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HIGHLIGHTS GRAPHICAL ABSTRACT

e A new type of mechanically recharge-
able Zn-Air batteries is demonstrated.

e Electrically conducting Zn slurries
enable easy replacement of spent
electrodes.

e Energy density of 1500 Wh L-1 is
achieved.

e Zn semi-solid electrodes become a new
green energy carrier.

e Semi-solid electrodes present distinct
advantages over gas and liquid fuels.

ABSTRACT

Today’s society relies on energy storage on a day-to-day basis, e.g. match energy production and demand from renewable sources, power a variety of electronics, and
enable emerging technologies. As a result, a vast range of energy storage technologies has emerged in the last decades. Among them, rechargeable Zn—Air batteries
have held great promises for a long time. However, the severe challenges related to the reversible O, reactions and poor cyclability at the positive and negative
electrodes, respectively, have severely hindered the success of this technology. Herein, electrically-conducting and semi-flowable Zn semi-solid electrodes are
proposed to revive the appealing concept of a mechanically-rechargeable alkaline Zn-Air battery, in which the spent negative electrodes are easily substituted at the
end of the discharge process (refillable primary battery). In this proof-of-concept study energy densities of ca. 1500 Wh L™ (1350 Ah Lt ewode and utilization rate of
85%) are achieved thanks to the compromised flowability of the proposed Zn semi-solid electrodes. In this way, semi-solid Zn electrodes become a type of green
energy carrier having intrinsic advantages over gas and liquid fuels. Zn semi-flowable electrode can be generated elsewhere using renewable sources, easily stored,
transported, and used to produce electricity.

1. Introduction gadgets. Obviously, the combination of a number of energy storage
technologies will be required in the future to fulfill the various re-

Energy storage has become one of the main technological pillars of quirements of each specific application. Rechargeable batteries are the
our society due to the increasing energy demand, the need for a sus- power sources of choice for portable electronics and they are called to
tainable energy model, and the emerging of off-grid power-demanding power the upcoming generation of electric vehicles, most likely together
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with hydrogen fuel cells. Metal-Air batteries can be considered to be a
nexus between the two named electrochemical technologies. As a result,
metal-air batteries possess high specific energy (1084 Wh kg™! for Zn-
Air) [1-3] because of the use of atmospheric air like in a fuel cell,
while having a simple sealed architecture and a solid electroactive
material, e.g. Zn or Li, like in a rechargeable battery. On the other hand,
rechargeable metal-air batteries also have distinct disadvantages, i.e.
lower energy efficiency related to the reversible O; reactions (both the
OER and the ORR are using the same electrode) and poorer cycle sta-
bility associated with the reversible Zn reaction in a static configuration
(sealed) cell [4,5]. In an attempt for overcoming the major challenges at
once, the mechanically-rechargeable Zn-Air battery was proposed a
long time ago, in which the spent negative electrodes are replaced at the
end of the discharge process [6] [-] [13]. By doing this, two major issues
are addressed: i) the poor cyclability of the Zn electrode in a static
negative electrode, and ii) avoiding the oxygen evolution reaction in the
air-breathing electrode during the charging process. In this way, spent
Zn material can be collected and regenerated electrically in a separate
cell specially designed for this process (e.g. electrowinning of Zn) or
thermally in a concentrated solar power plant [2,11,14-17]. Two cate-
gories can be distinguished: i) substitution of the entire negative
compartment, and ii) substitution of the spent negative electrode ma-
terials, also referred to as Zn/Air Fuel Cell (ZAFC) [7]. The latter
approach has demonstrated to be suitable for practical implementation
as several companies based their technology in this concept: the Electric
Fuel Ltd., the Power Zinc, the Power Air Co., the Metallic Power Inc., and
the Zinc8 [7,18-22]. In all cases, the poor electrical conductivity of ZnO
locks achieving high volumetric capacities since large excess of elec-
trolyte is used to promote the formation of dissolved zincates as
discharge product and prevent ZnO formation. In this way, the volu-
metric capacity is largely locked by the solubility of zincates, which can
be incrementally improved by using electrolyte additives or increasing
the operating temperature [23]. However, the achieved volumetric ca-
pacities (100-150 Ah L™1) [24] are very far from the highly appealing
value of Zn (5800 Ah L™1). Thus, innovative approaches are required to
address this issue, which in turn will unlock the energy density of
mechanically-rechargeable Zn-Air batteries.

