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Formulation and characterization of zinc slurries for zinc slurry -air redox flow battery: A rheological approach

This study presents rheometry as an optimization tool to increase discharge performance of a zinc slurry -air redox flow battery (RFB). Incorporation of electrode suspension slurry to metal-air batteries, in which dense metal solid microparticles are suspended in a conductive fluid with the aid of gelling agents, was investigated. Electrochemical performance of zinc anode slurries was characterized in a single redox flow battery cell in discharge mode.

Rheological behavior of each of the slurries is investigated and the key parameters underlying the cell performance were determined. Combined rheological and electrochemical effects were examined and an optimal PAA concentration of 0.40 wt. % was found for the zinc slurry system, in which slurry stability is not compromised and conductivity is satisfactory. Furthermore, at the reported gelling agent optimal concentration, a maximum peak power density of 24 mW/cm 2 is obtained from polarization curves, improving previous reported performances using the same cell configuration by a factor of 2.4. These results bring more understanding in the development of slurry-based RFBs with a rheometric approach.

Introduction

As current energy development aims towards technologies powered by renewable sources [START_REF] Breyer | Global overview on grid-parity[END_REF], necessity of efficient energy storage systems has driven research to explore new materials and configurations. Redox flow batteries (RFBs hereinafter) have been gaining attention as their versatile and flexible operation is suitable to potentiate intermittent renewable energy sources like wind and solar energy. Their ability to decouple energy storage and power generation [START_REF] Ye | Viscosity, conductivity, and electrochemical property of dicyanamide ionic liquids[END_REF], improves electrical grid efficiency and power quality by allowing better resource management for peak shaving and valley filling. Among different possible chemistries, zinc-air is one of the most interesting due to its high theoretical specific energy density of 1350 Wh/kg [START_REF] Bockelmann | Electrically rechargeable zinc-oxygen flow battery with high power density[END_REF]) and zinc availability in Earth's crust. Zinc -air batteries have been commercialized since early 20th century (Mainar et al. 2018a), mostly as primary batteries. In a typical alkaline zinc-air battery, the electrochemical reactions proceeding in the cell during discharge mode are the following:
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Nevertheless, the development of a rechargeable zinc -air battery has been hindered due to different issues, largely, zinc anode limitations, which have been studied in depth by A.

Mainar (Mainar et al. 2018b, a, c), and other authors [START_REF] Yang | Improved discharge capacity and suppressed surface passivation of zinc anode in dilute alkaline solution using surfactant additives[END_REF][START_REF] Yang | Effects of Carboxymethyl Cellulose on the Electrochemical Characteristics and Dendrite Growth of Zinc in Alkaline Solution[END_REF]Banik andAkolkar 2013, 2015;[START_REF] Liu | Suppressing the dendritic growth of zinc in an ionic liquid containing cationic and anionic zinc complexes for battery applications[END_REF]Schmid and Willert-Porada 2017;Schmid et al. 2017). In order to reduce zinc anode problems, metal-air batteries such as zinc -air, have been redesigned as flowing systems instead of static ones [START_REF] Han | Metal-Air Batteries: From Static to Flow System[END_REF].

In particular, zinc slurry -air flow battery is an interesting approach as zinc particles are dispersed in the electrolyte media with the aid of gelling agents, enhancing electrode surface and energy density [START_REF] Duduta | Semi-solid lithium rechargeable flow battery[END_REF][START_REF] Huang | Next-generation, high-energy-density redox flow batteries[END_REF]. Many of the advantages of having a flowable electrode comprise the reduction of dendrite formation [START_REF] Jiang | Towards a uniform distribution of zinc in the negative electrode for zinc bromine flow batteries[END_REF], and non-localized electrode shape change and passivation layers [START_REF] Yang | Improved discharge capacity and suppressed surface passivation of zinc anode in dilute alkaline solution using surfactant additives[END_REF]). The flow of the slurry and charge transfer in single cell is optimized by using flow fields (Choi et al. 2020a), promoting uniform distribution over geometric area.

However, zinc microparticles are largely dense (5 67 = 7.13 g/cm 3 ), and in order to increase active material utilization, microparticles need to be suspended in the electrolyte media so the flow will be homogeneous throughout the battery. Thus, the fluid that will be used must avoid the accumulation of particles at the bottom of the container at rest or in the transporting conduits during flow. In this way, it will be possible to obtain a homogeneous distribution of zinc particles throughout the process inside the battery. These particles can then be brought in contact with the electrode, where their discharge takes place. Hence, rheology plays an important role in RFBs as network properties are important for slurry formulation. Moreover, electrochemical performance is directly linked to flow behavior because mass transfer coefficients, ions diffusion and pump losses, among others, depend on electrolyte viscosity [START_REF] Smith | Studies on pressure losses and flow rate optimization in vanadium redox flow battery[END_REF][START_REF] Iyer | Assessing the impact of electrolyte conductivity and viscosity on the reactor cost and pressure drop of redox-active polymer flow batteries[END_REF][START_REF] Barton | Quantifying the impact of viscosity on mass-transfer coefficients in redox flow batteries[END_REF].

In this study, zinc slurry -air RFB is designed to work under highly alkaline conditions.

