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As an emerging battery technology, the Al-air flow battery (AAFB) exhibits high energy density due to the
recycling of electrolytes, thus showing great potential as a type of clean and sustainable energy storage system.
Conventionally, it employs an external mechanical pump to recycle the electrolyte. In this work, the saltwater
AAFB in which the electrolyte is recycled by the ultrasonic capillary effect (rather than a mechanical pump) and
the reaction chamber is agitated by ultrasonic vibration, is proposed and investigated. Our numerical simulations
show that a travelling ultrasonic wave in the electrolyte flow system causes the capillary flow and agitation. The
experimental results show that the percentage increase of the peak power density (relative to that with static
electrolyte) can be up to about 7.5 times of that with the electrolyte flow driven by a mechanical pump, under the
same electrolyte flow rate and concentration (3.3 ml min~! and 3 M NaCl). The optimal peak power density,
which can be achieved by optimizing the reaction chamber thickness, electrolyte concentration and ultrasonic
vibration velocity, is 43.88 mW cm 2. This work illustrates that the acoustofluidic method can not only improve
the discharge performance of the saltwater AAFB effectively, but also greatly decrease the energy consumption,
weight and volume of the electrolyte driving unit of the AAFB. In addition, analyses based on experimental
results show that the energy gain of a series/parallel battery system formed by multiple identical cells can be

larger than one, if the number of cells in the system is large enough.

1. Introduction

With concerns for fossil energy consumption and environmental
pollution, the development of renewable clean energy is becoming more
and more important, such as solar, wind, and tidal power [1]. However,
these renewable clean energy sources are unstable, which brings great
challenges to real-world applications. Therefore, it is necessary to
develop stable and reliable energy conversion and storage systems.
Among various energy storage systems, batteries have huge advantages
due to their flexibility and stability [2]. Since the 1990s, lithium-ion
batteries (LIBs) have been widely used in portable electronic devices
and electric vehicles (EVs) due to their high energy density, low self-
discharge rate and long cycle life [3,4]. Nevertheless, LIBs have disad-
vantages such as high cost, safety problems, etc. Therefore, metal-air
flow batteries (MAFBs) are regarded as a type of clean and sustainable
energy storage device of next-generation due to their high theoretical
energy density, good safety, low cost, and eco-friendliness [5-7]. A
MAFB includes the metal anode, electrolyte and air cathode. Oxygen
serving as the reactive material for the cathode comes from the air in the
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working environment. Hence, the weight of an MAFB can be greatly
reduced, and its energy density can be very high, which is much higher
than that of LIBs [8]. The theoretical specific energy densities of Li-air
flow battery (LAFB), Al-air flow battery (AAFB), and Zn-air flow bat-
tery (ZAFB), canreach 11.6 kWhkg™1,8.1 kWhkg 'and 1.1 kW hkg ™!
[9-11], respectively. Among these MAFBs systems, the AAFB is more
competitive compared with other MAFBs, because they are safe, light-
weight, stable, cost effective, environmentally friendly and easy to
source the metal material (Al). Apart from these merits, although AAFBs
are usually electrochemically non-rechargeable, the AAFB can be me-
chanically charged, and it takes only a few minutes to easily replace a
new Al electrode [12-14]. Therefore, AAFBs have received widespread
attention and been developed rapidly over the recent years.

As an emerging battery technology, the electrolyte flow can remove
the reaction by-products and improve the energy efficiency for AAFBs.
Therefore, the AAFB has outstanding electrochemical performance such
as excellent discharge performance and long cycle life. In general, the
electrolyte flow methods can be divided into two categories, i.e.,
external mechanical pump-assisted driving (such as peristaltic or syringe
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pumps) and paper-based capillary action driving [15,16]. The external
mechanical pump-assisted electrolyte flow driving can not only drive
the electrolyte flow fast and stably, but also significantly improve the
discharge performance of AAFBs. However, the external mechanical
pump-assisted electrolyte flow system is only suitable for large AAFBs
system due to its bulky and complex structure. To achieve miniaturi-
zation and simplification of AAFBs, a paper-based microfluidic Al-air
battery is developed and investigated, in which the electrolyte flow is
driven via capillary action in the microchannel of the cellulose paper
[17,18]. Nevertheless, due to the limited energy storage of electrolytes
and short battery-shelf life, the discharge performance of this
microfluidics-based AAFB is quite weak.