In 2011, a pioneering work led by Chiang proposed for the first time
the use of slurries in redox flow batteries [25]. These slurries contained
solid redox-active particles, conducting additive and electrolyte forming
flowable electrode, which were referred to as “semi-solid electrode”.
Since then, the higher energy density of flowable semi-solid electrodes,
compared to electrolytes containing dissolved species, have been
exploited for different redox flow battery chemistries [26-28]. In addi-
tion, semi-solid electrodes offer other unique advantages such as
enhanced mass transport due to their tunable porosity compared to
conventional porous electrodes [29]. For instance, the company 24 M
seizes the enhanced mass transport in semi-solid electrodes to manu-
facture Li-ion batteries having high areal capacities using non-flowable
semi-solid electrodes [30]. So far, the two extreme cases have been used
to develop innovative batteries, i.e. either highly flowable semi-solid
electrodes or non-flowable semi-solid electrodes for redox flow and
static batteries, respectively. Each case possesses pros and cons: flowable
semi-solid electrodes results in lower energy density, while denser
semi-solid electrodes that have higher energy density lacks the ability to
flow. For instance, flowable Zn semi-solid electrodes have been
deployed for Zn-Ni [31-33], and Zn-MnOy [34] redox flow batteries.
The need for flowability resulted in Zn semi-solid electrodes of limited
specific capacity. Specifically, values of 44.8 Ah L™ (52.4% utilization
rate) [31], 40 Ah L™! (3% utilization rate) [32], 127.3 Ah L™! (58.44%
utilization rate) [33], were achieved for redox flow Zn-Ni batteries.
Note that static Zn pellets were used for the proof-of-concept of the
semi-solid flow Zn-MnO, likely due to corrosion issues in neutral elec-
trolyte. Recently, our group proposed the deployment of semi-solid
electrodes of intermediate flowability to be used in static batteries. On
the one hand, the resulting electrical percolation enables excellent
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electrochemical performance and, on the other hand, they still present
sufficient flowability to be injected and removed from the battery cell at
the end-of-life to largely facilitate recyclability of static batteries [35].
This type of semi-flowable semi-solid electrodes are not feasible for
redox flow batteries since the pumping consumption would be too high,
but it enables eventual substitution.

In this context, our goal is to revive the promising concept of
mechanically-rechargeable Zn-Air batteries that implies the use of Zn as
energy carrier. To regain attention, high practical energy densities need
to be achieved. With this aim, we propose for the first time the use of
electrically-conducting and semi-flowable semi-solid electrodes in non-
flow Zn-Air batteries (refillable primary battery). Previous studies on Zn
semi-solid electrodes achieved relatively low energy density due to
constrictions derived from the need for continuous flow and for its
electrochemical recharging process in the same device. Our concept of
using Zn semi-solid electrode in non-flow mechanically rechargeable Zn-
Air batteries widens the range of carbon content since semi-flowable
viscous slurries are valid for our case. The semi-solid and semi-
flowable nature of our electrodes provides not only the proposed Zn-
based electrodes with sufficient flowability to recharge mechanically a
Zn/Air battery, but also the electrical percolating network and
deformability to minimize passivation of remaining active material by
formation of ZnO. By this, the volumetric capacity in semi-flowable Zn
electrodes is boosted opening up a new research direction for reaching
the full potential of mechanically-rechargeable Zn-Air batteries. Alka-
line Zn-based semi-solid electrodes are suggested to act as green energy
carriers since Zn metal can be electrochemically generated (Zn elec-
trowinning) from discharge products. This concept may become of high
interest for a number of emerging applications in which neither batteries
nor fuel cells completely fulfill the requirements.