Alkaline electrolytes are recurrently used in zinc-air batteries due to their high ionic conductivity and solubility of zinc species [START_REF] Mainar | Alkaline aqueous electrolytes for secondary zinc-air batteries: an overview[END_REF], both of which are important in the redox reaction. Aqueous electrolytes are mixed with gelling agents and additives to prepare gel polymer electrolytes (GPEs). However, such a harsh alkaline environment (i.e., 10 M KOH used by Choi et al. for zinc slurry -air RFB (Choi et al. 2020a, b)) limits the availability of gelling agents that are able to suspend dense zinc particles, compromising slurry stability. Among available gelling agents, Carbopol 940® and attapulgite were chosen to prepare zinc slurries.

Carbopol 940®, also known as polyacrylic acid (PAA), is used frequently as a model fluid in experiments together with numerical simulation because of its stability and well-known properties at near-neutral pH, where yield stress behavior is enhanced (refer to [START_REF] Piau | Carbopol gels: Elastoviscoplastic and slippery glasses made of individual swollen sponges. Meso-and macroscopic properties, constitutive equations and scaling laws[END_REF] for extensive study in PAA elasto-visco-plastic behavior). PAA has been investigated as electrolyte additive for application in alkaline metal-air batteries like Al-air and Zn-air batteries. [START_REF] Zhang | All-solid-state Al-air batteries with polymer alkaline gel electrolyte[END_REF]) investigated PAA gel performance in an Al-air battery where its conductivity (460 mS/cm) was found to be close to that of aqueous electrolytes. Moreover, GPEs using PAA as gelling agent have been proved to show higher conductivity compared to GPEs incorporating other gelling agents like poly(vinyl alcohol) (PVA) and poly (4-vinylbenzenesulfonate-co-[3-(methacryloylamino)propyl]trimethylammonium chloride) (PAM) at 6 M KOH [START_REF] Tran | A study of alkaline gel polymer electrolytes for rechargeable zinc-air batteries[END_REF].

Attapulgite is a type of magnesium aluminium silicate clay with a three-dimensional needlelike morphology [START_REF] Shen | Preparation and rheology of polyamide-6/attapulgite nanocomposites and studies on their percolated structure[END_REF]) and chemical formula 3MgO-1.5Al2O3-8SiO2-9H2O. When dispersed at high shear rates, attapulgite is able to work as a gel-forming clay [START_REF] Haden | ATTAPULGITE: ITS PROPERTIES AND APPLICATIONS[END_REF]. The shape and size of its needles, as well as its gelling mechanism, result in a good resistance to high concentrations of electrolytes [START_REF] Abdo | Clay nanoparticles modified drilling fluids for drilling of deep hydrocarbon wells[END_REF]. Under these latter conditions, yield stress is enhanced [START_REF] Chang | The effect of pH, ionic strength, and temperature on the rheology and stability of aqueous clay suspensions[END_REF][START_REF] Qian | Enhancing thixotropy of fresh cement pastes with nanoclay in presence of polycarboxylate ether superplasticizer (PCE)[END_REF], making it a good candidate to prepare zinc slurries. Besides its rheology modifier properties, attapulgite also shows properties that enhance the electrochemical performance of zinc slurry-air batteries. Attapulgite has been previously investigated to formulate zinc slurries for automotive application and it was found that the addition of this clay reduces anode corrosion, even more when combined with ZnO (Sonneveld 1991).

This study aims to assess the effect of PAA gelling agent on slurry electrochemical and rheological properties in a custom-made zinc slurry -air RFB. Furthermore, we present here how rheometry can be used to assess performance of such devices as RFBs. The effect of PAA concentration on slurry electrochemical performance and stability is thoroughly investigated by electrochemical cell tests and rheological characterization. Lastly, an optimal concentration of PAA is discussed in terms of the trade-off between performance and stability. This study links material formulation in harsh alkaline environment with electrochemical experimentation and rheological characterization, highlighting the importance of material formulation for RFBs.

Materials and methods

Slurry preparation

In order to have reproducible results, a slurry preparation protocol is followed to produce each of the samples before either rheology or electrochemical characterization. Slurry composition was taken from a previous study using the same experimental set-up (Choi et al. 2020a), except for gelling agents presented in a previous study [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF] Germany) and ZnO (Alfa Aesar, United States) was added to the solution. The sample was mixed using a high shear homogenizer Ultra Turrax T25 (Ika, Germany) at a speed of 11 000 rpm for 1 minute to disperse the clay particles, thickening the mixture and forming a gel.

GPEs composition together with their rheological characterization can be found in [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF], where is reported that all GPEs were found to have a yield stress fluid behavior.

Further information of materials used to formulate GPEs can be found in supplementary information S1, together with a scheme illustrating the gel structure.

Zinc slurries

Zinc particles battery grade (GN 7-4/200Bi/200In, Grillo GmbH, Germany) were used as received and size characterization is shown in Figure 1.

Figure 1a shows a picture of zinc particles taken with a scanning electron microscopy (SEM, ZEISS GeminiSEM 500). It is seen that zinc particles show rounded shapes varying from Once GPEs are prepared, zinc slurries are prepared in the following way. Zinc particles are added into freshly prepared GPEs. Particles are first dispersed using a spatula to avoid lumps and then slurries are homogenized with Ultra Turrax at 11 000 rpm for 1 minute. This preparation ensures homogeneous distribution of zinc particles in the suspending fluid. After preparation, samples were ready for either electrochemical or rheological characterization.