It is known that the ultrasonic capillary effect can be employed to
drive fluid in micro channels [19,20], in which the capillary effect is
enhanced by ultrasound. In ultrasonic pumps based on the ultrasonic
capillary effect, the ultrasonic vibration may be applied to the inlet of a
capillary tube by an ultrasonic transducer [19,20] or directly applied
into the micro channels by vibrating walls of the micro channels [21].
Although it has been applied in ultrasonic pumps, mechanism of the
ultrasonic capillary effect is still controversial. Proposed mechanisms of
the ultrasonic capillary effect include the squeeze film effect [22],
acoustic streaming model [23], cavitation model [24-26] and inter-
molecular force decrease model [21,27,28]. The intermolecular force
decrease model was proposed and developed by the authors’ research
group, which has been capable of qualitatively explaining all of exper-
imental phenomena related to the ultrasonic capillary effect. The major
view point of the model is that ultrasound in liquid can decrease the
average intermolecular force in a sonicated liquid no matter whether
there exists the acoustic cavitation process.

In this work, we have proposed a high-performance saltwater Al-air
battery via ultrasonically driving electrolyte flow with decent discharge
performance. Ultrasonic capillary effect is utilized in the AAFB to
circulate electrolyte, while the ultrasonic wave transmitted into the re-
action chamber is used to agitate the electrolyte to promote the oxida-
tion-reduction reaction (ORR) rate. Fig. 1 shows a schematic of the
acoustofluidic saltwater Al-air battery. The optimal peak power density,
which is achieved by optimizing the reaction chamber thickness, elec-
trolyte concentration and ultrasonic vibration velocity, can reach 43.88
mW cm 2. Also, electrolyte driving unit of the ultrasonically driving
electrolyte flow system has smaller weight, volume and power con-
sumption. Therefore, the presented ultrasonic method to drive the
electrolyte for AAFBs would be competitive. Meanwhile, the ultrasonic
electrolyte flowing method would provide a universal tool to the elec-
trolyte flow technique for metal-air flow batteries. To the best of our
knowledge, this is the first work in the battery technology, which utilizes
ultrasound to drive electrolyte recirculation flow and enhance the
discharge performance of battery.
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2. Experimental section
2.1. Material and chemicals

The saltwater was prepared with deionized water produced by a
deionized water preparation system (CJL-20-15, Ultrapure Water Co.,
1td.) and analytical pure sodium chloride (>99.8 %, Sinopharm Chem-
ical Reagent Co., Itd.). In the experiments, the electrolytes of aqueous
NaCl solutions had different concentrations of 1 M, 2 M, 3 M, 4 M, and 5
M. Pure aluminum with a purity of 99.99 % was used as the battery
anode. The cathode was a gas diffusion layer composed of a catalyst
layer (Pt/C) and carbon paper (HCP120 Shanghai Hesen Electric Co.,
1td.). The catalyst suspension was prepared by mixing catalyst powder
(40 wt% Pt/C, Johnson Matthey), Nafion solution (5 wt%, 45 + 3 mg
cm’3, DuPont), and ethanol-deionized water solvent (1:1 vol ratio of
ethanol to deionized water). The mass ratio of catalyst powder, Nafion
solution and ethanol-deionized water solvents was 1:10:40. After about
1 h of sonication (UH600, Shanghai OuHor Machinery Equipment Co.,
1td.), the catalyst suspension was sprayed onto the carbon paper with an
overall Pt/C load of 2 mg cm™2. Then the carbon paper electrode was
dried at 90 °C for 6 h in a drying oven (DHG500-00, Supo Instrument
Co., Itd.). After the carbon electrode was dried, the copper foil used as
the current collector, was bonded to the carbon paper with conductive
silver paste to link to the external circuit.