2. Materials and methods
2.1. Reagents and materials

Zinc powder (99.9% —100 mesh, Alfa Aesar), Carbon additive Ket-
jenBlack EC-600 JD (Azelis and AkzoNovel polymer chemicals), KOH
(>85%, Sigma Aldrich), were used as-received. Expanded graphite
(Sigracet TF6) was used as negative current collector, Celgard 3501 as
separator and E4B (ElectricFuel) as air electrode. Gaskets were made of
Viton® due to its resistance to alkaline conditions.

2.2. Preparation and formulation of semi-solid electrodes

Semi-solid electrodes with different compositions were prepared
using 6, 20, 26, 42 wt% active material, corresponding with 0.1, 0.33,
0.5 and 1 kg, Ll ode- In addition, 4.5, 2.9, 3.7 and 1.4 wt% of carbon
additive, respectively, was used. Active material proportion was calcu-
lated by dividing the amount of active material (grams of Zn or carbon
additive) by the total weight of the solid materials (carbon additive and
zinc).

8A
85olid

-100

wt. %o, =

The solid particles were dispersed in 6 mL of electrolyte (6 M KOH)
and mixed with Ultra-Turrax IKA T18-Basic during three periods of 10
min resting 5 min between period. The slurries were prepared directly in
a syringe to facilitate the injection of the electrode into the battery pre-
assembled.

2.3. Materials and fabrication of refillable cells

The external casing of the battery was designed and printed by FDM-
3D-Printing machine (MakerBot ReplicatorTM 2X) using Acrylonitrile
butadiene styrene (ABS) for planar configuration and by Selective
Deposition Lamination-3D-Printing machine (Anycubic: Photon Mono
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Fig. 1. (a) Electrical and ionic resistivities of semi-
solid electrodes containing different carbon contents
(10, 30, 50, 70, 90 mgc-mL’l) (b) Schematic repre-
sentation of the working principle of the mechan-
ically-rechargeable semi-solid Zn-Air battery. (i) A
pre-assembled electrochemical cell is filled with
flowable semi-solid Zn electrode. (ii) The cell is
sealed and ready to deliver energy in static (non-flow)
configuration. (iii) The sealed cell reaches full state of
discharge. (iv) The spent semi-solid Zn electrode is
removed from the cell, which is then ready to be
refilled in step (i). (c) Voltage profile of 5 subsequent
refilling using a semi-solid electrode containing 0.1
ngn Lgl:tctrode in 6 M KOH.

Areal capacity / mAh-cm?

SE) using Grey Colored UV resin (Anycubic) for the tubular one.

2.4. Electrochemical characterization

Electrochemical testing of the battery was carried out using a battery
tester (Neware BTS4000 5V6A).

3. Results and discussion

3.1. Proof-of-concept of mechanically rechargeable Zn-air battery based
on Zn semi-solid electrodes

Fig. 1a shows the evolution of the ionic and electrical resistivity of an
electrolyte containing suspended carbon particles as a function of the
carbon content (Section S1, Fig. S1, §2). Whereas the ionic resistivity
increased with increasing carbon content due to the hindrance of the
solid particles as in conventional porous battery electrodes, electrical
resistivity decreased with increasing carbon content. This reveals that
electrochemically active and flowable semi-solid electrodes can be ob-
tained through tuning of composition formulation. In our case, the value
of 70 mg mL ™! represents a balanced tradeoff between electrical and
ionic resistivity, so that carbon contents around this value were explored
in further formulations containing Zn particles (below). Implementation
of the new vision for a mechanically-rechargeable Zn-Air battery
chemistry requires the design and fabrication of a reusable primary

