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Abstract: Zinc electrode stability is one of the major problems that restrict the wide
application of secondary zinc-based batteries. In this work, the impacts of flowing
electrolyte on the suppression of zinc dendrite are systematically investigated through
experimental and numerical investigations. In a static electrolyte condition, the
stability of the zinc electrode increases with an increase of the applied current density.
In the presence of flowing electrolyte, the lifespan of the zinc electrode at the current
density of 10 mA cm™2 increases dramatically from 900 cycles in the static electrolyte
to 2580 cycles with a flow rate of 30 rad min~%, and further increases to 4725 cycles
when increasing the flow rate to 50 rad min~. Moreover, by changing the inlet flow

direction from the side to the bottom, a more stable electrode with the lifespan of
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18000 cycles (1200 h) is achieved. The numerical calculation illustrates that the
distribution of zincate ions is more uniform in the presence of the flowing electrolyte,
which is the key to the dendrite suppression. Thus, with the implementation of
flowing electrolyte, a stable zinc electrode with an ultralong lifespan is demonstrated,
which is promising for practical applications.
Keywords: Zinc electrode; dendrite; symmetric battery; flowing electrolyte; cycling
stability.
1. Introduction

With the increasing demands for electrochemical energy storage, zinc-based
batteries (e.g., Zn-MnO-, Zn-Ni, Zn-Ag, Zn-Co, and Zn-air) have demonstrated the
potential as power sources ranging from portable electronic devices to large-scale
energy storage due to the relatively low price and safety [1-9]. Zinc metal is
considered to be one of the ideal negative electrode materials for its instinct properties
[10]. Firstly, zinc is one of the most abundant elements on the earth and is easy to
obtain, leading to a low price. Secondly, zinc has a high theoretical capacity of 820
mAh g%, which is far higher than the electrode materials of lithium-ion batteries [11].
Thirdly, the commonly used electrolytes in zinc-based batteries are non-flammable
and non-toxic aqueous solutions, which dramatically improves the safety and
application ranges [10]. Despite of the aforementioned advantages, the poor long-term
operational stability of the zinc electrode is still the major obstacle that limits the
application of secondary zinc-based batteries [12].

Passivation, dendrites, and hydrogen evaluation are currently the major issues in



the zinc electrode [13]. Passivation is mainly caused by insoluble and insulating
products and by-products in alkaline solutions [14]. During the oxidation of the zinc
electrode, the electrochemical reaction product is zincate ions, which can be reduced
to zinc metal in the charge process. However, when the local concentration of zincate
ions reaches the saturated value, zinc oxide will precipitate out of solution and adhere
to the electrode surface. Due to the insoluble property of zinc oxide, the active
reaction surface area gradually shrinks with the deposition of zinc oxide, deteriorating
the battery performance. Hydrogen evolution reaction (HER) is a parasitic reaction as
the zinc electrode potential is more negative than that of the HER, which leads to the
capacity deterioration and the utilization decay of the zinc electrode [13,15].
Comparatively, dendrite is a more severe problem that can result in the short-circuit in
the long-term operation [16]. During charge, zincate ions are reduced and deposited
on the zinc electrode. However, the concentrations of zincate ions in the electrode
surface and the bulk electrolyte solution are usually different, which makes the zincate
ions more likely to deposit on protrusions of the electrode surface [13]. As the charge
and discharge cycles repeating, zinc dendrites will gradually form on the zinc
electrode.

Zinc dendrites have been investigated for decades since the secondary zinc-based
batteries were proposed. Many feasible strategies have been proposed to suppress the
dendrite growth of the zinc electrode, such as the electrode designs, applying
additives, and pulse charging protocols [13]. The works of electrode designs mainly