2.2. Electrochemical measurements

The electrochemical measurement was carried out by an electro-
chemical workstation (CHI 760E, Shanghai Chenhua Instrument Co.,
Itd.) at room temperature (298 + 2 K). Before the measurement data
were collected, the acoustofluidic saltwater Al-air battery was activated
by conducting multiple cyclic polarization tests until the peak discharge
power density became stable, to remove the Al,O3 film on the anode
[16]. The polarization curves were obtained by the potentiostatic
measurement method, in which the testing voltage value ranged from
0.8 V to 0 V with a step of 0.1 V. Each measurement lasted for 60 s, and
the stable value in the second-half 30 s was averaged to obtain the
current value of the battery. During the measurement, the single elec-
trode potential data was also obtained, using reference electrode (Ag/
AgCl, Shanghai Chenhua Instrument Co., ltd.). The cathode was con-
nected to the reference electrode through a Fluke digital multimeter to
obtain the single electrode potential. In addition, in order to obtain the
impedance of the battery, the electrochemical impedance spectroscopy
(EIS) measurement method was used with a testing frequency range
from 100 kHz to 0.1 Hz, with the A.C. amplitude was 5 mV at 0.3 V (peak
power density voltage). The power density (PD) was calculated by PD =
P/ A, where P is the battery power, and A is the active electrode area. To
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Fig. 1. Schematic of the acoustofluidic saltwater Al-air battery.
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investigate the discharge stability and the open-circuit voltage stability
of the battery, we conducted discharge experiments under different
current densities (1, 10, 20, 40, 60, 80, 100 and 120 mA cm™2), in which
the discharge duration in each test was 600 s and the total running time
of open-circuit voltage stability test was 4800 s. Every experiment was
repeated three times.

2.3. Battery design and fabrication

Fig. 2(a) shows the structure of the acoustofluidic saltwater Al-air
battery proposed and investigated in this work, which is mainly
composed of an ultrasonic transducer (HNC-8SH-3840 N, Hainertec Co.,
1td.), a 3 mm-wall-thick poly (methyl methacrylate) (PMMA) electrolyte
tank, a capillary glass tube and an Al-air battery. Resonance frequency of
the ultrasonic transducer is 40 kHz, and the other performance param-
eters are listed in Table S1 (Supplementary Materials). As shown in
Fig. 2(b), the battery has a sandwich structure, which are composed of
two PMMA plates cut by a five-axis vertical machining center (DMU 60
monoBLOCK, DMG) and the middle one is a polyvinyl chloride (PVC)
plate cut by a laser precision machining system (ProtoLaser U3, LPKF).
To form an electrochemical reaction chamber, a rectangular channel is
cut out in the middle plate, with dimensions of 18 mm x 5 mm. The
shape of the middle plate is square (30 mm x 30 mm) and a thickness of
3 mm, unless otherwise specified. To dispose the two electrodes, a
rectangular cavity is cut out in each PMMA plate. The PMMA plates have
identical dimensions of 30 mm x 30 mm x 5 mm, and each electrode
reaction area is 0.25 cm? (0.5 cm x 0.5 cm). An inlet and outlet are
disposed in the anode PMMA plate for the flow of electrolyte. Inside the
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cathode PMMA plate, there is an air-breathing window (1 cm x 0.3 cm)
for oxygen transport. As shown in Fig. 2(c), the electrolyte tank has a
cylinder shape, and its height, inner and outer diameters are 25 mm, 42
mm and 48 mm, respectively. The electrolyte tank’s bottom was bonded
to a radiation surface of the ultrasonic transducer. The height of the NaCl
solutions in the electrolyte tank is 15 mm, and the capillary glass tube is
installed perpendicularly to the surface of the vibrating surface, in which
the gap between the end of the capillary glass tube and the vibrating
surface is 0.01 mm. The outer and inner diameters of the capillary glass
tube are 3.0 mm and 1.5 mm, respectively. In this work, when the vi-
bration velocity of the transducer is large enough, the electrolyte can be
driven into the capillary glass tube with the ultrasonic capillary effect, as
shown in video S1.