(a)
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battery cell. This consists of an air-breathing electrode capable of
reducing oxygen from the atmosphere and a compartment capable of
allocating Zn-based semi-solid electrode, as positive and negative elec-
trode, respectively. These electrodes are electrically separated by a
microporous separator (Section S2, Fig. S3). In a way, this easily refill-
able primary battery becomes a fuel cell, in which the typically
employed gas or liquid fuel (e.g. Hy, methanol) is replaced by a semi-
solid fuel. As a result, cheap microporous separator can be used
instead of an ion-selective membrane. Fig. 1b illustrates the working
principle in a sequence of 4 steps. The key technology enabler in our
work is the use of electrically percolated and flowable Zn semi-solid
electrodes (dense suspension of Zn and carbon additive in an alkaline
electrolyte). The use of these semi-solid electrodes allows for the reali-
zation of the sequence of steps shown in Fig. 1b. Fig. 1c shows the
voltage profiles of 5 subsequent refilling cycles using the same cell but
substituting the Zn semi-solid electrode according to the refilling pro-
cedure illustrated in Fig. 1b. After a first slightly poorer-performing
discharge, the operating voltage and areal capacity remained stable. A
value of 13 mAh cm~2 with a high Zn utilization rate in the range of
67-77% (546-633 mAh gz’nl) for R1- R4 were achieved at ca. 0.1C (16
mA cm~2). It should be noted that the reproducibility is limited by the
oversimplified refilling method was applied in this work. This method is
based on the removal of spent semi-solid electrode using a stream of tap
water (Section S3, Fig. S4) and the refilling of fresh semi-solid electrode
using a simple syringe (manually injected, Fig. S5). Although the
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Fig. 2. (a) Voltage profiles of three subsequent injections. (b) Energy density evolution for semi-solid electrodes with different zinc content (0.1 kgz,-L™!, 0.33

ngn-L’l, 1 ngn-L’l, 2 ngn-L’1 and 2.5 ngn-L’l).
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Fig. 3. X-ray computed tomography (a) Cross section of semi-solid electrodes at different Depth-Of-Discharge (0%, 50% and 100%). (b) Top-view of electrodes at
different semi-solid heights (top, bottom and middle) with different DOD. (c) Cross section of two electrodes with different Zn content (1 ngn-L’1 and 2 ngn~L’1) at

100% DOD.

method enabled substitution of semi-solid electrodes for this proof-of-
concept, much effort is required from an engineering perspective to
improve the reproducibility and overall performance of the system.

3.2. Tuning of energy density by changing the Zn content in the semi-solid
electrode

The independent content of Zn and carbon additive enables tuning of
energy density and specific power, separately. The energy density of a
semi-solid electrode is determined by the content of Zn. That is, the
higher content (kgz, Lgl.oq)> the higher volumetric charge capacity
(AhL™1), and thus higher energy density (Wh L™1). Fig. 2a shows typical
voltage profiles, which were used to calculate the energy density as
integral under the curves. Note that volume is calculated as area by
thickness of the cavity in which the semi-solid electrode is injected: 7
em? x 0.2 cm. Fig. 2b shows the evolution of the energy density ach-
ieved (voltage profiles in Section S4, Fig. S6) as a function of the content
of Zn (ngn L;léctrode)'

The increase in energy density was almost perfectly linear with
increasing Zn content, being close to the theoretical values represented
as a green arrow in Fig. 2b. At higher value of Zn content (2 kg,, L™1),
higher material utilization of 84% (687 mAh gz,) was achieved at 32
mA cm 2 (ca. 0.1C). This resulted in a value of energy density of 1500
Wh L7}, that is calculated considering the volume of carbon, Zn and
electrolyte. Values of energy density at cell level (including separator,
current collector and air-breathing electrode) are discussed below. Note
that the value of energy density only decreases 5% at cell level including
separator, current collector and air-breathing electrode. It should also be
noted that a remarkable areal capacity of 303 mAh cm™2 was here
demonstrated at 0.1C (32 mA cm’z), which is relevant for the energy
density of the entire device. These values not only largely exceed typical
values reported for conventional Zn-Air batteries, but also recent reports
using solid-state electrolyte. That is, the value achieved in our work (303
mAh em~2 at 32 mA em2) is 3-fold higher than the state-of-the-art
value of 133 mAh cm ™2 at the current density of 4 mA cm™2, which is
in turn 100 times higher than that of the Zinc-Air battery using zinc foil
as anode (1-2 mAh cm2) [36].

