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ABSTRACT: Use of Zn sponges has been recently proposed as an s ‘ n [ .
effective means of limiting the shape change and dendrite formation issues, g, : é " .‘ l'
affecting the anodes of electrically rechargeable Zn-based batteries. This : } ‘ ‘L| “‘ ‘ LH m £, N . )
paper contributes to this field of research with in situ X-ray computed MHMU‘I\\H ||IHM W a "~
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microtomography (XCMT) monitoring of the morphological and e e den. den omes
chemical changes undergone by Zn-sponge anodes during electrochemical
cycling. Starting from a pristine anode, fabricated in the discharged state,
this was first charged and then subjected to a representative series of
charge—discharge sequences and, in correspondence, it was studied by
XCMT in order to determine (i) the volume fractions of Zn and ZnO,
porosity, and their space arrangement and (ii) the degree of connectivity of
the elemental Zn framework. Good stability of the metal framework,
reversibility of the Zn and ZnO phases, and their space distribution, with a
limited alteration of the pore structure, were observed over more than 60
charge—discharge cycles.
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1. INTRODUCTION electrochemical cycling without the formation of macroscale
dendrites or loose particles. In the present paper, we propose
the use of in situ X-ray computed microtomography (XCMT)
as an advanced research tool for the study of Zn-sponge
electrodes. In the last decade, XCMT has progressively
emerged as a powerful method to study batteries, in principle
allowing nondestructive imaging of intact devices at any stage
of their operational life, with in situ and in operando
capabilities. XCMT enables analyses of the structure at scales
ranging from below one micron to several millimeters, with the
spatial resolution that anticorrelates with the probed sample
volume. Pioneering XCMT studies addressed ZEBRA*® and
alkaline Zn* systems, while more recently, much work has
been devoted to the more popular lithium-ion batteries (LIBs)
(for an overview, see refs 30 and 31). Several aspects of LIB
science and technology have been addressed by XCMT,
covering scales from that of the whole cell (ca. 1 cm),>
down to that of single particles of cathodic material (ca. 10

Rechargeable Zn-based batteries, in particular, with air
electrodes, are promising candidates for next-generation energy
storage because they offer higher specific energy, competitive
cost, abundant raw-material resources, environmental friend-
liness, and better safety than most of the currently available
competing technologies.' > Although primary Zn—air batteries
have been developed into widespread commercial devices since
the mid 70s, successful applications of secondary Zn-—air
batteries are still hindered by various technical and economical
hurdles. The most notable challenge is to improve their cycle
life that is crucially affected by the choice and management of
the air cathode, electrolyte, and Zn anode.®™® One of the main
drawbacks, shared by all Zn-based battery chemistries, is the
limited cycle life of the Zn electrode because of morphology
changes upon cycling.”~" In order to cope with structural and
morphological cycling instabilities of the Zn anode, several
solutions have been proposed."*™'” Among the most recent
approaches, a highly promising one is that of Zn-sponge
electrodes.”® ™ Their structure consists in a monolithic,
porous architecture, exhibiting connected metallic Zn
branches, covered with a layer of ZnO of thickness depending
on the depth of discharge (DOD). The inner, connected core
of electron-conductive metallic Zn branches is meant to persist
even down to deep DODs, in principle allowing extensive
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Figure 1. (a) Schematic representation of the graphite-supported Zn-sponge anode. (b) Cross-sectional sketch of the fabrication steps. (c)

Structural changes corresponding to charge and discharge.

um).>*~*! Moreover, dynamic studies have been performed of
active material evolution*”~** and degradation,” ™" as well as
thermal runaway.*”

