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Abstract

The internal migration of zinc within the thickness of porous composite negative electrodes for
rechargeable zinc batteries causes detrimental shape change of the zinc electrode. It depends on
various parameters linked to the electron conduction in the electrode: electronic percolation,
conductive additives, primary current collector. This study highlights a simple solution, that drastically
improves the electrochemical performance of thick and porous zinc electrodes, by rethinking their
architecture. Using a multiplicity of thin current collectors enables to create a 3D network of electronic
percolation and a better repartition of the current lines within the electrode; as a result, the formation
of multiple active zinc cores in the electrode volume is better controlled. This strategy allows to better
manage zinc migration within the electrode structure, leading to minimal densification of each zinc
core, and overall enables higher reversibility of zinc oxidation/reduction upon discharge/charge. It
finally mitigates the initial drastic capacity fading observed on standard type calcium zincate negative

electrode.

1

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0378775319316611
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0378775319316611

Graphical Abstract

TR

— 4" cycle
1 Layer 2 Layers 3 Layers e
Capacity (mAh) Capacity (mAh) Capacity (mAh)
1 2
2 ! 2 3 2 T 2 ! 2 3
_ 19 ———=" D R
> >
; 18 —— 4t cycle ; 1.8
D17 ---- 10" cycle 217
= - 20" cycle I
21,6 AN , 21,6
2 2\ = —— 4" cycle \ z —— 4" cycle
8 1,5 \ 8 1,5 r - 10" cycle \ 8 1,5 -~ 10" cycle
14 \ 1,4 |~ 20" cycle ' 14 | 20" cycle
1,3 L L L 1,3 L L L 1,3 L L L
0 50 100 150 0 50 100 150 50 100 150
Time (min) Time (min) Time (min)
Keywords

Zinc-Nickel (Zn / Ni) batteries, Multilayer currenbllector, Migration control, Core-shell mechanism




Global warming, pollution, energy consumption, nenewable sources, fossil fuels... These words
are overwhelming the international scientific conmityy and are levers that enable to improve
scientific and technological aspects of “green” rgge In response, dedicated works concern
electrochemical storage and conversion systemshwdre widely used and developed for automotive
and stationary applications. Among a wide portfaiobatteries, alkaline ones with zinc negative
electrodes, either zinc-air or zinc-nickel systearg interesting candidates, owing to their ativact
specific capacity, high power density, safety andirenmental friendliness [1]. They are essentially
composed of abundant and non-toxic materials amd bea manufactured through environmental-
friendly processes. However, these technologies Hast attention in the 1980s, because of the
emergence of more energetic Li-ion batteries. Zwadteries usually suffer from non-negligible
capacity loss and low cycle life, caused by muitiphenomena that occur during their charge and
discharge. For example, shape change of the zzutretle, a phenomenon caused by a heterogeneous
migration of zinc within the electrode, leads tagtic morphological changes and contributes to-long
term cycle life failure. Many research works hauaed to mitigate shape change, notably by using
additives in the electrodes [2—7]. Usually, zinectlodes are made of a blend of zinc oxide with
conductive additives, shape change stabilizerptibmpolymer binder, etc. in an aqueous media, gpaste
onto the current collector, before being dried aslted/laminated/pressed. In most studies, a single
layer of current collector is used per zinc negat®ectrode, either as porous (foam [8-10],
expanded/mesh/gauze/ribbon metal [11,12,21,22,1Be2@s foil/sheet [23—-26] structures. Recently,
copper foams emerged as the most employed prinoargrd collector materials.