3.3. Exploring the limits of energy density by X-ray tomography

For Zn content above 2 kg L™}, the utilization rate of Zn significantly
decreased, i.e. 62 % at 2.5 kg, L™1. This is likely due to clogging issue
related to the formation of ZnO as discharge product. X-ray computed
tomography analysis (Fig. 3) was carried out to investigate the micro-
structures of Zn semi-solid electrodes and the changes upon discharge
process.

To facilitate the visualization, the evolution of microstructure of the
semi-solid electrode with the depth-of-discharge (DOD) was first studied
for intermediate Zn content (1 kgz, L. Fig. 3a shows the cross-section
images of a Zn semi-solid electrode (1 kg, L~1) at various DOD (0%,
50% and 100%). And Fig. 3b shows top-views of these 3 samples at 3
different electrode depth (top: near Air-breathing electrode, middle:
between current collector and air-breathing electrode, and bottom: near
current collector). At 0% DOD (fully charged), a homogenous distribu-
tion of Zn particles, which are visualized as bright areas in Fig. 3a and
orange spots in Fig. 3b, was observed. At 100% DOD, Zn particles were
almost completely oxidized leading to the disappearance of the bright
areas (orange spots in Fig. 3b). The most interesting image corresponds
to 50% DOD. Two regions are distinguished in this image: top is brighter
(intense orange in Fig. 3b) and bottom is darker (lighter orange in
Fig. 3b). This indicates that Zn particles were preferentially oxidized at
the bottom. The air breathing electrode was located at the top while
negative current collect was located at the bottom. This means that the
ionic transport (OH™ anions) from the air-breathing electrode to the
current collector across the semi-solid electrode is sufficient so that the
reaction takes place preferentially close to the current collector. This
special feature of semi-solid electrodes is due to the higher porosity and
enhanced mass transport of semi-solid electrodes, compared to con-
ventional electrodes, and enable progressive transformation from the
current collector towards the air-breathing electrode. This is highly
beneficial since the opposite behavior (formation of ZnO near the air-
breathing electrode) that is observed for thick conventional electrodes
leads to blockage of ionic pathways from the air-breathing electrode to
the rest of the electrode [37]. The preferential formation of ZnO starting
from the current collector towards the air-breathing electrode avoid this
blockage for anion transport to active Zn particles, which results in deep
discharge and high utilization of Zn. Fig. 3c shows the cross-section
images of semi-solid electrode at 100% DOD (fully discharged) for 2
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Fig. 4. Performance of semi-solid electrodes with different formulation in terms of (a) evolution of the operating voltage and (b) evolution of the specific power with

the applied current density for a Zn content of 0.5 kg L.

different Zn contents, ie. 1 kg, L7! and 2 kgzn L™l While
micro-channels were still visible for 1 kg, L7L, the spent electrode for 2
kgzn L1 is completely dense. Consequently, maintaining high utilization
rates (e.g. >80%) becomes difficult for this electrode composition when
Zn contents are higher than 2 g,, mL~!, as shown in Fig. 2a. Reformu-
lation and re-optimization of the semi-solid electrode is therefore
necessary to achieve high utilization rates for higher Zn content.

3.4. Tuning specific power by changing the content of carbon in semi-solid
electrodes

The specific power and voltage efficiency of the proposed concept
will largely depend on the overall resistance of the semi-solid electrodes.
Fig. 4a and b displays the evolution of the operating voltage and the
corresponding evolution of specific power, respectively, as a function of
the applied current density for various formulations (electrochemical
data and voltage efficiencies in Section S5, Fig. S7). Due to the balanced
tradeoff between electrical and ionic conductivity shown for the semi-
solid electrode containing 70 mg mL ™, the content of Zn was fixed at
0.5 g mL~! and the carbon content was varied around 70 mg mL ™%, i.e.
60, 70 and 80 mg mL~L, to illustrate the influence of carbon content in
the specific power. For comparison, the specific power measurements
were carried out at 50% depth of discharge (DOD). Fig. S8 (Section S6)
shows the evolution of the internal resistance with the DOD revealing
stable resistance from 0% to 90. Thus, different behavior for the specific
power is anticipated when the cells are almost discharge (>90% DOD).

