the changes in morphology as it
proceeds, which can be seen in the accompanying animations for the in sifu discharge at each C-rate (found
in the SI). An identical ortho-slice is selected in each case and the evolution of the morphology can be
tracked in each animation. The main morphology changes that were found to occur include the gradual
shrinking of some zinc particles, accompanied by the formation of a less-dense, ZnO bulk material. This is
consistent with the findings of Arlt et al who found a similar volume expansion when studying one discharge
rate of a different commercial cell of type ZA13 [19]. The ZnO can also be seen to have a grayscale gradient,
with dark-grey ZnO bulk at the top with decreasing grayscale values towards the separator. This implies that
even though the reaction appears to occur from the regions closest to the separator first, as discussed by Arlt
et al [19], the volume expansion effectively pushes the zinc further away from the separator, meaning that
more zinc is concentrated in the top part of the cell. This effect is more prevalent in the longer discharge rates
(C/90 and C/150), where any unreacted zinc that is likely not in particle form and is in the lower regions near
the separator gradually reacts with increasing discharge times.

As well as qualitative descriptions of morphology evolution during discharge, a quantitative analysis of
the changes in the zinc volume during discharge was carried out. The in situ values for the measured volumes
are shown in figure 3(m) for the various C-rates. As expected, with increasing time, the volume of zinc
decreases approximately linearly, as would be expected from the following relation (a full derivation of this
can be found in equations (S1)—(S4) of the SI):

It
Viisch = — + Vinitial .". Vdisch X ¢ (6)
pC

where Vi is the volume of zinc (mm?), I is the discharge current (mA), ¢ is the time (h), p is the density of
zinc (g mm™—?), C is the theoretical specific capacity of zinc (mAh g~!) and Vi is the initial volume of zinc
in the cell (mm?®) (equal to the y-intercept in the linear equation). The theoretical values for zinc volume,
calculated by substitution into equation (6), are also shown as solid, continuous lines in figure 3(m). For all
C-rates, it can be seen that the zinc volume measured from x-ray CT is lower than the theoretical volume and
this becomes more pronounced with increasing length of discharge. However, even for C/90 and C/150,
which appear to deviate the most from the theoretical volume, the experimental values approach the
theoretical values towards the end of discharge, i.e. around 75 h for C/90 and 135 h for C/150. This implies
that the discharge behaviour, as determined from the zinc volume in particle form alone, is non-linear.

To further assess the linearity of the experimental volume decrease, linear regression fits were done for all
plots, with the adjusted R? values shown in table 3 (plots of the linear regression are found in figure S3 of the
SI). The C/60 and C/90 lines have very good linear fits, with values of 0.97 and 0.98, respectively. On the
other hand, the C/30 and C/150 fits have values of 0.94 and 0.93, respectively, which indicates that they
deviate significantly from linearity. This can be seen by eye in figure 3(m) (and figure S3), especially for the
C/150 discharge, where the green triangles tend towards a curved rather than linear relationship. However,
due to the lack of chemical information available from x-ray CT data, it is unknown whether there are still
small amounts of zinc reacting that are not present in the particle form, and that may not have been picked
up by segmentation. Nonetheless, the results highlight that x-ray CT is a useful tool for correlating the SoC to
the volume of zinc inside the cell at different C-rates.

3.2.1. Changes in particle size
The average particle diameter of the segmented zinc particles in the ‘fresh’ and ‘discharged’ states were
calculated using cPSD measurement, with results shown in table 4. In the ‘fresh’ state, the average particle
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Figure 3. (a)—(1) Virtual ortho-slices taken from cells in the ‘fresh’ (left column), an ‘intermediate’ (middle column) and
‘discharged’ state for the C-rates C/30 (a)—(c), C/60 (d)—(f), C/90 (g)—(i) and C/150 (j)—(1); (m) graph showing the volume
measured from image analysis for C/30 (grey), C/60 (orange), C/90 (blue) and C/150 (green). The theoretical volume change is
also shown as solid lines in lighter, corresponding colours for each C-rate, based on equation (6).