The final slurry concentrations can be found in Table 1. PAA concentrations higher than 0.6 wt. % were not investigated because of their final high apparent viscosity, which in practice made it impossible to flow samples through the RFB cell. b)

Electrochemical characterization

Electrochemical tests were performed using a home-made single cell presented in a previous study (Choi et al. 2020a) to determine performances of zinc slurries in a zinc slurry -air RFB. Single cell is operated in discharge mode. A scheme of the working principle of the anode slurry is depicted in supplementary information S2. The experimental set-up used for this study contained a graphite bipolar plate, flow frame flow field, separator (Cellophane™ PØØ purchased from FUTAMURA, Hamburg, Germany), gaskets and current collectors, correctly fixed by the aid of two end plates. Zinc slurry is kept in a non-stirred container and is pumped to the single cell using a peristaltic pump.

Zinc slurry and synthetic air were pumped in the anode and cathode compartments with a flow rate of 160 mL/min and 100 mL/min, respectively. During cell testing, current-voltage characteristic curves were obtained by using a BaSyTec GSM Battery Test System (BaSyTec GmbH, Germany). When anolyte and catholyte are flowing through the battery, constant current is applied and steady state voltage is obtained.

Finally, slurries conductivity (σ) was obtained by electrochemical impedance spectroscopy (EIS) using a response analyzer (Hewlett Packard, United States) at 20 °C.

Zinc sedimentation in slurries

Zinc particle sedimentation in slurries is critical not only in RFB application but also in rheological characterization. If sedimentation takes place in the battery, slurries will become two-phase systems leading to clogging and/or lower battery performances due to less particles utilization. Correspondingly, if sedimentation takes place during rheological characterization, initial sample properties will change during test, as sedimentation is in competition with deformation. Therefore, slurries sedimentation time is a critical factor as it can interfere in sample characterization.

Sedimentation kinetics of recently prepared slurry samples were determined by tracking particle position over time. Slurries were placed in a rectangular cell of width 4.5 mm and depth 10 mm. Pictures of slurries at different times were recorded using a digital action camera (Xiaomi Yi Cam, China) and were analyzed using ImageJ software. ImageJ can process images in grayscale and motion can be tracked after defining a pixel/distance ratio.

Sedimentation velocity Vs was determined from the slope of the linear decrease at the beginning of the test (supplementary information S3). Furthermore, it can be determined the time at which sample has undergone sedimentation at different percentages defined by the ratio between particle position h and initial position h0 loss. We define in this study a critical sedimentation threshold of 5%, equivalent to a ratio h/h0 = 0.95. Beyond 5% of sedimentation, sample cannot be characterized as its properties would have already changed from its initial state.

Rheometry

Zinc slurries rheological behavior was studied using a stress-controlled rheometer AR-G2

(TA instruments, United States) and a vane-in-cup geometry. Vane geometry (4-blades, blade width = 24 mm, h = 45.5 mm), was specially designed to study slurries in this study ensuring a homogeneous shearing [START_REF] Marchal | Quantitative Analysis of Mixer-Type Rheometers[END_REF] while avoiding slippage [START_REF] Barnes | Rotating vane rheometry-a review[END_REF][START_REF] Hermoso | High pressure mixing rheology of drilling fluids[END_REF]. A scheme of the set-up can be found in a previous publication [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF]. Transparent cup (D = 48 mm) is equipped with a grid (thickness = 2 mm), in order to eliminate slippage effects [START_REF] Owens | Improved rheometry of yield stress fluids using bespoke fractal 3D printed vanes[END_REF].

Vane tool was calibrated prior to performing samples rheological characterization. It is possible to assume that the vane geometry corresponds to a cylinder geometry because the flow profile generated by the vane in a Couette is similar to the one generated by concentric cylinders geometries [START_REF] Baravian | Vane rheometry with a large, finite gap[END_REF][START_REF] Ovarlez | Flows and heterogeneities with a vane tool: Magnetic resonance imaging measurements[END_REF]. Therefore, the rotational speed and torque obtained with the vane-in-cup is converted into shear rate and shear stress, respectively, using a Couette analogy approach (Aït-kadi et al. 2002):

89 = : ;9 < 9 (4) = = : > Γ (5)
Where < 9 is the rotational velocity, Γ is the measured torque and : ;9 and : > are the geometrical correction factors. Geometrical factors permit to translate rotational speed and torque obtained with vane-in-cup, into shear rate and shear stress, respectively. Complete calculation of geometrical factors is available in a previous study [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF].

Finally, factors calculated with vane and cup dimensions are : ;9 = 2.30 rad -1 and : > = 13 450.7 Pa N -1 m -1 , corresponding to an analogous inner cylinder of diameter d = 26 mm.

Oscillatory rheometry

Small deformation rheometry was used to characterize slurries viscoelastic properties representative of samples close to rest (no flow through the battery). Oscillatory rheometry consists in applying a sinusoidal deformation 8( ) = 8 sin(C ), with 8 as the oscillation amplitude and C as the angular frequency. In each test, storage and loss moduli (G' and G'' respectively), are recorded as function of deformation or frequency.