2.4. Finite element method analyses

To clarify the reason for the ultrasonic effect on the discharge pro-
cess, the ultrasonic field in the battery was investigated by the finite
element method (FEM) (COMSOL Multiphysics software R5.6). In the
FEM analyses, a three-dimensional model with the same dimensions and
structure as the experimental battery was established. The governing
equation for the ultrasonic field in the liquid domain is:

2
Vit @ p =0 )
@ it oy +

P

where p is the acoustic pressure, and c, p, u, u, Cp, v, and k are the static
sound speed, static density, dynamic viscosity, bulk viscosity, heat
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Fig. 2. (a) Structure diagram of the acoustofluidic saltwater Al-air battery. (b) Exploded view of the battery structure. (c) Structure and size of the battery.

(d) Photograph.
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capacity at constant pressure, ratio of specific heats, and thermal con-
ductivity of the liquid, respectively. The property constants of the ma-
terials in the battery system used in FEM computation are listed in
Table S2.

The interface between the air and liquid was set to be an acoustically
soft boundary, and those between the electrolyte and glass tube/elec-
trolyte tank/reaction chamber were set to be acoustically hard bound-
aries. At the interface between the transducer radiation face and
electrolyte tank, the acoustic-solid boundary was employed, and at the
outlet of the glass tube, a perfectly matched layer (PML) was employed.

In the FEM analyses, the working frequency and driving voltage used
were 39.7 kHz and 36.8 Vo.p, respectively. The free tetrahedron ele-
ments were used to mesh the whole structure, and the maximum
element size in the fluid domain was 1 mm, which was about 2.65 % of
the ultrasonic wavelength A (1 = ¢/f ~ 37.78 mm, where ¢ = 1500 m/s is
the sound speed in the saltwater, and f is the working frequency).

3. Results and discussion

In this work, the discharge performance of the saltwater Al-air bat-
tery with the electrolyte flow driven by ultrasound was measured. For
comparison, those of the same saltwater Al-air battery but with static
electrolyte and electrolyte flow driven by a mechanical pump (LM60A-
YZ1515X-6B, Nanjing Runze Fluid Control Equipment Co., 1td.) were
also measured. The mechanical pump has an apparent size of 206 mm x
143 mm x 199 mm, and a weight of 3.5 kg, whereas the ultrasonic
transducer used in the work has a top diameter of 48 mm, bottom
diameter of 38 mm, height of 45 mm, and weight of 0.3 kg, respectively.
Thus, the ultrasonic transducer is much smaller and lighter than the
mechanical pump. Unless otherwise specified, the experimental condi-
tions are as follows: The working point of the ultrasonic system was at
the resonance frequency of 39.7 kHz; The working current voltage were
70 mA (rms) and 26 V (rms), respectively. Flow rate of ultrasonic
capillary effect and mechanical pumping was 3.3 ml min~'. In addition,
all comparison was made with identical electrolyte flow rate values.