In general, the specific power increases with increasing carbon
content, while flowability decreases. Electrodes containing 80
MEearbonML ;L 704, Were able to deliver ca. 100 mW ecm™2 at 100 mA cm ™2
(1 V). However, we were unable to remove this semi-solid electrode by
applying our simple removal protocol (tap water), while electrodes
containing lower carbon contents (60-70 mgCﬂVbU"mLe_lelcrrude) were easily
removed. In general, this home-made device using a low-cost MnOxy-

based air-breathing electrode and semi-flowable semi-solid Zn elec-
trodes (60-70 mgca,bo,lmLe’lelmode) is demonstrated to operate at current
densities in the range of 50 mA cm™2. At this current density, a specific
power value of >50 mW cm ™2 was delivered without a critical loss in
voltage efficiency (>80%), which are remarkable values considering the
thickness of the electrode (>100 mAh cm’z). Since the three main ele-
ments of the cell, i.e. Mn-based air-breathing electrode, microporous
separator, and stainless-steel current collector (Section S7, Fig. S9) are
inexpensive, power costs (USD kW 1) rapidly decay in the range of 1-5
mA cm 2 (Section S7, Fig. S10). Thus, the values of current density
demonstrated in this work result in a cost of power below 100 USD
kW1, approaching the asymptote in the curve of power cost ys. current
density.

3.5. Boosting the specific power by implementing redox mediators

Incremental improvements in the specific power can be achieved by
optimizing the formulation of the semi-solid electrode. However, the use
of conventional conductive particles for providing electrical conduc-
tivity requires physical contact between carbon particles for reaching
electrical percolation. The presence of high contents of carbon both
hinders ionic conductivity and reduces flowability, so that innovative
strategies are of high interest. In this context, we explored the use of a
molecular wire to support electrical conductivity. When a reversible
redox species is dissolved in the electrolyte and its redox potential is
above that of the oxidation of Zn metal, spontaneous charge transfer
reaction can take place between dissolved species and Zn metal. As a
result, Zn metal is oxidized and dissolved species are reduced. The
reduced dissolved species can then diffuse to the carbon network, where
they are oxidized being able to react again with Zn metal (Fig. 5a). The
2,6 dihydroxyantraquinone (2,6-DHAQ) has been used in alkaline
aqueous redox flow batteries [38], showing a redox potential of ca. — 0.7
V vs SHE, which is above the redox potential of Zn/ZnO(- 1.25 V vs

(a) (b) 44
DHAQ_ 1.3
In ‘ § 1.2
v > 1 N
O
; 1.07 \SE\ El
€ e Carbon g 0.9 Q’:\. 0mg: MR AQ
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N 3
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Fig. 5. (a) Scheme of 2,6-dihydroxyanthraquinone acting as molecular wiring for mechanically rechargeable semi-solid Zinc-Air battery. (b) Comparison of the
operating voltage when 2,6-dihydroxyanthraquinone is included into the formulation of the electrode.
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and (b) for 2 kg,, L™}, and (c) and (d) for 3 kg, L™*. Thickness of Celgard separator and stainless-steel current collector are 0.025 mm and 0.012 mm, respectively.

SHE). Thus, charge transfer reaction between 2,6-DHAQ and Zn should
thermodynamically occur since Ereduction > Eoxidation (AG<0). Indeed, 2,
6-DHAQ has been recently used as molecular wire for metal hydrides in
redox flow batteries [39]. Considering the redox potentials, dissolved 2,
6-DHAQ should be able to be reduced to 2,6-DHAQ? while Zn metal
oxidizes to ZnO. If so, the reduced anthraquinone can transport these
charges by diffusing across the porous electrode to the current collector,
where the applied potential drives its oxidation back to its neutral state
transferring the charges originated from the Zn metal. In other words, 2,
6-DHAQ can act as a molecular wire (Fig. 5a). Fig. 5b shows the evo-
lution of cell voltage as a function of the applied current density for
semi-solid electrode containing 60 mg mL™}, 70 mg mL~! and 60 mg
mL~! in the presence of dissolved 2,6-DHAQ (0.5 kg, L for all of
them).