A close-knit group of mainly very recent publications has
demonstrated that XCMT can provide powerful handles to
gain insight into a range of materials science aspects of Zn-
based batteries. Primary’® and secondary® commercial Zn—
MnO, alkaline batteries were investigated in situ at different
DODs at the mesoscopic and full-cell scales. Manke et al.”’
used synchrotron-based XCMT to highlight the spatial and
size distribution and oxidation progress of Zn particles and the
swelling and breaking of cathodic MnO,, while Osenberg et
al.”” used laboratory-based XCMT to observe changes in
three-dimensional (3D) morphology of the Zn anode and of
the MnO, cathode® and’' studied commercial button-cell
zinc-air batteries (ZABs) with laboratory-based XCMT and
used imaging results to validate multiphysics mathematical
models of material evolution and cell voltage. ZABs were
studied also in cells specifically designed for in situ
XCMT.>*" Schréder et al.>” carried out in situ laboratory-
based XCMT analyses of a primary ZAB, with the main
purpose of imaging the penetration of the electrolyte into the
gas-diffusion layer, as a function of DOD. Franke-Lang et al.**
and Christensen et al”* followed the cycling of secondary
ZABs by in situ XCMT at the mesoscopic and millimeter scale.
Reference 53 reports that cycling causes changes in
morphology of Zn and air electrodes. Reference 54 combined
in situ XCMT with X-ray diffraction to monitor the space- and
time-dependent conversion of Zn and ZnO during cycling.
Titscher et al.>* followed, on the cell scale, the evolution of Zn
and ZnO components. The anodic hopper and the air cathode
of a Zn—air fuel cell were studied in ref 56 by laboratory-based
XCMT. Finally, Yufit et al.”” employed in situ synchrotron
XCMT for a multiscale analysis of Zn dendrite formation.

Notwithstanding incipient, but intense interest in XCMT
investigations of Zn batteries, it seems that this approach has
not been attempted so far for in situ investigation of Zn-sponge
electrodes. The only related publication is ref 27, which reports
an ex situ XCMT characterization of two Zn-sponge samples,
fabricated with different volume fractions of solid. In this work,
the authors showed that higher-solid content materials exhibit
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higher interconnectivity that, in turn, correlates with better
electrochemical performance.

The study presented in this paper describes the first in situ
XCMT analysis of the charge—discharge behavior of a Zn-
sponge anode. The results of our investigation have enabled to
gain positive dynamic information regarding the degree of
connectivity of the metallic framework, the fractions of Zn and
ZnO that are interconverted during cycling, and the porosity
changes brought about by electrochemical operation. This
approach, on the one hand, allows us to follow the
morphochemical changes that are claimed to be the key to
the success of this type of anode and, on the other hand, paves
the way to knowledge-based and rational design of the
operational protocols of Zn-sponge-based batteries.

2. EXPERIMENTAL SECTION

2.1. Fabrication and Characterization of Zn Sponges. The
preparation of Zn sponges was inspired by the protocol detailed in ref
20 that was modified in view of fabricating Zn anodes for
synchrotron-based in situ XCMT high-resolution imaging at the Zn
K-edge. In fact, X-ray transmission experiments at these energies
exhibit stringent thickness requirements that have to be coped with by
specialized fabrication procedures. Even though the tomographic
investigation described in the present paper was carried out with hard
X-ray from a conventional high-voltage source and could have been
carried out even with thicker anodes, our aim was to develop a flexible
electrochemical cell for in situ XCMT that could be employed also for
synchrotron-based measurements at lower energies, from a few keV
up to a few tens of keV. Our equivalent bulk Zn thickness limit has
been thus set to 400 pum, specifically optimized for transmission of X-
ray in the 30/35 keV range that ensures high chemical specificity for
Zn-containing species. In order to fabricate Zn-sponge electrodes with
these thickness characteristics, we applied the sponge-precursor paste
onto an X-ray transparent current collector, consisting of a graphite
rod, S00 pm in diameter (Figure la). To this aim, a dense paste is
required that cannot be obtained with the literature procedure,
designed for casting into moulds.**~>**’

As hinted at in the Introduction section, the rationale of the metal-
sponge preparation method is to fabricate a Zn anode initially in the
discharged state, consisting of a continuous, ramified structure of
metallic Zn, the branches of which are coated with a layer of ZnO.
With this configuration, thin ZnO layers are efficiently contacted:
electronically via the Zn core and ionically via the porosity of the
spongy structure. Upon the first charge, a sizable fraction of the ZnO
layer is converted to metallic Zn; and during discharge, an appropriate
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Figure 2. Scheme of the electrochemical cell developed for in situ XCMT. Conceptual drawings, not to scale. (a) Working and counter electrodes;
(b) electrode support system; (c) cell support; and (d) assembled cell.