The linear viscoelastic region (LVR) of slurries, in which viscoelastic properties are independent of sample deformation, was determined by performing a strain amplitude sweep from 0.1 to 1000% at 1 Hz.

Viscoelastic behavior was obtained by applying a frequency sweep from 0.1 to 4 Hz at a deformation located in samples LVR. These deformations 8 were 0.1% for S1 and 1% for all the other slurries (S2-S5).

Large deformation rheometry

Slurry flow curves were obtained by large deformation tests. Large deformation tests are important to understand how slurries will behave while pumping in a RFB. Steady shear rheometry was performed by decreasing shear rate steps in which the stress response is measured. As explained in one of our previous studies [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF], just decreasing shearing steps are considered in order to avoid heterogeneous shearing zones [START_REF] Ovarlez | On the existence of a simple yield stress fluid behavior[END_REF]. Shear rate was decreased from 100 to 0.01 s -1 .

Depending on PAA concentration, slurries undergo sedimentation at different rates.

Rheological characterization was set so the experiment time will be shorter than the time a

given sample shows 5 % sedimentation, as explained in subsection 2.3.

To quantify rheological parameters, shear stress vs shear rates curves were fitted to a Herschel-Bulkley model:

= = = D + :89 7 (6)
Where = is the shear stress, = D is the yield stress, K is the consistency index, 89 is the shear rate and n is the flow index. To compare all slurries under the same conditions, current density values at a constant voltage of 0.7 V are represented as function of PAA concentration in the inset of Figure 2a.

Results

Electrochemical discharge performance

This voltage is representative for zinc-air batteries as it has been shown that cycling stability and energy efficiency is optimal at 0.7 V [START_REF] Li | Advanced zinc-air batteries based on high-performance hybrid electrocatalysts[END_REF]. It is observed that current density increases from 15 to 32.5 mA/cm 2 as PAA concentration increases from 0.2 to 0.4 wt. %.

Contrarily, when PAA concentration is increased further than 0.4 wt. % up to 0.6 wt. %, current density decreases to a value of 23 mA/cm 2 . S3 out-stands among the different slurries by showing the highest current density at 0.7 V.

b)

In an equivalent representation, Figure 2b analyses power density as a function of current density for each of the slurries. As current density increases, power density increases up to a maximum point before decreasing and forming a parabola. The maximum point is known as peak power density, and it is depicted as function of PAA concentration in the inset of Figure 2b. It is observed that peak power density increases from 10 to 24 mW/cm 2 as PAA concentration increases from 0.2 to 0.4 wt. %. When concentration of PAA is increased in slurry formulation, peak power density decreases to a value of 16.5 mW/cm 2 for a PAA concentration of 0.6 wt. %. These results suggest that concentration of 0.4 wt. % corresponding to S3 is close to a limit between two behaviors, one that favors battery performance and other that produces the contrary effect. To determine the origin of this phenomena, conductivity and rheometric measurements were performed on slurries.

To broaden our understanding of slurries electrochemical properties, slurries ionic conductivity was measured by EIS. Figure 3 represents ionic conductivity as function of PAA concentration.

Figure 3. Slurries conductivity as function of PAA concentration at 20 °C. Conductivity of pure KOH 10 M at 20 °C is 0.4737 S/cm [START_REF] Gilliam | A review of specific conductivities of potassium hydroxide solutions for various concentrations and temperatures[END_REF].

It is observed that when PAA concentration increases, conductivity decreases following a quadratic behavior with a decay faster from 0.2 to 0.4 wt. % of PAA in slurries, and slower above 0.4 wt. %. Moreover, slurries conductivities is found to be lower compared to that of pure KOH 10 M, having a value of 0.4737 S/cm [START_REF] Gilliam | A review of specific conductivities of potassium hydroxide solutions for various concentrations and temperatures[END_REF]). In fact, when increasing PAA concentration, a viscosity increase is imminent, as it will be presented in a following section (subsection 3.3.2). Slurries may benefit from such an increase in viscosity to slow down sedimentation kinetics, but electrochemical activity can be reduced. Similar This link between viscosity and conductivity can be explained thanks to Stokes-Einstein equation ( 7). The diffusion coefficient E F of a given molecule (i.e., electrolyte) is inversely proportional to the viscosity G of its surrounding media:

E F = H I J KLF M (7)
Where N O is the Boltzmann's constant, T is the temperature and 1 P is the effective hydrodynamic radius. Therefore, microstructural changes in the electrolyte structure, resulting in a viscosity increase, results in a decreased ion mobility, which is strongly correlated to its conductivity, as reviewed by M-C. Pang et al. [START_REF] Pang | Mechanical behaviour of inorganic solidstate batteries: can we model the ionic mobility in the electrolyte with Nernst-Einstein's relation?[END_REF].

Consequently, GPEs display a trade-off between their conductivity and their mechanical ability to suspend zinc particles.