size ranges between 112 4= 4 and 114 £ 1 um, which highlights that the segmentation has been consistent
across all 16 cells. In the ‘discharged’ state, the average particle diameters are less consistent, with the values
for C/90 (89 £ 5 pm) and C/150 (90 & 1 um) being lower than the values for C/60 (98 £ 4 um) and C/30
(103 £ 5 um). This suggests that for higher C-rates (i.e. C/30 and C/60), more full particles have
disappeared, but at lower C/rates (C/90 and C/150) there is increased particle shrinkage along with the
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Table 3. Table showing the adjusted R? values for the decreasing zinc volume at the various C-rates.

C-rate, C/N; N= Adjusted R? value
30 0.95
60 0.97
90 0.98
150 0.93

Table 4. Average particle sizes, calculated by cPSD, in the ‘fresh’ and ‘discharged’ state for the various C-rates of interest, along with the
average pore diameter in the ‘discharged’ state.

Average fresh particle Average discharged particle Average pore diameter,
C-rate, C/N; N= diameter, dpesn/pum (o/pm) diameter, dpisch/ppm (o/ pm) dpore/ pm (o/ pm)
30 112 (4) 103 (5) —
60 114 (1) 98 (4) —
90 113 (2) 89 (5) 79 (2)
150 114 (2) 90 (1) 86 (4)

Figure 4. (a)—(d) Example region from the latter stages of cell discharge at a rate of C/150 (2 mA), with increasing time ((a)—(d),
73,99, 124 and 138 h, respectively); (e)—(h) the same region with a number of example zinc particles highlighted in pink and
pores emphasised in green, showing how the zinc particles transform into pores; (i)—(I) expanded view of an example zinc particle
that shrinks during discharge (also indicated by yellow arrows in (a)—(d); (e)—(h) represents 73, 99, 124 and 138 h, respectively).
Scalebars represent 300 pm in all cases.

disappearance of particles. The increasing thickness of the oxide layer between the separator and the
remaining zinc particles at lower C-rates could also play a role in this. Furthermore, whilst the average
particle diameter decreased in all cases, the decrease is only between 9 and 24 pum (8% and 21% decrease of
diameter, respectively). These values are not as large as might be expected, given the volume of zinc that is
converted to zinc oxide. This indicates that the mechanism for conversion from zinc particle to ZnO bulk
phase occurs relatively quickly and on a few particles at a time located nearer to the separator, as opposed to a
gradual shrinking of all particles simultaneously.

Further evidence for this hypothesis is suggested by the presence of pores in the ‘discharged’ state
volumes, as shown in figure 4, especially for longer discharge rates. Such pores are not seen in the cells
discharged at C/30 and there are fewer in the cells discharged at C/60, only first being detected in the final
images. However, for the cells discharged at C/90 and C/150, the pores are found in increasing numbers after
49 and 73 h, respectively, corresponding to 65% and 52% through the discharge. A suggested reason for this
is that the pores only begin to form once the empty volume inside the anode casing is sufficiently filled by the
expanding reacted ZnO (and remaining zinc), which occurs roughly 50%—-65% through the discharge.

9
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To investigate the morphology of the pores, a ‘pore’ phase was segmented in the ‘discharged’ dataset of all
cells at C/90 and C/150 and the average value was calculated (table 4). Average pore diameter values were
found to be 79 & 2 um and 86 £ 4 pm for the C/90 and C/150 cells, respectively. Interestingly, these pore
diameters are similar to the values of discharged zinc, 89 and 90 pm for C/90 and C/150, respectively, albeit
slightly smaller. However, the similarity in values still presents strong evidence for the fact that at some stage
in the discharge, the zinc particles have disappeared, but do not affect the local morphology.