amount of the external, branched structure is converted back to ZnO,
without oxidizing the core of the continuous metallic skeleton. The
fabrication of this particular spongy structure goes through three
steps, as sketched in Figure 1b: the first one consists in blending Zn
powder and organic ingredients, and the next two are heat treatments
(step 1, Figure 1b). The first step is the fabrication of the Zn-powder-
based paste, containing appropriate organics that will lead to the
formation of the spongy structure. The paste is then shaped into
anodes of the required form. In ref 20, a fluid paste is prepared and
cast into moulds; in the present work, instead, a thicker paste is
produced, which can be easily formed into a freestanding object or
spread onto a support, such as the graphite rods we used in this study.
Even before heat treatment, the freestanding anode precursors and the
coated graphite rods exhibit mechanical properties adequate for
subsequent handling (step 2, Figure 1b). The shaping of anodes is
followed by a second, sintering step in an inert atmosphere at a
temperature slightly below the Zn melting point: in this step, on the
one hand, the more volatile fraction of organics is removed, leaving
behind a porous structure, while the less volatile binder-related
species arrange on the surface of the pore cavities, and, on the other
hand, Zn particles sinter forming a reticulated structure (step 3,
Figure 1b). Finally, a third, oxidative heat-treatment step is carried out
in air, at temperatures above the Zn melting point. In this step, the
pore-templating residual organics are gradually removed and replaced
by a ZnO layer that coats the sintered Zn skeleton, additionally
forming a microtemplating mould in which molten Zn arranges into a
tougher, branched structure with an appropriate degree of
connectivity.

The paste-fabrication procedure consisted in (i) mixing 6 g of
micrometric Zn powder (Todini and Co. S.p.a,, Monza, Italy), 7 mg
of sodium dodecyl sulfate (Panreac Applichem), and 021 g of
carboxymetylcellulose (CTS) in a beaker and stirring for 8 min; (ii)
adding 1 mL of ultrapure water under stirring until foam forms; and
then (iii) adding 2.3 mL of n-pentane (Merck) still under stirring for
about 10 more min, until the paste achieves a plastic and spreadable
consistency.

The two types of samples that were prepared for this study are
described below. (i) Cylindrical pellets, having similar geometry to
that proposed in ref 20 (10 mm diameter and 10 mm height), were
fabricated for electrochemical testing and for comparison with
published data. The pellets were obtained by pressing the paste into
moulds. (ii) Anodes for the XMCT cell were fabricated by spreading a
layer of the Zn paste onto graphite rods (0.5 mm diameter, 60 mm
length, Niji) and rolling it to the required final thickness of ca. 200
pum. The as-formed pellets and anodes were heat-treated as described
above, according to the procedure reported in ref 20. Briefly, the
samples were transferred to a tube furnace (Materials Mates Italia
S.rl, Milan, Italy), heated under flowing Ar at 2 °C min™" to 409 °C,
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and held at this temperature for 2 h. The tube was then opened to air,
heated at 2 °C min~" to 665 °C, and held at this temperature for 2 h.
Finally, heat was turned off, and the samples were allowed to cool in
the furnace down to room temperature. Finally, after heat treatment, a
Celgard 3501 separator was applied to the graphite-supported anodes.

2.2. Electrochemical Measurements. Electrochemical measure-
ments—consisting in anode charge and discharge experiments—were
carried out with a VersaSTAT 3 potentiostat in a three-electrode
configuration. Electrochemical impedance spectrometry (EIS) meas-
urements were performed at an open circuit potential (OCP) by
applying a potential sine-wave of amplitude 10 mVyp and scanning the
frequency in the range 100 kHz to 1 mHz. For comparison with
literature data, we tested the electrochemical response of the
cylindrical Zn-sponge pellet electrodes to charge—discharge cycles.
These experiments were carried out in a three-electrode cell, with the
pellet used as the working electrode (WE), mounted in a hanging-
meniscus configuration. A Pt wire was used as the counter electrode
(CE), a Zn wire was used as the quasi-reference electrode (QRE), and
the electrolyte was a 6 M KOH aqueous solution. The graphite-
supported Zn-sponge anodes were subjected to similar charge—
discharge cycles in a cell specifically developed for in situ XCMT
characterization (details in Section 2.4).

2.3. Electron Microscopy. The morphology of the Zn-sponge
anodes, after each of the fabrication steps, as well as after
representative electrochemical cycling, was investigated by scanning
electron microscopy (SEM). A Zeiss NVISION 40 machine, equipped
with a high-resolution SEM Gemini column, was used. Secondary
electron images were acquired by tuning the working conditions
(electron beam energy and current) in order to limit charging effects
due to either the incorporation of organic materials or Zn oxidization.