Results presented in this section illustrate that there is an optimal PAA concentration (in the range of studied concentrations), delivering a maximum cell performance and that slurry ionic conductivity is highly dependent on the gelling agent concentration, and hence the viscosity of the electrolyte. To investigate why slurry peak power density and voltage (Figure 2) are enhanced at 0.4 wt. % PAA, corresponding to S3 formulation, rheological characterization needs to be performed. Nevertheless, sedimentation tests are performed to study PAA effect on sedimentation kinetics, but also allowing to know for how long slurries are stable in order to be characterized.

Zinc sedimentation

Sedimentation tests were performed tracking zinc particle position in zinc slurries and results are shown in Figure 4. The ratio between the recorded height and the initial height as a function of time is represented in Figure 4 for each slurry. Results revealed that different sedimentation kinetics are found depending on PAA concentration used to prepare slurries.

S1 shows the fastest h/h0 ratio decrease at times t < 2000 s. Sedimentation velocity vs is calculated from the linear height h decrease and it is found to be vs1 = 1.8 µm/s. Then h stabilizes slowly until reaching a plateau at ~ 10 000 s (2.78 hours). For S2, h/h0 ratio decreases slowly compared to S1. The sedimentation velocity is found to be vs2 = 0.2 µm/s, which is 9 times slower compared to S1. Finally, S2 sedimentation finishes after 15 000 s (4.17 hours).

Contrastingly, samples S3, S4 and S5 remained homogeneous for a longer time and no significant sedimentation (h/h0 lower than 2 %) was observed in 55 h. Table 2 reports the times at which each slurry undergo sedimentation up to a given percentage of h/h0 loss. Moreover, it can be highlighted that linear velocity is in the order of 0.267 cm/s (flow rate of 160 mL/min through a section of 2 x 5 cm), whereas sedimentation velocity is in the order of µm/s. This indicates that when flow is happening, sedimentation cannot take place as linear velocity is 4 orders of magnitude greater.

These results are important since if sedimentation occurs while battery is in operation, it could happen that just the electrolyte will be recirculated and fewer zinc particles will be in touch with the bipolar plate, decreasing the capacity of the battery. Similarly, when battery is at rest it could happen that zinc particles can settle in the flow field or in the tubing of the battery, clogging the system and needing manual intervention.

Accordingly, the protocol to determine battery performance was adjusted so the time of the test is shorter than the sedimentation time at 5%. Similarly, rheological characterization presented in following section was performed so the time of each experiment was shorter than the time to reach 5 % of sedimentation, point at which the sample is not considered homogeneous anymore. When amplitude strain continues to increase, a crossover point is met where G' = G'' and indicates the transition point from elastic solid to viscous liquid behavior. As deformation continues to increase beyond crossover point, G'' becomes greater than G', indicating that sample initial network is being deformed indefinitely. In this non-linear region, moduli are strongly dependent of deformation and sample is under conditions similar to flow. This behavior is observed for all slurries in figure 5a, but as PAA concentration decreases, moduli values decrease as well, S1 being the slurry with lowest G' and G'' values.

Furthermore, figure 5b shows the results of the oscillation frequency sweep. It is observed that for all slurries G' is greater than G'' in the range of frequency tested from 0.1 to 4 Hz.

Moreover, modulus G' is parallel to G'' and they show a slight dependence to frequency as moduli values increase with frequency with an average slope of 0.14. Moreover, there is not a moduli crossover in the range of frequencies analyzed.

b)

The effect of PAA is also observed in Figure 5b. As PAA concentration increases from S1 to S5, moduli values increase accordingly, with S5 showing the highest moduli values and S1

the lowest moduli values, respectively.

Therefore, this viscoelastic behavior observed for zinc slurries suggest that slurries show properties characteristic of gel-like materials. This is very important as zinc particles form part of a gelled network in a zinc slurry -air RFB.

Zinc slurries flow curves

To understand slurries behavior representative of flow, flow curves are obtained by shearing tests. In Figure 6, steady state shear stress as function of shear rate is observed for all slurries. It is worth to mention again that flow curves were obtained by down-ramping shear rate. Moreover, rod climbing (also known as Weissenberg effect (Weissenberg 1947)), was observed at shear rates > 10 s -1 (video, supplementary information), where no steady state was found, as observed in our previous study with gel polymer electrolytes [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF]. Therefore, results presented in this study are obtained for a range of shear rates comprised between 0.01 and 10 s -1 .

Figure 6. Shear stress as function of shear rate for zinc slurries at 20 °C. Solid lines represent Herschel-Bulkley fitting (Equation 6).

S1 was analyzed at shear rates from 1 to 10 s -1 and it is observed that shear stress increases slightly with shear rate. Lower shear rates lead to sedimentation of the initial sample before reaching steady state, even when shearing time was shorter than the sedimentation time (420 s for S1 to reach 5 % of sedimentation, Table 2). An explanation to the observed early-settling process may lay on the protocol used to obtain the flow curves.

As shear rate is decreased, slurry viscosity decreases from the beginning of the test. In the fluidized slurry state, yield stress is absent and gelled network cannot avoid zinc particles to settle towards the bottom of the cup. This settling process has also been observed by other researchers dealing with suspensions and irreversible particle migration [START_REF] Ovarlez | Three-dimensional jamming and flows of soft glassy materials[END_REF][START_REF] Ovarlez | Flows and heterogeneities with a vane tool: Magnetic resonance imaging measurements[END_REF][START_REF] Owens | Improved rheometry of yield stress fluids using bespoke fractal 3D printed vanes[END_REF]).