Considering that the open cell voltage (Zn-Air) was ca. 1.45 V and the
difference between the redox potential of Zn/ZnO and 2,6-DHAQ/2,6-
DHAQ? is ca. 0.55 V, the reduced 2,6-DHAQ (after spontaneous reaction
with Zn) should be re-oxidized at the current collector when the oper-
ating cell voltage is 0.9 V. In Fig. 5b, for the same amount of carbon (60
mg mL™Y), the performance for the semi-solid in the presence of 2,6-
DHAQ starts to improve at ca. 0.95 V, which confirms the function of
the molecular wire for this semi-solid electrode. Indeed, the presence of
2,6-DHAQ was able to outperform an excess of carbon in the semi-solid
electrode, i.e. 60 mg mL~! with mediators versus 70 mg mL~! without
mediator. Above the value of 70 mA cm ™2 (0.88 V), the specific power of
the semi-solid electrode containing 2,6-DHAQ was remarkable,
compared to semi-solid electrodes containing even more amount of
carbon. It should be noted that we were not able to apply current density
above 90 mA cm™2 due to limitation of the instrument when operating
below 1 V. Therefore, the use of molecular wire not only enables the use
of less amount of carbon, which is very beneficial for the flowability, but
it actually increases the specific power compared with semi-solid elec-
trodes containing higher amounts of carbon. It should be noted that self-
discharge does not occur when the semi-solid electrode is stored outside
the cell before injection. In addition, there is much room for improve-
ment in terms of specific power by combining engineering and colloidal
chemistry in future studies.

-1
‘electrode

3.6. Projected specific energy and energy density of mechanically
rechargeable Zn-Air batteries based on semi-solid electrodes

Engineering aspects obviously play an important role for the prac-
tical energy density of the proposed technology. We conducted a theo-
retical analysis to assess the potential of the concept. The influence of
two critical parameters, i.e. thickness of air-breathing electrode and
thickness of the semi-solid electrode, on the energy density and specific
energy was analyzed for two Zn contents, 2 kg,, L' (demonstrated in
this work) and 3 kg, L! (target for future works). The contribution of
casing that is rather large in our home-made prototypes is not consid-
ered to elucidate the intrinsic values. We consider that the contribution
of casing should be addressed at a later stage (after reaching higher
Technology Readiness Level), while intrinsic values provide a better
idea of the potential of this technology. Fig. 6 reveal three important
points. I) The use of a thick electrodes, as in our work, is beneficial for all
studied cases. This is due to that fact that the volume losses of inactive
elements, e.g. current collector and separator, are minimized with
increasing areal capacity. II) The energy density increases as the thick-
ness of the air-breathing electrode decreases. This is due to that fact that
O, is in the air so that the volume of the air-breathing electrode does not
limits the charge storage capacity of the cell. And III) the benefit of using
thick semi-solid electrodes is reduced with decreasing thickness of the
air-breathing electrode. This is due to the volume of inactive elements
decreases with decreasing thickness of air-breathing electrode, so that
the positive impact of thick semi-solid electrode is buffered. This latter
point may be of interest for higher power applications that requires
thinner semi-solid electrodes.

In this work, the thickness of the air-breathing electrode and the Zn
content in the semi-solid electrodes were 0.5 mm and 2 kg L%,
respectively. This results in values of ca. 1703 Wh L ™! and 638 Wh kg ™!
when 100% utilization rates are achieved. If the utilization rate is
reduced to 84% (demonstrated here), the energy density only decreases
to 1430 Wh L1, It should be noted that energy density only decreases
5% with respect to the energy density of the electrode (1500 Wh L™1)
when including separator, current collector and air-breathing electrode
are also considered. For a Zn content of 3 kg L™! and a utilization rate of
80%, the energy density would be 1700 Wh L™}, which indicates both Zn
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Fig. 7. (a) Scheme of metallic zinc as energy carrier used in mechanically-rechargeable Zn-Air batteries. (b) Self-discharge of Zn: results of experiments for
determining the amount of zinc that remains when it is stored in different conditions: Ar-filled, Air-filled and Air-filled in the presence of 2,6-DHAQ in the electrolyte.

content and utilization rate are relevant to achieve high values of energy
density.