2.4. Electrochemical Cell for In Situ XCMT Experiments. The
cell developed for in situ XCMT experiments is sketched in Figure 2.
The electrodes, fabricated as described in Section 2.1, were
positioned, as shown in Figure 2a. The CE is a graphite tube, 10
mm long, with an external diameter of ca. 2 mm and an internal
diameter of 1 mm. The relative positioning of working and counter
electrodes is ensured using a cylindrical PMMA support (Figure 2b,
external diameter 3 mm, length 20 mm) that also acts as the X-ray
optical window (as better specified in Figure 2d). In order to
accurately define the electrode position, the graphite rod is inserted
into a cylindrical hole and drilled into the PMMA support (b.1). Two
O rings are placed into the smaller-diameter section of this hole
(diameter 1 mm: the O rings are not shown in the image), on the one
hand, to keep the electrode tightly in place without damaging it
mechanically and, on the other hand, to act as a seal, preventing
electrolyte leakage. The Zn sponge rests on the annular section, where
the topmost O ring is located (b.2, in correspondence of the change in
hole diameter from 1 to 2 mm for the PMMA support). The Zn
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Each step in the protocol was performed using the Pore3D software library custom-developed at Elettra.®

0

sponge is in contact with the upper O ring, thus minimizing the
galvanic coupling between the Zn sponge and the uncoated section of
the graphite rod. The same annular section (b.2) also supports the
bottom of the graphite tube. The Zn-wire QRE is placed axially into
the graphite tube from above, and it is kept in position with a plastic
cap (not shown). The assembly of the components shown in Figure
2a,b is secured mechanically by two further supports—depicted in
Figure 2c— that also ensure rugged electrical connections to the
electrodes. The assembled cell is shown in Figure 2d. Here, the
cylindrical X-ray window is the section indicated as (d.1). The
cathode is directly connected to the external circuit, by soldering with
Ag paste the top of the cylinder (d.2) to a Kapton-coated Cu wire, 0.2
mm in diameter. The electrical connection to the anode is obtained
by placing a piece of the same Cu wire in the horizontal hole (d.3)
and soldering it to the bottom of the graphite rod, again with the Ag
paste.

2.5. XCMT Measurements. XCMT measurements were
performed using the TomoLab station at the Elettra synchrotron
facility in Basovizza (Trieste, Italy).”® The instrument is equipped
with a sealed microfocus X-ray source (L9181, Hamamatsu, Japan)
and delivers a polychromatic beam in a voltage range of 40—130 kV,
with a maximum current of 300 A and a minimum focal spot size of
5 pm. The employed detector was a water-cooled, 12-bit, 4008 X
2672 pixels CCD camera (XDI-VHR 60, Photonic Science, UK)
characterized by a pixel size of 9 X 9 um? customized by Photonic
Science with a demagnifying optics system (1.38:1) giving an effective
pixel size of 12.5 X 12.5 um?®. The optical system has been coupled to
a gadolinium oxysulphide scintillator screen, with a layer density of 15
mg cm ™2 Thanks to the cone-beam geometry, it is possible to achieve
a spatial resolution close to the focal spot size. It is well-known that a
polychromatic beam from a microfocus X-ray generator allows us to
reveal the phase jumps in a multiphase sample, if appropriate
experimental conditions are applied.”” At the TomoLab station, we
were able to perform propagation-based phase-contrast XMCT
measurements on our samples.

The cell was subjected, outside the TomoLab station, to the
electrochemical treatment steps detailed in Section 3.2.3 and after
each one of them, it was screwed in the center of the high-resolution
rotation stage and subjected to the acquisition of a tomographic scan.
We define this protocol in situ, according to the definition in ref 29.
The imaging conditions adopted were voltage = 70 kV, current = 114
uA, 0.5 mm-thick Al filter, exposure time/projection = 7.0 s, source-
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to-sample distance = 80 mm, and source-to-detector distance = 400
mm. A 2 X 2 binning was applied to the detector pixels, giving an
effective pixel size of 5.0 um. For each scan, 1800 projections were
recorded. Starting from the two-dimensional (2D) projections, a 3D
volume was reconstructed using the commercial software COBRA
(Exxim, USA) based on the Feldkamp algorithm, which also allowed
to correct beam-hardening artifacts. The reconstructed slices have
been visualized using the open source Fiji software,”" while 3D image
renderings have been obtained with the commercial software
VGStudio MAX 2.0 (Volume Graphics, Germany).