3.1. Performance improvement by the ultrasonic driving method

The polarization and power density curves of the saltwater Al-air
battery with ultrasonically driven electrolyte flow were measured by
using the potentiostatic measurement method with 3 M NaCl electro-
lytes and electrolyte flow rate of 3.3 ml min?, and the result is shown in
Fig. 3(a). It was found that compared with the static electrolyte, both
short-circuit current density and peak power density could be increased
by the ultrasonic driven electrolyte flow. For the mechanical pumping
method, the short-circuit density slightly increases from 121.08 mA
cm 2 (the static electrolyte) to 127.88 mA cm’z, which is 5.62 % higher
than that of the static electrolyte method. The peak power density
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slightly increases from 18.68 mA cm 2 (the static electrolyte) to 19.40
mW cm ™2 with an increase percentage of 3.85 %. Nevertheless, the
short-circuit density and the peak power density of the acoustofluidic
saltwater Al-air battery system dramatically increase to 155.60 mA
cm~2 and 24.08 mW cm 2 with percentage increases of 28.51 % and
28.91 % (relative to the static electrolyte battery), respectively. Thus,
the percentage increase of peak power density of the acoustofluidic
saltwater Al-air battery (relative to that with static electrolyte) can be up
to 7.5 times of that with mechanical pumping, under the same electro-
lyte flow rate of 3.3 ml min L. From Fig. 3(b), it is observed that both
anode and cathode sides have less overpotential loss in the acousto-
fluidic saltwater Al-air battery than that with mechanical pumping. This
performance results from the following two processes which are induced
by ultrasound. The first one is the recycling of electrolyte inside and
outside the reaction chamber, resulting from the ultrasonic capillary
effect. Another one is the agitation induced by the ultrasonic field,
which can also weaken the concentration polarization [29-31].

The electrochemical impedance spectroscopy (EIS) was also
measured under different driving methods with the same electrolyte
flow of 3.3 ml min~! and under 3 M NaCl concentration, and the results
are shown in Fig. 3(c). The equivalent circuit used to fit the EIS plots is
shown in the inset, and the equivalent parameters are listed in Table 1.
In the equivalent circuits, Rs represents the solution resistance, R. and R,
represent the polarization resistance values of the cathode and anode,
respectively [15,32,33], which include the charge transfer and diffuse
layer resistances, and other resistances. Meanwhile, the Q; and Q; are
the constant phase elements of the cathode and anode, respectively
[34,35]. The EIS plot is composed of a high frequency semicircle (the
larger one) which is caused by the cathode interfacial electrochemical
reactions, and a low frequency semicircle (the smaller one) which is
caused by the anode interfacial electrochemical reactions [21,28,36].
From Table 1, it is seen that the ultrasonic driving has a better effect on
the decrease of polarization resistances than the mechanical pumping.
This phenomenon confirms that the electrolyte flow resulting from the
ultrasound is not the only cause of the ultrasound induced performance
enhancement. The difference of R, (or R,) between the ultrasonic
driving and mechanical pumping means that there is other ultrasound
induced process(es) affecting the polarization resistances. We attribute
this difference to the physical effects of ultrasound in the reaction
chamber, such as the electrolyte vibration and ultrasound-induced
decrease of inter-molecular force in the electrolyte [29,30].

To further understand the mechanisms of ultrasound-induced flow
and discharge performance enhancement, distributions of sound pres-
sure and its phase in the capillary glass tube and reaction chamber were
computed. Within the computation capability of our workstation (DELL
T7610, 128G Memory), we examined the computational result’s
dependence on the maximum element size, to justify the meshing
method. Fig. 4(a) shows the relationship between the average ultrasonic
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Fig. 3. The electrochemical performance of the saltwater Al-air batteries under different driving methods of electrolyte flow under 3 M NaCl and 3.3 ml min ! flow
rate. (a) Polarization and power density curves. (b) Single electrode potential curves. (c) Electrochemical impedance spectroscopy (EIS) under different driving
methods of electrolyte flow at 3 M NaCl concentration and 3.3 ml min~" flow rate.
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Table 1
Fitting parameters of the equivalent circuit for the measured EIS at 3 M NaCl concentration and flow rate of 3.3 ml min".
Element R (Qcm?) R. (Qcm?) R, (Qcm?) Q n Q ny
(S Sec™em™2) (S Sec™em?)
Static electrolyte 16.87 8.05 0.67 7.04 x 107° 1 0.0013 0.87
Mechanical pumping 16.94 7.31 0.65 5.43 x 107° 0.91 0.0010 1
Ultrasonic driving 16.56 6.80 0.43 4.81 x 107 1 0.0012 0.99
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Fig. 4. Results of FEM analyses: (a) The relationship between the average ultrasonic pressure amplitudes at the inlet and outlet of the capillary tube and the
maximum mesh size in the liquid domain. (b) A meshed 3D FEM computation model. (¢) The distribution of sound pressure in capillary glass tube and battery. (d)