The formation of pores over a discharge can also be seen by comparing an identical region in x-ray CT
datasets, as shown in figures 4(a)—(d), for the cell discharged at 2 mA (C/150) with in situ collection of
images. Example particles and pores (pink and green, respectively) are overlaid onto the same images to
emphasise this change and shown in figures 4(e)—(h). Whilst there are a few pores present already in the scan
at 73 h (figures 4(a)—(e)), as indicated in green, subsequent images show how the majority of the light grey,
zinc particles (pink) are converted to pores (green) in almost identical locations (figures 4(b)—(d)/(f)-(h)).
As well as pore formation, some zinc particles can be seen to shrink during the discharge (but are not
converted into pores), such as the particle indicated by the yellow arrow in the images in figures 4(e)—(h) and
shown in an expanded view in figures 4(i)—(1). Further investigation of this phenomenon should be done by
collecting multiple scans with shorter time frames (for example, every hour) towards the end of cell
discharge, to elucidate the mechanism for pore formation.

Because chemical information cannot be obtained from conventional absorption x-ray CT images, it is
not possible to determine whether these ‘pores’ are due to an absence of material, or whether there is a
separate low-density solid phase occupying them. Thus, a future investigation could make use of either x-ray
photoelectron spectroscopy (XPS) or x-ray diffraction (XRD) methods to provide further insight into the
chemical nature of these pores. Nonetheless, the presence of a pore phase could potentially be utilised in the
future design of rechargeable zinc—air cells; for example, such pores could act like a scaffold, or as nucleation
points, into which ZnO could form. Such scaffolds have been suggested in the form of sponges [23, 31], and
it is clear to see here that they could play a significant role in increasing the lifetime of rechargeable zinc—air
batteries.

4, Conclusion

This work has presented an in-depth, rigorous study of 300 mAh commercial zinc—air primary cells
discharged at various C-rates. The electrochemical discharge profiles were correlated to the cell morphology
by analysis of tomograms obtained by lab-based x-ray CT. The rates investigated were C/30, C/60, C/90 and
C/150, corresponding to discharge currents of 10, 5, 3.3 and 2 mA, respectively. Results showed that
decreasing the discharge current increased the utilised capacity of the cell, up to an average of 87.4% for the
C/150 discharge. Segmentation of zinc from 3D imaging datasets showed that the volume of zinc particles
remaining in the cell could be correlated to the SoC of the cell. in situ datasets showed that the decrease in
zinc volume across discharge at all C-rates was approximately linear for the higher C-rates of C/30 and C/60,
but deviated from linearity for C/90 and, particularly, C/150.

Analysis of the zinc particle diameters showed that there was a reduction in the average particle size
between the ‘fresh’ and ‘discharged’ state for all C-rates, with little difference between the longest discharge
times of 89 pm for C/90 and 90 pm for C/150. The particle shrinking is accompanied by a volume expansion
in all cases, but the least volume expansion occurs for the highest discharge current of C/30. Furthermore, in
all cases, zinc reacted from the ‘bottom’ of the cell, i.e. closest to the cathode and separator first, resulting in
the movement of zinc particles away from the separator as the Zn to ZnO reaction occurred. Investigation of
the morphology using in situ x-ray CT showed that pores form during discharge at lower C-rates, which had
average diameters similar to the average zinc particle diameter. The suggested reason is that once the solid
volume expansion has filled a significant volume inside the anode casing, the zinc particles can no longer
react via the previously known shrinking-core model, and instead proceed via a different mechanism, which
is not yet well-understood. Taking more scans in the later stages of discharge, or by carrying out other
characterisation techniques, like XRD or XPS, may present and additional beneficial investigation to
understand this secondary mechanism.

In summary, we have shown evidence for a different reaction mechanism in the latter stages of discharge,
as well as highlighting that the zinc volume can be correlated to C-rate. We anticipate that these results
provide good foundations for the creation of future models and will lead to improved anode morphologies
and designs. Finally, by using widely available lab-based x-ray CT, we have shown that lab-based x-ray
sources hold great potential for producing high-quality datasets with repeatable results for future
investigation of emerging zinc—air electrode architectures.
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