2.6. Processing and Analysis of XMCT Data. The X-ray images
of the graphite-supported Zn-sponge anodes were processed and
analyzed with the Pore3D software library custom-developed at
Elettra.*®** As a preliminary step, the images were scaled over a 0/
255 grayscale range and underwent ring artifact removal using the
Sijbers and Postnov algorithm.*> Masking operations were necessary
to select only the region of the images occupied by the sample, thus
excluding the background. Two-dimensional masking was applied to
individual images, using the following procedure: the application of an
automatic Otsu thresholding® provided the first estimation of the
position and shape of the region of interest in the images, while
following iterations of dilation and erosion processing operators®®
filled the whole region of the Zn-sponge anodes. Then, a unique value
was assigned to the identified background, in order to separate it from
the region of interest. The masked images underwent segmentation to
differentiate the pores and the metallic Zn from ZnO. Because of the
multiphase composition of Zn-sponge anodes, the images were
segmented using the k-means clustering algorithm,é6 selecting four
classes, and the class corresponding to pores and metallic Zn was
isolated. Pores and metallic Zn represented by less than 3 voxels in
the volume were not taken into account in the subsequent analyses.
The porosity of Zn anodes and the distribution of metallic Zn were
then analyzed throughout the charge—discharge experiment.

The quantity and distribution of metallic Zn at each step of the
anode fabrication and the charge—discharge sequence were assessed
using the Backbone connectivity approach.” The backbones of a 3D
structure are portions the elements of which are all connected to each
other. Each individual backbone is separated from the other ones. The
number of backbones within the 3D structure is related to the
interconnectivity of the material under analysis. In the case of the
anodes, the number of backbones was measured to quantify the
connectivity of the metallic Zn phase. In fact, the higher the number
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Figure 4. (a) Potentiostatic charge plots at —S0 mVy,, for the as-fabricated Zn-sponge pellet in a 6 M KOH solution. Current density refers to the
nominal geometric pellet area, exposed to the electrolyte. Inset: EIS plots recorded after each potentiostatic charge step. (b) Anodic galvanostatic
discharge voltage of the precharged Zn-sponge pellet in a 6 M KOH solution.

of backbones, the less interconnected is the overall metallic Zn
framework. Growth in backbone connectivity would thus indicate the
increased formation of metallic Zn. To quantify connectivity, the
segmented metallic Zn was skeletonized®® through an image-
processing operation that reduces the morphology of a 3D digital
object to a network of nodes and branches that preserves the
geometric and morphological features of the original object.*>*® For
this operation, we used the LKC skeleton algorithm.69 The connected
components of the skeleton were calculated, to identify each isolated
backbone. The connectivity parameter was then calculated as the ratio
between the volume of the largest backbone and the volume of all
metallic Zn.*”

To capture the morphological variations along the charge—
discharge experimental series, we also measured the fraction and
size of pores. The fractional porosity was measured as the proportion
between the volume occupied by the segmented pores and the total
volume of the Zn-sponge anode: a quantity ranging from zero to one.
The pore size was extracted using the SkeletonAnalysis module of
Pore3D. First, the 3D volume of segmented pores underwent
skeletonization,”*® followed by the application of the Maximal
Spheres method.” In this method, the diameter of the maximal sphere
enclosed within a pore is calculated and then used as the pore size.
The obtained pore size distribution was fitted with a log-normal
distribution, whence mean pore sizes and their standard deviations
were estimated.

The protocol used for the analysis of XMCT images and selected
VOlIs of the anodes is schematized in Figure 3.

3. RESULTS AND DISCUSSION

3.1. Characterization of Zn-Sponge Pellets. Because
Zn-sponge anodes are fabricated in the discharged state, we
tested their response to the first charge, by applying a sequence
of potentiostatic steps of 30 min at —50 mV versus Zn QRE
(henceforward referred to as mVy,). In correspondence of
each charge step, we observed a decrease in the circulating
current, indicating a progressive reduction of ZnO to Zn
(Figure 4a). EIS measurements have been also performed after
each potentiostatic charge step in order to monitor the
decrease in the ohmic resistance of the pellet, denoting the
progress of charging: the results are reported in the inset of
Figure 4a and show a variation from 0.95 to 0.40 Q cm?,
coherently with a progressive reduction of ZnO to Zn in the
branched structure of the sponge electrode. Furthermore, the
OCP of the Zn sponge, measured after the fourth step, shows a
value very close to that of the metallic Zn QRE: 7.7 + 0.4 mV.
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step 2