Next, S2 shows higher shear stress values as PAA concentration is increased, and sedimentation was not observed during the test. As shear rate increases from 0.01 to 10 s -1 , shear stress continuously increases. However, a different behavior is observed for S3, which was prepared with 0.4 wt. % of PAA. S3 shows that as shear rate is increased, shear stress remains first constant at shear rates < 1 s -1 and then shear stress increases as shear rate increases. S4 and S5 show similar behavior compared to S3: a shear stress plateau up to a shear stress of 0.1 s -1 , and then shear stress increases as shear rate is increased.

Overall, slurries analyzed in here show a behavior corresponding to yield stress fluids, except for S1. This rheological behavior is sought because yield stress will help to maintain zinc particles in suspension. In addition, shear-thinning behavior is also observed, decreasing viscosity as shear rate is increased. It is important to remember that viscosity decrease eases pumping of slurry throughout a RFB, favoring global energetic efficiency.

Shear stress as function of shear rate curves were fitted to Herschel-Bulkley model (Equation 6) and fitting results are reported in Figure 7. In the case of S1, as there were not enough experimental points, no fitting was done. However, for S1 only, an estimated shear stress value was taken. This was the value of the shear stress at the lowest shear rate obtained on Figure 6. In Figure 7 it is observed that yield stress increases by a factor of 4 from 11.6 to 45.3 Pa as PAA concentration is increased from 0.2 to 0.4 wt. %. When PAA concentration is further increased up to 0.6 wt. %, the increase in yield stress is weaker compared to the other slurries. Yield stress for S4 and S5 are 48.2 and 54.9 Pa, respectively.

Herschel-Bulkley parameters can be found in Table 3. It is observed that shear thinning behavior is found by the model as flow index n < 1. Furthermore, consistency index K was found to increase with increasing PAA concentration.

Finally, it is observed that concentration of 0.4 wt. % is close to an optimal concentration from which a yield stress behavior is very well defined in comparison with the slurries prepared with concentrations lower to 0.4 wt. %. Discussion comparing both electrochemical and rheological results is found in next section.

Discussion

As seen across electrochemical and rheological characterization, PAA concentration plays an important role in the formulation of zinc slurries for RFB.

From electrochemical characterization, polarization curves (Figure 2), it is observed that slurry performance is enhanced when PAA concentration increases from S1 to S3, the latter reaching a concentration of 0.4 wt. % of PAA. At this optimal concentration, the single cell exhibits the higher electrochemical performance i.e. a current density of 32.5 mA/cm 2 at 0.7

V and a peak power density of 24 mW/cm 2 . Contrastingly, when PAA concentration is further increased up to 0.6 wt. % (corresponding to S5), single cell performance decreases, as observed in the insets of Figure 2.

These results show not only that there is an optimal PAA concentration where electrochemical performance during discharge is maximized, but also that S3 formulation improves the performance of a zinc slurry -air RFB compared to a previous study. Choi et al. (Choi et al. 2020a), reported a current density value of 15 mA/cm 2 at 0.7 V and 10 mW/cm 2 using the same set-up as the one used in this study (flow frame geometry for anode side), but a different zinc slurry formulation without attapulgite. From this comparison, electrochemical performance was improved by a factor of ~ 2.4 in terms of peak power density, by using S3 as zinc anode slurry.

In order to understand how formulation can affect the performance of a zinc slurry -air RFB, rheological characterization at small and large deformation was performed. Oscillatory rheology results represented viscoelastic properties of slurries at rest. It was found from frequency sweep (Figure 5b), that all slurries behaved as elastic-solids. Indeed, G' was found to be greater than G'' and independent of frequency, in the range of frequencies tested. Therefore, this viscoelastic behavior suggests that there is a percolated network consisting mainly in the gel suspending fluid where zinc particles are dispersed. Gel-like

behavior is important at rest because there is a mechanical resistance coming from the network that will prevent particles from settling. Nevertheless, it is crucial to assess if network strength is adequate to prevent zinc particles from settling when no flow is imposed.

Certainly, yield stress suggests that there is a structure in the slurries that prevents zinc particles from settling. Nonetheless, the gelled network used in slurry has to possess a minimum yield stress to maintain zinc particles in suspension. This minimum yield stress will depend on zinc particles characteristics and it is calculated as follows.

4.1. Minimum required yield stress = D Slurries are prepared by using dense zinc particles prone to settling in aqueous medium.

Knowing zinc particles size distribution (Figure 1b), it is possible to determine the gel strength necessary to maintain a single particle in suspension. This is done by the equilibrium of forces acting on a zinc particle (supplementary information S4).