The distribution of sound pressure phase in capillary glass tube and battery.

pressure amplitudes at the inlet and outlet of the capillary tube and the
maximum element size in the liquid domain. It is seen that when the
maximum element size in the liquid domain decrease to around 1 mm,
the average ultrasonic pressure amplitude stops the increase, with a
little variation (less than 1 %). Therefore, 1 mm was chosen as the
maximum element size in the liquid domain for the mesh construction,
under which the total mesh number in the liquid domain was 367419.
Under this mesh construction scheme, Fig. 4(b) gives a meshed FEM
model of the acoustofluidic saltwater Al-air battery, and Fig. 4(c) & 4(d)
show the computed distributions of sound pressure and its phase in the
battery system, respectively. Fig. 4(b) confirms that there is ultrasonic
field in the capillary tube and reaction chamber. Fig. 4(c) shows that the
sound pressure phase in the capillary glass tube decreases as the distance
from the tube’s inlet increases, which indicates that there is a travelling
wave transmitting from the capillary tube’s inlet to the reaction cham-
ber. An animation of the computed sound pressure field can be found in
Video S2. The travelling wave in the capillary glass tube causes the NaCl
solution to flow upward in its length direction due to the decreased inter
molecular force [37-39].

3.2. Effect of NaCl electrolyte concentration

Increasing the concentration of an electrolyte will improve its con-
ductivity and increase its viscosity, and thus affect the battery perfor-
mance. The battery performance under different NaCl electrolyte
concentrations with the ultrasonic driving method was further investi-
gated, and the results are shown in Fig. 5(a). It is seen that increasing the
NaCl concentration from 1 M to 4 M, the peak power density of the
battery increases from 12.00 mW cm 2 to 26.24 mW cm 2, and the
short-circuit current density increases from 98.40 mA cm 2 to 159.88
mA cm 2. This indicates that in this concentration range, the effect of
the conductivity improvement is larger than that of the viscosity in-
crease [16]. However, further increasing the electrolyte concentration
to 5 M only slightly improves the performance of Al-air battery. This
means that in this concentration range, the effect of the viscosity in-
crease becomes stronger, and the effect of the conductivity improvement
is offset. In other words, a too high electrolyte concentration hinders the
transportation of the hydroxide ions (OH") towards the anode, which
leads to a limited electrode reaction rate [16,40,41]. Fig. 5(b) shows the
measured single-electrode potential versus current density at different
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Fig. 5. The electrochemical performance of the acoustofluidic saltwater Al-air battery under different NaCl concentrations and 3.3 ml min~! flow rate. (a) Polar-
ization and power density curves. (b) Single electrode potential curves. (c) Electrochemical impedance spectroscopy (EIS). (d) The maximum power density versus
electrolyte concentration under different driving methods of electrolyte flow. (e) Percentage increase of the peak power density relative the static electrolyte battery.
(f) Open-circuit voltage curve and long-term discharge under different current densities with 5 M NacCl electrolyte concentration.

electrolyte concentration. As the NaCl concentration increases, the
conductivity of electrolyte for OH™ becomes better, which enhances the
oxidation reaction at the anodic surface and thus lowers the anodic
potential. For the same reason, the cathodic potential increases as the
NaCl concentration increases from 1 M to 2 M. When the NaCl con-
centration increases from 2 M to 5 M, the cathodic potential has little
change. This is because the electrical double layer polarization becomes
stronger as the NaCl concentration increases. The change of single-
electrode potentials with the current density in Fig. 5(b) is consistent
with the voltage change in Fig. 5(a). The measured EIS in Fig. 5(c)
suggests that the EIS of the acoustofluidic saltwater Al-air battery is
affected by the electrolyte concentration, just like the traditional
MAFBs. Thus, the discharge performance of this battery can be further
enhanced by increasing electrolyte concentration. For comparison, the
polarization curves and single electrode potential curves at different
electrolyte concentrations under the mechanical pumping and static
electrolyte methods were also measured, and the results are shown in
Fig. S1. Fig. 5(d) summarizes the peak power density versus NaCl
electrolyte concentrations under different electrolyte driving methods,
which indicates that the ultrasonic method brings in the best peak power
density of the three methods at different electrolyte concentrations.
Fig. 5(e) shows the percentage increase of the peak power density of the
flow batteries with the ultrasonic and mechanical pump methods
(relative to the battery with static electrolyte). Under the mechanical
pumping method, it only increases by 1.60 %, 1.52 %, 3.85 %, 6.58 %
and 5.32 % for different saltwater concentrations, respectively. While
under the ultrasonic driving method, it drastically increases by 13.40 %,
22.73 %, 28.91 %, 16.73 % and 16.70 %, respectively.