The literature usually suggests that zinc electsidmpe change is a surface modification phenomenon,
but a novel mechanism has been recently propogethiix porous electrodes [27]: the migration of
zinc responsible for the shape change would oawitrsn the core of the electrode, in the vicinitfy o
the primary current collector, leading to the fotima of a partially-active zinc core. This internal

phenomenon follows a working gradient within thiekhess of the electrode, coming from the current
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collector to the surface of the electrode. In d@rddsconfiguration, the current collector is notdinect
contact with the electrolyte to avoid dendrite fatiman. As thick zinc electrodes are not used a#d00
of their theoretical capacity, but instead withcminal capacity selected between a few 10% and 80%
of the theoretical capacity, the surface of thetebele remains intact, after repeated charge/digeha
cycles, which shall reduce the possibility of déedformation and maintain the active part of the
electrode within the core. However, this new me@@raris accompanied by its own problem, which is
the self-densification of the zinc core. During egfive cycling, as the zinc core is only partially
active, because of the local inaccessibility otziasulting from porosity plugging, and as the dedna

in energy is the same for each charge/discharge,cginic must increasingly be utilized towards the
electrode surface (further away from the primaryrent collector from cycle to cycle). This
densification likely reduces the mass and chargesfer kinetics, at least in the vicinity of thisa
core, inducing cell overvoltage and practical catydoss.

In order to prevent those eventual drawbacks, reldes embedding a multiplicity of primary current
collector were designed and patented [28]. Thidysghows the potential of the invention and reports
how controlling the formation of a multitude of dinainc cores (on each multilayered current
collector), instead of a large one as usually ok model (thick) zinc-based electrodes, impsove
the electrochemical performances. Such laboratoajed electrodes were prepared and cycled using a
homemade designed Swagelok cell, and analymestiest using cross-section scanning electron
microscopy, to follow the fate (possible redisttibn) of zinc and of the electrode additives witttie

composite electrode.

2.1.Preparation of Zn electrodes for 10 mAh theoreti@labratory Swagelok cell



Circular calcium zincate-based mono-facial ele@saere prepared by deposition of an aqueous ink
on one layer of a copper current collector (Fig. The ink was composed of calcium zincate
synthesized by a hydro-micromechanical (EASYL sigopllo = 10 £ 2 um) [29,30] as active
material, titanium nitride and bismuth oxide as cuctive additives, and polyvinyl alcohol (Fluka
72 000 Mw) as binder, in which the correspondingssneatio was 73:12:5:10. Depending on the
number of current collectors used (1, 2 or 3),ahmunt of electrode material deposit was adapted: 1
layer = 30 mg, 2 layers =215 mg and 3 layers ="3 10 mg of calcium zincate equivalent active
material mass. The number of layers was definethbyamount of copper and the practical limit of
processing, because of thinner layers of electrodtter, that affects the adhesion and robustness of
the layers (at least using this ink process). Adiging the deposit in an oven&t= 50°C, the layers
were superposed, placed inside a PTFE ring andguted.5 T). The PTFE ring aim to protect the
edge of the electrodes, avoiding dendrite formatonthe sides, and allowing to have the same
electrode/electrolyte surface. A copper foam, 30Rgwas used as model electrode for the “1 layer”
electrode and copper mesh (100 g/m?, with wire diam= 70 um) was used as multilayer current
collector. The choice of these current collectobdsed on their economic and ecologic value: the
manufacturing process to obtain copper foam needsyhchemical processing, hence high economic
and ecological price compared to copper grids.gélasiOOH/Ni(OH} on nickel foam was used as
counter-electrode with an over-dimensioned capatityperform this study with the zinc electrode as
the limiting electrode. The NIOOH/Ni(Oklelectrodes were extracted from a commercial ZreMi ¢
The working and counter electrodes were separaitbdamnonwoven polyolefin separator (Viledon®)
and a polypropylene membrane (Celgard®), assemimted homemade designed cell, made from a
PFA T-type tubing pipe from Swagelok®, and filledtlwan aqueous solution of 7 M KOH with 10
g/L LiOH [4] and saturated in ZnO as electrolytette present configuration of electrode, the aurre
collector is not directly exposed to the electrelfit is considered as the core of the electrothe);
surface of the electrode, considered as the shadl,directly exposed to the electrolyte and fabes t
separator soaked with electrolyte and then the teouglectrode; the cell geometry is detailed in
supplementary information Fig.Si. 1. The nominapaEty was based on 40% of the theoretical
capacity, thus used between 40% of SOC and 100®Qi). A potentiostat-galvanostat OGF500
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(Origalys, France) was used to perform galvanastatcling at C / 3 witHJcuorr = 1.93 V (at room
temperature) to avoid adverse overvoltage and Iggiroformation. Before cycling, electrode