A single zinc particle (D50 = 76.4 µm, 5 =7.13 g/cm 3 ), is under the action of gravity force Fg, buoyancy force FB and gel strength Fy. Fg drags the particles towards the bottom of a container following gravity action. FB is the fluid force opposing to particle weight. Finally, Fy is the force corresponding to the gelled network and it will representative of its suspending ability. The equilibrium of a single particle in suspension can be represented by following equation:

Q D + Q O -Q = 0 (8) 
Furthermore, FB and Fg can be expressed in terms of 5 density, g gravity constant and V volume:

Q O = 5 RST • V • # W X S (9) Q = Y • V = 5 W X S • V • # W X S (10) 
By substituting equations ( 9) and ( 10) into (8), we obtain:

Q D = # W X S • V • Z5 W X S -5 S [ (11) 
It is assumed that zinc particles are spherical, so the volume is equal to # W X S =

, \

]1 W X S \ . Knowing that stress can be expressed as = = Q/(, where A is the contact particle area (( = ]1 W X S ), it is possible to calculate the stress needed to maintain single particle in suspension. This stress will be analogous to yield stress:

= D = , \ 1 W X S • V • Z5 W X S -5 S [ (12) 
By substituting in equation ( 12) the values of radius (r = 38.2 µm, Figure 1), density corresponding to zinc particles (5 = 7.13 g/cm 3 ) and the density of the suspending fluid (5 _`a = 1.40 g/cm 3 , obtained from 2000 DMA density meter), a yield stress value = D67 = 2.85 c is obtained. In order to maintain a single zinc particle in suspension, GPE yield stress value should be larger than = D67 .

In the next subsection, we analyze shortly rheological behavior of GPEs, notably their suspending ability through their yield stress.

GPEs as suspending fluids

Rheology of GPEs was analyzed in a previous work [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF]) and yield stresses = D

were determined for each of the suspending fluids. Shear stress as function of shear rate curves were fitted to Herschel-Bulkley model (equation 6) for each GPE. Yield stress values and fitting parameters are displayed in Table 4 for each GPE.

Table 4. Herschel-Bulkley parameters obtained from fitting with equation ( 6) for GPEs [START_REF] Milián | Rheological behavior of gel polymer electrolytes: yield stress and viscoelasticity[END_REF]. Reprinted with permission of Springer Nature. Therefore, when minimum yield stress to suspend zinc particles is met by increasing PAA concentration up to 0.4 wt. % corresponding to S3, electrochemical performance is enhanced (Figure 2). Nevertheless, when PAA concentration is further increased, electrochemical performance is not improved, as the addition of gelling agent decreases ionic conductivity (Figure 3). As discussed by K. Smith et al. [START_REF] Smith | Studies on pressure losses and flow rate optimization in vanadium redox flow battery[END_REF], an optimal yield stress value must exist, as mechanical energy dissipation and ion mobility depends on the viscosity of the system. Similarly, Z. Zhang et al. [START_REF] Zhang | All-solid-state Al-air batteries with polymer alkaline gel electrolyte[END_REF]) not only demonstrated that an optimal conductivity of PAA-based alkaline gels was attained at a specific PAA concentration, but also further increase in gelling concentration led to lower conductivities.

Sample

= D [Pa] K [Pa s n ] n [ -] R 2 GPE1 1.
Finally, zinc slurries key rheological and electrochemical properties evaluated in this study are summarized in Figure 8. possess a yield stress large enough to avoid zinc particles sedimentation. Hence, it is then close to this PAA critical concentration where there should be an optimum concentration in which power peak density can be maximized, meaning that there is not PAA in excess hindering conductivity, and network properties are able to suspend zinc particles homogeneously. Consequently, once this optimum concentration is exceeded (PAA > 0.4 wt. %), peak power density decreases even if more PAA in the formulation leads to more stable slurries in terms of sedimentation, but less appropriate for RFB application in terms of low conductivity and viscosity increase.

Conclusions

As seen in electrochemical results, as PAA concentration increases to an optimal concentration of 0.40 wt. % of PAA, corresponding to S3, a maximum peak power density is obtained during the discharge of a zinc slurry -air RFB. Moreover, it was found by rheometric means that the optimal concentration of gelling agent is needed to have at least a yield stress = D 67 > 2.85 Pa, mandatory to maintain zinc microparticles (D50 = 76.4 µm) in suspension. This result was also reflected on sedimentation tests, where S1 and S2 settle as gelled network does not have the ability to maintain zinc particles homogeneously suspended. Further increase in PAA concentration leads to lower single cell performances as slurry conductivity decreases.

Hence, rheology is found to be a useful tool to characterize slurries and understand key rheological parameters affecting discharge performance of a zinc slurry -air RFB. Yield stress shows to be not only important as stability enhancer but also as a parameter favoring the performance of a network formed by a gel and zinc particles. Furthermore, we present here a method in which just by knowing the size and density of the particles to be suspended, it is possible to calculate the yield stress, and therefore the concentration of gelling agent, needed to obtain the best electrochemical performance of the slurry system.

This study is an insight on the electrochemical performance of a zinc microparticles slurrybased RFB observed from a rheological point of view. In such way, metal-air RFB can continue to be developed as a high energy density and economic alternative to ensure a transition to more sustainable energy sources.

Figure 1 .

 1 Figure 1. Zinc particles battery grade size and shape characterization. a) SEM picture of zinc particles. b) Zinc particles size distribution obtained by laser diffraction distribution (Mastersizer 2000).

Figure 2 .

 2 Figure 2. Zinc slurries polarization curves. a) Voltage as function of current density. Inset indicates current density at 0.7 V as function of PAA concentration. b) Power density as function of current density. Inset displays peak power density as function of PAA concentration.