focus on enlarging the zinc deposition surface and providing accommodation for



deposited zinc. Li et al. developed a neutral aqueous Zn/MnO- battery with a hybrid
electrode by mixing zinc particles with activated carbon, which improved the capacity
retention from 56.7% to 85.6% after 80 cycles [17]. Joseph et al. proposed a
three-dimensional sponge zinc electrode for nickel-zinc alkaline batteries [18]. Wang
et al. used conductive graphite fibers as the current collector and achieved 700 h
lifespan in a symmetric battery [19]. However, with the cycles goes by, the zinc
electrode shape change will damage the pristine structures and result in the decay of
the zinc electrode stability and battery performance. Apart from the electrode designs,
inorganic and organic additives are commonly used to suppress dendrite growth.
Adler et al. found that fluoride and carbonate anions could effectively alleviate the
shape change of zinc electrode and extend the battery lifespan from 100 cycles to 460
cycles [20]. Wang et al. added bismuth ion and tetrabutylammonium bromide to the
alkaline solution and found the synergistic effect of bismuth ion and
tetrabutylammonium bromide on suppressing the dendrite growth [21]. Kim et al.
reported that zinc dendrite growth could be effectively suppressed with an increase
content of SnO, but the deposited zinc became rough and crumbling electrodeposits
when the pure Sn phase reached a relatively large amount [22]. As for organic
additives, Zhu et al. reported that ionic types of perfluorosurfactants had a positive
effect on the electrochemical behavior of zinc, and more compact and uniform
deposited zinc was obtained in the presence of surfactants [23]. Lan et al. proposed
tetra-alkyl ammonium hydroxides as effective additives for zinc dendrite inhibitor,
which highly improved the stability of the zinc electrode [24]. Amir et al. tested the
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effects of polyethyleneimine on zinc-ion batteries with a 0.5 M ZnSO;4 solution. The
results elucidated that the morphology of the deposited zinc changed from laminated
hexagonal large crystals to a compact layer without preferential growth morphology
in the presence of polyethyleneimine, and the electrodeposition efficiency was
apparently improved in 50 cycles [25]. However, the additives may have negative
effects on the species transport and conductivity of the electrode and electrolyte. Pulse
charging protocols mean that using a periodically changing current density to replace
a constant current density during charge. When employing the pulsed charging
protocols, the concentration of Zn(OH).> at the zinc electrode surface is
re-established after a short reduction period [26]. Garcia et al. investigated the pulsed
charging protocols in a commercial nickel-zinc battery and found that the cycle life
was improved from dozens of cycles to hundreds of cycles [26]. In spite of the
promising effects on the dendrite inhibition, the pulsed large currents may do harm to
the positive electrodes and bring about inconvenience for practical applications.
Besides these methods, applying flowing electrolyte has been considered as a
promising strategy for improving the stability of the zinc electrode via changing the
zincate ion concentration distribution and avoiding the accumulation of zincate ions
[27-29]. Moreover, the passivation is alleviated at the same time by balancing the
zincate ion concentration and bringing the by-products outside the electrolyte chamber.
Zhang et al. reported that zinc dendrite growth was prevented on the cadmium
substrate in a zinc-nickel battery with flowing electrolyte [30]. Wang et al. found that

the flowing electrolyte changed the zincate ion distribution and contributed to a more



compact and uniform morphology [31]. However, this strategy has attracted little
attention in the research of the zinc electrode. As far as we know, the reported works
only focused on the comparison between the flowing electrolyte and the static
electrolyte. A comprehensive investigation on the flowing electrolyte, such as the
relationship between flow rates and battery operation, the impacts of flow orientation,
has not been reported yet.

Herein, we provided a systematic investigation on the optimization of flowing
electrolyte to achieve a highly stable zinc electrode. In the beginning, the dendrite
formation under different current densities and capacities with a conventional static
electrolyte was characterized. Then, the electrolyte flowed through the electrolyte
chamber driven by a peristaltic pump, and the impacts of flow rates under different
current densities were investigated. Finally, based on the aforementioned works, flow
orientation was changed to further increase the stability of the zinc electrode. This
work combines charge-discharge tests, characterization, and numerical simulations,
and provides a reference for further development of durable zinc electrodes for
advanced zinc batteries.

2. Methods
2.1 Experimental setup

With a focus on the stability of zinc electrodes, a symmetric structure composed
of two zinc electrodes was used in this work. As shown in Fig. 1a, the main parts of
the symmetric battery are two zinc electrodes, two current collectors, and an

electrolyte chamber with a diameter of 10 mm and a width of 5 mm. Actually, this



structure has been widely used in zinc-based batteries by replacing one zinc electrode
with other electrodes (e.g., air electrode) [32—35]. During discharge, zinc strips on one
electrode while plates on the other electrode, and a converse process occurs during
charge. As the operation continues, the plating/stripping process repeats and dendrites
gradually form on both electrodes. When conducting the flow experiments, the
segments were the same as the static ones except for replacing the electrolyte chamber
with a new one containing electrolyte flows, as shown in Fig. 1b. A peristaltic pump
was used to drive the flowing electrolyte and the rotating rate was used to represent
the flow rate, in which the volume flow rate was proportional to the rotating rate, and

10 rad min! corresponded to the volume flow rate of 1.5 mL min™!
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Fig. 1. (@) Schematic diagram of the symmetric zinc battery; (b) flow electrolyte chamber (with a
diameter of 10 mm and a width of 5 mm).