formation was applied following 3 cycles at C /il@harge and C /5 in discharge.
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Fig. 1. Schematic representation of zinc-based aledés with 1 layer copper foam (a), 2 layers of cepmesh (b) and 3

layers of copper mesh (c)

2.2.Physico-chemical characterizations

Postiest analyses were used to characterize the newv/egmposite electrodes. These essentially
consist of electron microscopy imaging on electrodess-sections. To that goal, the electrodes were
embedded inside an epoxy resin and polished uidilh@ight with a mirror-finish. A carbon coating
was applied on the resin-embedded samples, ustiegb@n evaporator (BALTEC CEDO30, Bal-Tec

Union Ltd., Liechtenstein), to avoid any surfacargfe effect under the electron beam. Morphological



analyses were achieved using a field-emission ganrsng electron microscope (FEG-SEM Ultra 55,
Carl Zeiss, Germany) working &lst = 20 KeV as acceleration voltage within a minimtime laps

after sample preparation to prevent surface maditio or atmospheric corrosion. Back-Scattered
electron imaging (BSD) and X-ray Energy disperspectroscopy mapping (X-EDS) were performed
to provide colored elemental maps (each color bkimkgd to an element) to visualize the elemental
distribution within the electrode thickness. Théocaonvention used in this paper was: zinc in red,
calcium in green, titanium in dark blue and copipebright blue. As bismuth oxide was present in
small amounts in the electrode and in order to mize the numbers of colors on the micrographs (for

clarity), this element was not affiliated to anyarqand appears white in the chemical maps).

3.1.Internal morphological evolution of calcium zincdtased electrodes and

prediction

Our previous work [27] revealed a mechanism offthimation of a zinc core in porous bifacial zinc-
based electrodes, made either with calcium zinmagemix of zinc oxide and calcium hydroxide. The
apparition of agglomerated zinc oxide in the viginof the copper foam upon the ageing of the
electrode is driven by a working gradient, as ol@rusing laboratory-scale mono-facial electrodes.
Herein, investigations were oriented towards nesdgigned monofacial electrodes (see Fig. 1). Fig.
2. compiles multiple FEG-SEM micrographs taken glorgatives electrodes after only one formation
cycle (a) and after 50 charge/discharge cyclesShjicrographs per electrodes were assembled to
show the full electrodes in cross-section. The i§ipamethodology to obtain this result is detailied
supplementary information (Fig.Si. 2).

The delimited area in dashed red line represemsntbrphologically-modified material. After the

formation cycle (Fig. 2.a.), zinc clusters are présclose to the copper foam (bright blue) and =aou



agglomerated titanium (dark blue), which confirmisczpreferential migration towards highly-
electron-conductive zones. Using ImageJ softwarea aneasurement shows that ca. 36% of the
equivalent total surface of the electrode thickmess used, value in agreement with the nominal
capacity Cn = 40% of the theoretical capacity); this suggéiséd the volume of used active material
initially corresponds to the chosen nominal cagadit the present case, one notes that the working
thickness repatrtition is heterogeneous and moretitapt in the middle: a higher concentration otzin
(red) is observed in the middle.