cycled %

Figure S. Field emission scanning electron microscopy (FE-SEM)
micrographs of the graphite-supported Zn-sponge anode: the as-
fabricated sample (step 1), 1000X (a) and S000x (b); the sample that
has undergone only the first heat-treatment step (409 °C in N,, step
2), 1000x (c) and S000x (d); the sample that has undergone the
whole heat-treatment sequence (step 3), 1000x (e) and 3000x (f);
and the electrochemically cycled sample (see Section 3.2.2 for
details), 1000x (g) and 3000% (h). At the right of the SEM images
(Panels i—1), for reference, we report reconstructed XCMT axial slices
of the same materials, showing (A) metallic Zn, (B) binder, and (C)
pores: in step 3, the pores are partially filled with ZnO and the cycled
sample exhibits some degrees of pore closure.

In Figure 4b, we report galvanostatic discharge measure-
ments of the Zn-sponge pellet electrode, precharged as
described above, performed with the protocol proposed in
ref 20. As the applied current density is increased from 2 to
240 mA cm™?, the overpotential remains below +200 mV: this
low polarization falls well below the 500 mV voltage drop,
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Figure 6. (a—e) Current density vs time traces for potentiostatic charge—discharge sequences of graphite-supported Zn-sponge anodes in 6 M
KOH solution (50 mVy,, unless otherwise stated). (a) Electrochemical tests carried out without in-line imaging. (1—3) Sequential charge periods
and (4) charge—discharge sequence. (b—f) Electrochemical measurements for in situ XCMT. (b) Initial charge of the pristine sample. (c) Deep
discharge at 1200 and 1300 mVy,. (d) 64 charge—discharge cycles (—50/+500 mVy,). (e) Magnified 1st and 64th cycle from Panel (d). (f)
Nominal DODs per cycle, referring to the data of Panel (d) (the continuous line is a guide for the eye).

Table 1. Sample Description and Volumetric Data Details of the Investigated Electrochemical Cycling Conditions

isotropic voxel size analyzed volume

electrochemical conditions

the anode is reduced by applying two subsequent potentiostatic steps
the anode is discharged by short-circuiting the cell for 2 h
the anode undergoes deep discharge by applying potentiostatic polarization at 1200 mV for 2 min and

a sequence of 64 charge—discharge cycles was applied, 30 min at —S0 mV and 5 min at +500 mV

sample status (um) (pixels®)
initial state S.0 164 X 151 X 935 pristine sample at OCP
charge 5.0 160 X 155 X 937
discharge 5.0 161 X 155 X 936
deep 5.0 165 X 151 X 937

discharge at 1300 mV for 2 h
after 5.0 172 X 152 X 935

64 cycles

tolerated in conventional Zn-containing batteries, including
Zn—air ones (e.g, ref 12). A similar behavior was obtained
with a Zn sponge in a flooded half-cell configuration.”” The
ability of this electrode to sustain such low polarizations at very
high current demands—confirmed by our results—arises from
the fact that the inherently fast electrode reaction for the Zn°/
Zn?* electrode redox reaction is not appreciably hindered by
passivation or mass-transport contributions.

3.2. Characterization of the Graphite-Supported Zn-
Sponge Anodes. 3.2.1. Microscopic Characterization. In
Figure S, field emission scanning electron microscopy (FE-
SEM) micrographs of graphite-supported Zn-sponge anodes
are reported. The morphology of samples before heat
treatment (Figure Sab) is, of course, characterized by
individual flakes/grains, corresponding to the Zn-powder
precursor, combined with the organic gelling agent and
surfactant: as expected, the sample is very poorly electronically
conducting, as evidenced by the strong sample charging under
the electron beam. Figure Sc,d shows the images of a sample
subjected only to the first heat-treatment step (i.e., 409 °C in
N,).

Spheroidized metal grains dominate the morphology,
agglomerating in a form that leaves behind a polydisperse
porosity. The globular features, resulting from heat treatment
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of the original Zn powder at a temperature slightly below its
melting point (T = 420 °C), exhibit a limited degree of neck
formation, still far from the desired branched structure. The
sample that had undergone also the second heat-treatment step
(665 °C in air) but has not yet been electrochemically cycled,
presents the desired fibrous/branched structures (Figure Sc,f).
These branched structures retain traces of the globular
crystallites, characteristic of the first heat-treatment step, in
the form of a humpy pattern that can be noticed along the
branches. The surface of the branches is decorated with a
mixture of sub-micrometric equiaxied and rod-shaped oxide
crystallites, exhibiting the characteristic hexagonal morphology.
Figure 5g/h, discussed in detail below in Section 3.2.2, presents
the morphology of the heat-treated and electrochemically
cycled sample.