Two zinc plates (purity> 99.99%) were used as the electrodes with a diameter of
10 mm and a thickness of 0.5 mm. An alkaline solution containing 6 M potassium
hydroxide with 0.2 M zinc acetate was selected as the electrolyte. The total volume of
the electrolyte in the tank was 40 mL in flow batteries. All experiments were

conducted at room temperature.



2.2 Characterization
The lifespan of symmetric batteries was tested to evaluate the stability of the zinc
electrode by Neware Battery System at constant current densities ranging from 1 to 15
mA cm 2. The deposition and dissolution processes of zinc continued to take place on
both electrodes at a constant current density until the short-circuit occurred. As shown
in Fig. S1 in supplementary information (SI), the charge and discharge voltages
dropped dramatically and maintained at a constant value. After the cycle lifespan test,
the zinc electrodes were disassembled and rinsed in deionized water and then dried in
a vacuum drying oven. The dendrite morphology was observed by a scanning electron
microscope (Genimi SEM 500, 3.0 kV).
2.3 Numerical investigation

A three-dimensional model was built to further investigate the flow impacts on
the zincate ion distribution in COMSOL. The geometrical structure of the
three-dimensional computational domain is shown in Fig. S2 (SI). To simulate the
generation and disappearance of zincate ions on both electrodes, two opposite zincate
concentration fluxes were used to replace the electrochemical reaction for simplicity.

The material balance is governed by the following species’ equation:
ac,
EI +uVvce, +V(-D,vVe, -z, i, Fc,VV) =R (1)

where ci represents the concentration of species i, u is the velocity of the flowing
electrolyte, Dj, zi, and wi are the diffusion coefficient, the charge number, and the
mobility of species i, respectively. F is the Faraday constant, R is the reaction rate, and

V is the battery potential. Incompressible Navier-Stokes equation is used to describe the
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movement of the flowing electrolyte:
ou )
p(EJru-Vuj:—Ver,uV u+f (2)

where p and u are the density and viscosity of the flowing electrolyte, respectively; f
stands for the external force, and p is the pressure. The computation was implemented
under isothermal conditions. The parameter values used in the model are listed in
Table S1 (SI), from which the laminar model was selected.
3. Results and discussion
3.1 Static conditions

The stability of zinc electrodes operated under static conditions was investigated
to identify the factors that influence the zinc dendrite formation. Firstly, the cycle
lifespan tests employing different capacities were performed at a constant current
density of 10 mA cm2. To control different discharge capacities, the discharge time
was set as 1, 2, 5, and 10 min, respectively. As shown in Fig. 2a and 2b, the cycle
lifespan decreases dramatically with an increase of the capacity. At the discharge time
of 1 min, the symmetric battery operates stably for about 189 h until the short-circuit
occurs. However, the cycle life is only 21 h when increasing the capacity to ten times
(discharge time of 10 min). For the symmetric structure, the overall concentration of
zincate ions in the electrolyte maintained at a constant level. Therefore, only the local
concentration changes under different discharge capacities. When employing a
constant current density, the zincate concentration gradient around the zinc electrode

increases with the time goes by, which makes it easier for the dendrite growth.
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Fig. 2. (a) Charge-discharge cycle curves with different capacities; (b) Lifespan comparison
between different capacities.

The influence of current density on the zinc electrode stability was also tested.
To maintain the same capacity, the lifespan tests at a series of current densities of 1,
2.5,5,7.5, 10, and 15 mA cm 2 were performed at the corresponding time of 10 min,
4 min, 2 min, 1 min 20 s, 1 min, and 40 s. The single-cycle charge-discharge curves at
different current densities are shown in Fig. S3 (SI). Obviously, the overpotential of
the symmetric battery is positively related to the increment of the current density,
which is caused by the concentration and ohmic polarization effects. Fig. 3 shows the
charge-discharge voltage curves at different current densities. At a current density of 1
mA cm 2, the symmetric battery operates stably for 89 h before getting short-circuit,
while the lifespan increases to 250 h at the current density of 15 mA cm™. It is
evident that the zinc electrode operated at higher current densities exhibits better cycle

stability than that with a lower one.
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Fig. 3. Charge-discharge cycle curves at different current densities in a static electrolyte.
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To further investigate the impact of current density on the zinc deposition, the
ex-situ SEM was used to reveal the differences of micro-morphology of zinc dendrites
at different current densities. Fig. 4a shows the zinc dendrite morphology at a current
density of 1 mA cm™2, from which the deposited zinc demonstrates an irregular porous
structure. Fig. 4b shows the SEM image with the same magnification at the current
density of 15 mA cm2. Conversely, the size of the deposited zinc was larger than that
at 1 mA cm™2. The results indicate that the deposited zinc has a more compact
structure when operating at a higher current density. This is probably because that
high current densities lead to high reaction rates on the electrode, accelerating the
deposition process and decreasing the concentration gradient. Thus, the dendrite
growth rate is relatively lower with a compact structure. During the long-term
operation, this structure has a positive impact on the battery lifespan as the deposited
zinc is not likely to detach from the electrode substrate, which improves the utilization

rate of zinc and reduces the capacity attenuation.