After 50 charge/discharge cycles at C/3 (Fig. 24itc cluster are displaced and electrodepositeal o
the copper foam (red clusters on the bottom oftiwograph), creating zinc-depleted volumes along
the electrode and consequently rich calcium regi@meen). The surface of the electrode is still
composed of the pristine calcium zincate matenl additives, thereby confirming the core-shell
mechanism. Zinc densification on itself upon cyglireduces its active surface area, and, as the
charged capacity was kept constant, this leadsnecassary reduction of ZnO/zincate towards the
outer volume of the electrode (further from the fGam current collector) upon charge. Using the
same technique of morphologically-modified volumetedmination by ImageJ on Fig. 2.b., one

calculates that 65% of the whole electrode voluaelbeen used at that stage.

Fig. 2 Compilation of multiple FEG-SEM X-EDS elemental mpjmg micrographs representative of a complete model
negative electrode in cross-section, after a forinatcycle (a) and after 50 cycles at C/3 (b). The dashed line delimits

the morphologically modified zones.



To prevent this gradual increase of the volume se#dumaterial, a simple and industrially scalable
solution is proposed. If zinc clusters appear uglmerge (which initiates in the formation cycleg t
volume of used material must be controlled to pnéweajor segregation. From this statement, the idea
of using more than one (primary) current colle@ppears obvious. In order to not increase the weigh
of copper current collector per electrode (300 gon#a Cu-foam collector), it has been chosen ® us
two or three layers of lighter copper grid (100 9/m

Fig. 3 is a schematic representation of the volume ofivactelectrode during repeated
charge/discharge cycling in conventional electrodempared to the layered architecture. In this
simple representation, the volume of active eleldris denoted by, and the inactive one By.. Eql

represents the volume total of electroue):(

V=V +V, Eq.l.

If the correlation between the active volume ol#difrom cross-section microscopy and the nominal

used capacity, note@ above, the working volume in such electrode ctndlgbredicted using:

Vi=CnXVs3 Eqg.2.

Introducing the idea of multiplying the number" "of current collector within the thickness of the

electrode, it could be possible to predict thevactiolume surrounded each layer of current coltecto

"Vn" usingEqQ.3.

Vh=Vi/n Eq.3.

This simple idea, using basic elementary gradelackguations, represents for the example in Kig. 3
1 x 40% of active volume in model electrode Ya&ysus13.3% per current collector in the three-

layered electrode (b), for the same nominal capdiit= 40%. Besides, electrodes made using this



process are open to customization (number of layhiskness, composition...). As a proof of
concept, Fig. 3.c. represents an example rof“3" layered conductive network calcium zincate
electrode after 3 cycles of formation. X-EDS eletabmapping confirms the presence of active zones
“A” constituted by a sponge-mix including activela@am zincate, zinc oxide and calcium hydroxide
and alternatively superposed to inactive zones ¢&istituted by lamellar calcium zincate. This last

composed the surface of the electrode, named “shehis technology.

9J0J

Volume of active electrode

|
|
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(@]
o}
=
o
|
|
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|

: Volume of inactive electrode

40% 13,3%

Initial state

Fig. 3. Schematic representation of active core during liryg in model (a) versus “n = 3" layered conductive
network porous zinc-based electrode (b) and FEG-SEMEDS elemental mapping of a “n = 3" layered
conductive network calcium zincate based electradeross-section at initial state (c) and after $ates of

formation at C/10 (d).
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3.2.Electrochemical and morphological investigatiorcalcium zincate-based

electrode with " layers of current collector

In the aim to investigate the electrochemical penBnces stability of electrodes with 1n 3,
circular calcium zincate-based mono-facial ele@sodf 10 mAh theoretical capacity were elaborated
and cycled 50 times in charge / discharge at 4 wiAtominal capacity@n = 40% of 10 mAh). Fig.