3.2.2. Electrochemical Characterization. The electro-
chemical performance of the first batch of graphite-supported
Zn-sponge electrodes was tested with charge and discharge
sequences in the cell that was later used for tomography,
without subjecting them to in-line imaging. In this context, we
have quantified discharge in terms of a “nominal DOD?,
defined as the ratio of the electrical charge (time integral of
current) extracted during a given discharge step, to the charge
(again, time integral of current) consumed during the charge
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Figure 7. In situ XCMT. (a) Reconstructed axial slices, (b,c) volume
renderings of graphite-supported Zn-sponge anodes under different
electrochemical conditions: (i) initial state: as-fabricated, in the
discharged state, at OCP; (ii) after first charge (see Figure 6b); (iii)
after first discharge; (iv) after deep discharge (see Figure 6¢); and (v)
after 64 charge—discharge cycles (see Figure 6d). Voxel size: 5 um®.
The volume renderings of Panel (c) represent the Zn backbone
connectivity for the same electrochemical conditions (see also Section
2.6 and Figure 8d).

step. The rationale underlying this definition is that we are
endeavoring to oxidize only the fraction of Zn that has been
reduced during the first electrochemical step following heat
treatment, without consuming the metallic skeleton present in
the as-fabricated sample. In Figure 6a, we report the current—
time plots for three subsequent charging periods [plots (1—
3)]. The conversion of a notable fraction of the ZnO shell to
metallic Zn could be followed by monitoring the OCP values
after each reduction period: 1245.6 + 0.5, 505.8 + 0.5, and
704 + 0.6 mVy,. After charging, the cell was discharged by
keeping it short-circuited overnight, and this resulted in
essentially complete reoxidation of Zn, leading to a final OCP
of 1241.9 + 0.7 mVy,. After this deep discharge, the cell was
subjected to a sequence of two charge—discharge steps [plot
(4) of Figure 6a: discharges to nominal DODs per cycle of ca.
20 and 10%]. The SEM micrographs (Figure Sgh) and the
XCMT axial slice (Figure S1) of the sample subjected to these
cycling tests show that mesoscopic agglomerates have formed,
covered by a rather compact oxide layer, characterized by
stacking of bunches of crystal-plane steps of micrometric
height. Notwithstanding some degrees of compaction of the
material, the high-residual porosity witnesses a sound
morphological stability.

3.2.3. In Situ XCMT Measurements. In situ XCMT
experiments were carried out with the following electro-
chemical protocol. After having measured a scan with the
pristine sample at OCP (initial state), we have reduced the
material by applying two subsequent potentiostatic steps (Lst
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charge). Figure 6—e displays the current density versus time
traces of the in situ experiments. Figure 6b reports the initial
charging transient, in correspondence of which the OCP
changed from 1135.1 + 12.9 to 90.3 + 15.0 mV,,. After initial
charging, the electrode was discharged by short circuiting the
cell for 2 h: the final OCP was 1083.8 + 6.4 mVy,. Then, the
Zn-sponge electrode was subjected to a deep discharge,
consisting in potentiostatic polarization at 1200 mV,, for 2
min and at 1300 mVy, for ca. 2 h (Figure 6¢c): the final OCP
was 12552 + 6.9 mVy,. Finally, after deep discharge, a
sequence of 64 charge—discharge cycles was applied (30 min at
—50 mVy, and S min at +500 mVy,: Figure 6d,e). The
sequence of electrochemical conditions to which the imaged
anode has been subjected is summarized in Table 1, together
with information regarding data acquisition. XMCT images of
in situ observations of the evolution of a Zn-sponge anode are
shown in Figure 7, and morphological descriptors extracted
from them (for details, see Section 2.5) are plotted in Figure 8.