3.7. Zn semi-solid electrodes as potential energy vector

The mechanically-rechargeable Zn-Air battery can be considered as
a refillable primary Zn — Air battery that uses Zn as renewable energy
carrier (Fig. 7a). The spent ZnO can be easily dissolved in e.g. mild acid
media and transported in liquid phase to the regeneration site. By the
mature and well-established Zn electrowinning process [40,41], Zn?*
ions are reduced to metal Zn using energy from renewable sources. Zn
semi-solid electrode can be prepared and stored in sealed containers for
their transportation. Refilling of the device can be conducted directly
from theses containers. The most critical point here is the self-discharge
during storage/transportation. Due to the strong alkaline media used in
this work, spontaneous reaction of Zn and water is kinetically slow. To
evaluate the self-discharge rate, Zn particles were stored in 6 M KOH for
24 h and, then, the loss of Zn was determined.

Due to the higher solubility of zincates at increasing KOH concen-
tration, Zn particles were rinsed with 12 M KOH after storage, dried it
and weighted it. When the suspension of Zn was stored under protected
atmosphere (Ar-filled), the loss of Zn was negligible (0.2 wt%) (Fig. 7b).
However, when the suspension of Zn was purged with air, a loss of 14.1
wt% was observed after 24 h. When the suspension of Zn contained
redox wire (anthraquinone), the kinetics between oxygen reduction and
Zn oxidation increased, and the loss of Zn increased up to 32.7 wt%.
Considering that low-cost microporous are often used in Zn-Air batte-
ries, slow diffusion of oxygen from the air-breathing electrode to the
negative electrode cannot be avoided. It should be noted that self-
discharge that occurs by diffusion of oxygen or the charged molecular
wire is prevented by storing the semi-solid electrode in containers before
its use. Importantly, exclusion of air from the containers storing Zn semi-
solid electrodes should be considered for storage and transport.

4. Conclusions

In summary, success of the concept of a mechanically-rechargeable
Zn-Air battery has been locked by the poor practical energy density of
semi-flowable Zn electrodes (~150 Wh L™ 1) due to the formation of
passivating ZnO. This concept has been long desired since it overcomes
the most demanding challenges of Zn-Air batteries (reversible oxygen
reaction and Zn reaction) by decoupling the charge and discharge pro-
cess of a Zn—-Air battery in the two processes in separate device. How-
ever, the low practical energy densities have been so far achieved in
practice. In our work, the use of electrically conducting flowable semi-
solid electrodes unlocks the achievement of higher practical volu-
metric capacities (ca. 1500 Wh L) using a 3-D printed home-made
primary Zn-Air battery cell. The cells were mechanically recharged
several times, thus demonstrating successfully the feasibility of the

concept. These values were achieved by comprising flowability of the
semi-solid electrodes, while their semi-flowability still enables eventual
substitution of electrode (in contrast to continuous flow for redox flow
batteries). This opens up a new research direction in the field of energy
storage, in which Zn-based semi-solid electrodes become a new type of
renewable fuel. In contrast to gas and liquid fuel, Zn semi-flowable
“fuel” is easier to be stored, transported, used in an electrochemical
cell due to its semi-solid nature (active material is solid and easier to be
confined). This battery concept has the potential to become a fitting
power source for a number of emerging and demanding applications
such as drones, in which safety, fast charge and high energy density are
essential. Nevertheless, intensive efforts are required to be devoted from
neighboring fields such as colloidal chemistry, chemical engineering and
mechanical engineering to make this concept more competitive.
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