Figure 2

 2 Figure 2 reveals the effect of PAA concentration used in slurry formulation on cell electrochemical performance. Current-voltage characteristic curve (Figure 2a), records the cell voltage at an imposed current. It is observed that cell voltage drops at different rates for different PAA concentrations as current density is increased. It is remarked that S3 reaches the higher current density values among all tested slurries.

  conductivity decrease was observed by Sekhon[START_REF] Sekhon | Conductivity behaviour of polymer gel electrolytes: Role of polymer[END_REF] for lithium salts by adding different polymers and Yuan et. al(Yuan et al. 2018) for ionic liquids.

Figure 4 .

 4 Figure 4. Slurries sedimentation kinetics at 20 °C for each studied slurry.

Figure 5 .

 5 Figure 5. Slurry oscillatory rheometry. a) Log-log plot of G' and G'' as function of strain amplitude at 1 Hz, 20 °C. Solid symbols represent storage modulus G' and open symbols represent loss modulus G''. b) Log-log plot of G' and G'' as function of frequency at a deformation located in slurries LVR, at 20 °C. Solid symbols represent storage modulus G' and open symbols represent loss modulus G''.

Figure 7 .

 7 Figure 7. Yield stress as function of PAA concentration for slurries. As there are few points for S1, a yield stress was not considered but just the shear stress measured at the lowest shear rate in Figure 6 was considered. Solid lines serve just as guide for the eyes.

Figure 8 .

 8 Figure 8. Yield stress, peak power density and ionic conductivity as function of PAA concentration.

Figure 8

 8 Figure 8 displays the combined effects of yield stress and conductivity on the performance of the single RFB cell. As PAA concentration increases in slurries, peak power density increases steadily together with yield stress up to a concentration of 0.4 wt. %. At this PAA concentration, maximum peak power density is reached and suspending fluid (GPE3),

  

  

Table 1 .

 1 Zinc slurries composition.

	Sample	KOH 10 M wt. %	PAA wt. %	Attapulgite wt. %	ZnO wt.%	Zn wt. %
	S1		0.20			
	S2		0.30			
	S3	61*	0.40	0.9	4.0	33.8
	S4		0.50			
	S5		0.60			
	*KOH wt. % concentration was adjusted to each slurry to have a sum of components equal to 100 %.

Table 2 .

 2 Characteristic sedimentation times for S1 and S2 at 20 °C. S3, S4 and S5 do notshow a sedimentation loss equal or higher than 5 % in 200 000 s (~ 55 h).

	Sedimentation	S1	S2	S3 S4 S5
	5 %	420 s 3240 s -	-	-
	7 %	660 s 8760 s -	-	-
	10 %	1200 s	-	-	-	-
	14 %	9600 s	-	-	-	-
	It is observed that slurry S1 shows a settling of 5 % at a time of 420 s, whereas S2 reaches
	this threshold at 3240 s, almost 8 times longer. Finally, S3, S4 and S5 remain stable (less
	than 2 % of sedimentation) in the timespan analyzed. Finally, sample height stabilizes at a
	h/h0 loss of 14 % for S1 and 7 % for S2, respectively.			
	Finally, sedimentation tests show that S1 and S2 settle within an hour of being prepared,
	contrary to S3, S4 and S5, slurries that remained stable for at least the length of the
	experiment (~ 55 h).					

Table 3 .

 3 Herschel-Bulkley fitting parameters for zinc slurries obtained from equation 6. GPEs yield stress.

	Sample	PAA [wt. %]	= D [Pa]	K [Pa s n ]	n [ -]	R 2
	S1*	0.20	11.6	-	-	-
	S2	0.30	22.3	8.10	0.35	0.99
	S3	0.40	45.3	2.67	0.80	0.98
	S4	0.50	48.2	13.00	0.57	0.99
	S5	0.60	54.9	25.21	0.64	0.99

  Each of the GPEs correspond to the slurries with the same number (i.e. GPE5 is the suspending fluid of S5). As expected, it is observed that when PAA increases, yield stress value increases as well.

	As previously described, there is a condition to comply to maintain zinc particles in
	suspension, being that gelled network yield stress ought to be greater than minimum yield
	stress to suspend zinc particles (= D > = D 67 = 2.85 c ). It is observed in Table 4, that only
	three of the GPEs comply with this condition, being GPE3, GPE4 and GPE5. In other words,
	slurries prepared with at least 0.4 wt. % of PAA, corresponding to S3 (Table 1), will remain
	homogeneous for longer durations with no significant sedimentation observed in 55 h.
	Consequently, it is with no surprise that electrochemical and rheological behaviors are
	different when analyzing samples prone to sedimentation. Moreover, results obtained during
	sedimentation experiments (Figure 4), confirm that S1 and S2 exhibited sedimentation
	profiles, whereas S3, S4 and S5, prepared with GPEs with = D > 2.85 c are stable for the
	whole extent of the experiment.			
		28	1.12	0.60	
	GPE2	2.51	5.09	0.63	
	GPE3	4.44	9.62	0.62	0.99
	GPE4	7.75	20.27	0.61	
	GPE5	12.15	38.58	0.59	
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