Fig. 4. Morphology of deposited zinc at different current densities: (a) 1 mA cm 2 and (b) 15 mA

cm2.
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3.2 Effects of flow rates

The flowing electrolyte was then introduced to the symmetric zinc battery. The
single-cycle discharge-discharge voltage curves with different flow rates at high and
low current densities are illustrated in Fig. S4 (SI). As shown in Fig. S4a (SI), at the
current density of 1 mA cm?, the overpotentials show a downward trend with an
increase of the flow rate. When increasing the current density to 10 mA cm2, this
trend is more obvious, as shown in Fig. S4b (SI). The results indicate that the flowing
electrolyte can decrease the overpotential of the zinc electrode, which may be
attributed to the enhanced mass transfer due to convection.

After the single-cycle test, the lifespan test was conducted in different flow rate
conditions. The experiments at a current density of 1 mA cm™2 and discharge time of
40 min were tested firstly, as shown in Fig. 5a. The lifespan of the symmetric batteries
at the flow rates of 0, 10, 20, 30 rad mintis 57, 54, 111, and 1279 cycles, respectively.
When employing a low flow rate, the lifespan does not change obviously. This is
probably because the low flow rate contributes little to the local concentration of
zincate ions. With an increase of the flow rate, the lifespan improves dramatically.
Especially, when the flow rate is increased to 30 rad min?, the lifespan is
approximately ten times than that of 20 rad min™*. Fig. 5b shows the lifespan curves at
a current density of 10 mA cm2. To maintain the same capacity, the discharge time
was set as 2 min. The total lifespan is 900, 870, 2580, and 4725 cycles at the flow
rates of 0, 10, 30, 50 rad min~t. Similar to the situation at the low current density, the
performance is apparently improved with a high flow rate. Besides, the cycle numbers
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still precede the value at the low current density when exerting the same flow rate. At
the same flow rate of 30 rad min?, the lifespan is improved by about 20 times (from
57 to 1279 cycles) compared with the static one at the current density of 1 mA cm2,
while the amplitude is just about 3 times (from 900 to 2580 cycles) at the current
density of 10 mA cm2. When further increasing the flow rate to 50 rad min?, the
lifespan is increased to 4725 cycles. Thus, with an increase of the applied current

density, a higher flow rate is needed to obtain more durable zinc electrodes.
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Fig. 5. Charge-discharge cycle curves with different flow rates: (a) 1 mA cm™2 and (b) 10 mA
cm2,

The morphologies of deposited zinc under different flow rates were observed by
SEM, as shown in Fig. 6. It is obvious that the surface of the deposited zinc becomes

rougher with an increment of the flow rate, which indicates that zinc can uniformly
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deposit on the whole surface rather than only on the protrusions of the electrode
surface, forming a relatively compact film. As the zinc atom deposition is controlled
by the thermodynamics and Kinetics, the morphology of the deposited zinc is
determined by the competition between the vertical growth and the horizontal growth
[31]. When employing the flowing electrolyte, the deposited rate on the electrode
surface can be well balanced, and thus the dendrite is effectively inhibited. Therefore,
the stability of the zinc electrode is improved. This observation also explains the
phenomenon that the lifespan improvement of flowing electrolyte at the low current
density is more obvious. At the current density of 1 mA cm2, the deposited zinc with
loose morphology is shaped by the flowing electrolyte and becomes more compact.
Thus, the growth rate of the zinc dendrite is retarded due to the compact deposited

zinc.