4. presents morphological and electrochemical peroweas of model electrodes with< 1", “n = 2”

and ‘n = 3” layer of copper current collector. In agreetneith our previous work [27], cross-section
X-EDS mapping shows the core-shell mechanism ofatjpsm of the porous electrode: zinc migration
is observed in the vicinity of the copper foam ifmary current collector). Electrodes in this study a
made with calcium zincate as active material (disgl state), which means that zinc is chemically
linked to calcium, at least initially (before thiest charge). The zinc migration observed necessary
means that calcium and zinc segregation from Initizcate has occurred, leading to the formation of
a calcium-rich layer located between each zinc-emie still unused calcium zincate regions. Calcium
hydroxide being electro-inactive and electroniaiiast, the formation of a separate layer between th
zinc core and active calcium zincate means a Ibekeotrical contact, and only the core of zinc ban
easily reached to perform the electrochemical diddareduction reactions. This phenomenon is
responsible for additional overvoltage contribusicstarting at cycle 10 below 100 min of charging,
that reach the cut-off voltage of 1.93 V, and bels@ min at the 20 charge, yielding a drastic
decrease of the practical capacity. The outputsmeemedian voltage was 1.66 V. The calculated
average capacity of this electrode for the firstc§6les is 1.27 mAh, which means that only 32% of
the initial nominal capacity has been retained.

In order to reduce/avoid this phenomenon, by reduthe ohmic resistance, electrodes with>“1"
layers of (primary) current collector were elabedatvith the same formulation; they were charged
and discharged 50 times ambstiested. The electrode withn“= 2" shows less pronounced
overvoltage for cycle 10 and 20 during the chang &n output average median voltage equivalent to

1.72 V, but zinc segregation is still observed HERS mapping. Even if zinc migration cannot be
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completely avoided, it is at least enough reduoearevent the formation of a detrimentally-largel an
continuous layer of resistive calcium hydroxidejaths believed to be responsible for the appearanc
of the cell overvoltage. For the electrode with='2", the average capacity is 2.3 mAh for thetfi@
cycles, corresponding to 58% of nominal capacitgreon.

Finally, the ‘n = 3” layered calcium zincate-based electrode codithe predicted behavior: zinc-
calcium segregation leads to the formation of mldtsmall zinc clusters (in red) always close ® th
individual copper grids (bright blue) and surroushdy calcium-rich areas (green). The surface of the
electrode, at the right of the image, presentsainftalcium zincate crystals (yellow), that have no
been used and still protect the electrode surfeare tiendrite growth. As expected from section 2.1.,
the active material seems efficiently used along thickness of the electrode and with gradual
performances related to™ (the performances evolve as followst = 3” > “n=2">"n=1"). As a
result, the h = 3" calcium zincate-based electrodes show anaaeesnominal capacity retention of
92% after 50 cycles and 1.71 V as output averagdianevoltage. So not only the multiple current
collectors enable larger capacity retention aft@rcharge/discharge cycles, but also larger median
voltage, hence practical larger energy. Note toatall the cases, the outer surface of electrodes
remains unused — it is considered as a shell —tlaumsl protects the core of the electrode from any

dendrite growth.
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Fig. 4. FEG-SEM X-EDS elemental mapping of cross-sectoinelectrodes, charge and discharge voltage cuares
capacity retention curves of electrodes composeth witopper foam current collector compared to “n22 and “n = 3”

layered copper current collector.

4. Conclusion

As zinc-based electrode technology seems to bestaralstill of technological development, a new
look has been made on how its current collectiamccte improved. This study highlights a simple
and industrially-scalable way to improve thick zparous electrodes by using an optimized
conductive network of layered primary current octite. By reducing zinc segregation along the
thickness of the electrodes, the multiple layerswfent collector lead to improved electrochemical
performances of calcium zincate-based electroddscaercome the initial drastic capacity fading

13



observed on standard configuration. This study shitve potential of such strategy at small electrode
scale and opens the gate to prototype studiesdier @0 confirm the enhancement in electrochemical
performances for larger electrodes. Moreover, ithigntion could be easily applied to well-defined

and mature manufacturing bases to create ultr&-thiectrodes for high capacity systems such as

Zinc-Air stationary application.
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