As detailed above, the anode is fabricated in the discharged
state, whereby a relatively thick ZnO layer covers the
continuous metallic Zn network with relatively thin branches.
After the initial charging step, metal-like contrast (white)
increases, while oxide-like contrast (grey) decreases. In
correspondence, the degree of connectivity (Figure 8d) is
essentially the same, while the arrangement of pores changes
shape, the porosity fraction increases (Figure 8a), and the pore
size decreases (Figure 8¢c). The porosity increase and pore size
decrease can be explained, respectively, with the volume
contraction of ZnO, resulting from transformation into Zn and
the shrinking of Zn-rich zones, leading to the opening of small
pores.

After the first discharge, a type of contrast more similar to
that of the initial state is regained, owing to the relative
increase in ZnO. Nevertheless, irreversible material trans-
formations, due to the expansion of Zn during oxidation, lead
to small changes in porosity arrangement and pore dimensions
that do not affect measurably the connectivity of the metallic
framework. After the deep discharge, oxide-type contrast
(gray) predominates and, again, small changes in porosity
distribution are observed, accompanied by a sizable decrease in
connectivity. Finally, after 64 charge—discharge cycles, the axial
and sagittal reconstructions are dominated by metal-like
contrast (white) and a notable increase in connectivity is
observed. This can be explained with the fact that the nominal
DOD per cycle (Figure 6f) is rather low, and metallic Zn tends
to accumulate during cycling: in correspondence, a slight
tendency toward pore closure can be noticed.

4. CONCLUSIONS

Electrically rechargeable Zn-based batteries are highly
prospective electrochemical energy storage devices for both
mobile and stationary applications, but unsatisfactory anode
stability upon cycling still impedes their practical application.
Among the attempts to overcome Zn shape-change issues, the
recently proposed ap}z)roach based on Zn-sponge anodes seems
very promising.”’~>**” Research in the field is quite advanced
and has achieved notable results regarding material fabrication
capabilities and control of their electrochemistry, but in situ
observations of these electrodes are still lacking and could
contribute so far unavailable information for a more insightful
mechanistic understanding leading to further performance
improvement. This paper proposes the use of in situ XCMT to
follow and quantify changes in shape and distribution of Zn
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Figure 8. Morphological descriptors extracted from in situ XCMT reconstructions. (a) Fractional porosity (fraction of the total anode volume
occupied by pores) and ZnO/Zn volume ratio (ratio of the fractions of the total anode volume occupied by ZnO and Zn, respectively). (b)
Representative pore size distributions and their log-normal fits: initial state and after 64 cycles. (c) Mean pore size and their standard deviations
from log-normal fitting of pore size distributions. (d) Connectivity measured on the metallic Zn backbone during charge—discharge cycling. The
backbones are identified using SkeletonAnalysis module in the Pore3D software library. Connectivity is measured as the ratio between the largest

backbone and the volume of all backbones.

and ZnO phases, as well as porosity and connectivity of the
metallic framework, during electrochemical cycling.

XCMT requires special solutions in terms of maximum
allowed metal thickness and cell geometry that we have tackled
in order to develop a flexible tool with real-battery materials
and realistic current-density distribution. Moreover, we have
improved the Zn-sponge fabrication protocol, with respect to
the state of the art, in order to cope with radiation-absorption
constraints. Beyond its appropriateness for tomography
experiments, the new fabrication procedure allows us to
produce freestanding anodes of precisely controlled thickness,
thus overcoming the limitations of the conventional paste-
casting operation.

Our XCMT tests have concentrated on the initial charging
of an anode fabricated in the discharged state and on
subsequent cycling in modes representative of extensive
cycling and deep discharge. Reconstructed volumes, analyzed
with appropriate image-processing methods, allowed us to
follow, as a function of electrochemical operation, the relative
variations of metal and oxide contents and their distribution, as
well as the evolution of porosity, metal agglomeration, and
metal connectivity. The metal-to-oxide ratio, framework
porosity, and continuity, as well as the pore distribution, are
affected by shrinking and expansion of the external shell of the
sponge network, resulting from the alteration of oxidation and
reduction processes, but they are quite reversible and only
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prolonged cycling to limited DODs leads to a tendential
increase in metal content and connectivity, accompanied by
some degrees of pore closure.

In conclusion, with this work, we have proved that the
application of X-ray microfocus tomography in the prop-
agation-based phase-contrast mode gives direct access to
morphochemical properties of Zn-sponge anodes, induced by
working conditions and ageing. The availability of this
information will enable knowledge-based material and cell
design, as well as the definition of optimal charge—discharge
policies.
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