Fig. 6. Morphology of deposited zinc with different flow rates at a current density of 10 mA cm™2:
14



() 0 rad min ™ (b) 10 rad min™* (c) 30 rad min* (d) 50 rad min™>.
3.3 Effects of flow orientation

After the symmetric batteries are short-circuited, the photographs of zinc
electrodes in static and flow conditions are shown in Fig. S5 (SI). Apparently, in the
static condition, the position of the dendrite is at the bottom of the zinc electrode,
which is consistent with the previous reports [32]. In the flow condition, except for
the bottom position, zinc is also deposited between the middle and the bottom of the
electrode. As the short-circuit still occurs at the bottom of the electrode which
indicates that the flowing electrolyte is not fully utilized, to further extend the lifespan
of the zinc electrode, the inlet flow orientation was changed from the side to the
bottom and the channel becomes direct, as shown in Fig. S6a (SI). The lifespan test
was performed at 10 mA cm? with the flow rate of 30 rad min?, and one
discharge-charge cycle time was set as 4 min. As illustrated in Fig. 7, after 18000
cycles (1200 h) the voltages are still stable without the occurrence of short-circuit, and
this lifespan is surprisingly higher than that with the side channel (2580 cycles, 172 h).
This cycling stability, to our best knowledge, is also one of the highest among
literature [36-38]. Fig. S6b (SI) presents the zinc electrode image after the stability
test. The deposited zinc evenly distributes on most surfaces of the electrode compared

with the aforementioned results shown in Fig. S5 (SI).
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Fig. 7. Charge-discharge cycle curves with a direct flow channel.

To elucidate the intrinsic reason, a three-dimensional model was built to
investigate the influence of the flow orientation on the concentration distribution. As
shown in Fig. 8a, a visible concentration gradient exists in the static electrolyte. When
employing the flowing electrolyte from one side, the concentration becomes more
uniform. However, the concentration in the upper half with the side flow is more
uniform than in the lower half as shown in Fig. 8b, which matches the dendrite
position on the zinc electrode shown in Fig. S5 (SI). Fig. 8c shows the concentration
distribution with the direct flow. No visible concentration difference is observed in the
whole battery. Thus, the flow orientation design can effectively modify the zinc
dendrite deposition and improve the stability of the zinc electrode. Fig. S7a and S7b
(SI) give the zincate distribution with the inlet flow rate of 0.02 and 0.5 m s},
respectively. Combined with Fig. 8c, it is found that the zincate gradient around the
zinc electrode surface gradually shrinks with an increase of the flow rate, but the
optimized amplitude decreases when the flow rate is at a high level, as shown in Fig.
8c and Fig. S7b (SI), which means that an optimal flow rate exists to balance the cycle

life and the pump work. It is worth noting that the present work is based on zinc plates
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so that only an electrolyte chamber with different flow orientations are considered for
preliminary investigations. For practical applications, the zinc electrode may be
modified using a zinc particle-decorated three-dimensional porous electrode [39]. In
such electrodes, the flow filed should be further studied and optimized, which will be

reported in our subsequent work.
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Fig. 8. Zincate ion concentration distribution of the battery profile between the negative and
positive electrodes. (a) static electrolyte; (b) side-channel flowing electrolyte; (c) direct-channel
flowing electrolyte.
4. Conclusions

In this work, we have conducted symmetric experiments and numerical
investigations to reveal the impacts of flowing electrolyte on the cycling stability of
the zinc electrode. In a static condition, the lifespan of the zinc electrode decreases
with an increase of the discharge capacity, which changes from 189 to 21 h when the
discharge time increases from 1 to 10 min. This is because the zincate concentration
gradient around the zinc electrode increases with the time goes by, making it easier
for dendrite growth. Conversely, the applied current density is positively related to the
stability of the zinc electrode. The lifespan at the current density of 15 mA cm2is 250
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h, much higher than that at 1 mA cm™2 (89 h), which is attributed to the more compact
structure of deposited zinc at high current densities. In the presence of a flowing
electrolyte, the dendrite growth is effectively inhibited and the lifespan of the zinc
electrode is improved notably. At a low current density of 1 mA cm™2, the lifespan is
pulled up from 57 cycles (38 h) to 1279 cycles (853 h) when employing a flow rate of
30 rad mint. As for a high current density of 10 mA cm™2, compared to the 900 cycles
(60 h) in the static condition, the lifespan is also apparently improved to 4725 cycles
(315 h) at a flow rate of 50 rad min~*. To fully utilize the flowing electrolyte, the inlet
flow orientation is changed from the side to the bottom. Consequently, the cycle times
are improved to a remarkable value of 18000 cycles (1200 h), which outclasses the
value of 2580 cycles (172 h) with the side flow channel. The numerical results
indicate that the flowing electrolyte accelerates the transport of zincate ions and
contributes to a more uniform distribution. With the implementation of the flowing
electrolyte, durable secondary zinc-based batteries with low cost, high performance,
and safety have extensive application prospects, especially for the large-scale energy
storage grids.
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