Furthermore, the stability of discharge performance was tested with
the multi-step current discharge method at 5 M NaCl electrolyte solution
under the ultrasonic driving method, and the result is shown Fig. 5(f).
The open-circuit voltage was measured in a duration of 4800 s, and the
voltage at each current density was measured separately in a duration of
600 s. It shows that the open-circuit voltage was kept at 1.15 V with a
standard deviation of 0.01 V, which indicates that the open-circuit

voltage is quite stable. When the current density reached is less than
120 mA cm 2, the voltage has little fluctuation, which also indicates that
the acoustofluidic Al-air battery system has a high discharge stability.

3.3. Effect of vibration velocity

In this work, the vibration velocity of radiation surface of the ul-
trasonic transducer was used to represent the strength of ultrasonic vi-
bration of the battery system. The polarization and power density curves
of the battery at different vibration velocities were measured with 5 M
NacCl electrolyte, and the result is shown in Fig. 6(a). It is observed that
when the vibration velocity increases from 38.68 mm s~ to 55.35 mm
s~ 1, the peak power density increases from 24.80 mw cm ™2 to 27.88 mw
cm 2. Fig. 6(b) shows the measured flow rate and computed sound
pressure (in the middle of the reaction chamber) versus the vibration
velocity. It is seen that the ultrasonic capillary effect starts to appear
when the vibration velocity or sound pressure excels a critical value, and
then becomes stronger as the vibration velocity increases. The former
phenomenon is due to the flow resistance of the inner wall of the
capillary glass tube, and the latter one is because the increase of sound
pressure causes the increase of electrolyte flow rate in the battery sys-
tem, and enhances the ultrasonic agitation effect in the reaction cham-
ber. In the experiments, the maximum flow rate was 3.3 ml min’l,
owing to the performance limitation of the transducer-electrolyte tank
subsystem. Also, it is worth noting that the battery exhibits the best
discharge performance (27.88 mW cm™2) at the vibration velocity of
55.35mm s ! (3.3 ml min’l), which is the upper limit of the vibration
velocity that the experimental transducer can provide [38,39].

A comparison of the energy consumption and peak power density
(PPD) enhancement under the ultrasonic driving and mechanical
pumping methods is listed in Table 2. Here, the energy consumption
refers to the input electric power of the ultrasonic transducer and me-
chanical pump, and the PPD enhancement is defined as

PPD enhancement = (PPD, ) — PPDy ) /PPDy @
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Fig. 6. (a) Polarization and power density curves of the saltwater Al-air batteries under different ultrasonic vibration velocities. (b) Sound pressure in the middle of
the reaction chamber and flow rate of ultrasonic capillary effect versus ultrasonic vibration velocity.

Table 2

A comparison of the energy consumption and peak power density (PPD) enhancement under the ultrasonic driving and mechanical pumping methods.

Flow rate (ml min~?) Ultrasonic driving

Mechanical pumping

Energy consumption (W)

PPD enhancement (%)

Energy consumption (W) PPD enhancement (%)

0.4 0.75
1.4 1.06
1.9 1.41
3.3 1.82

Weight and volume of electrolyte driving unit 0.3 kg; 59393 mm®

3.81 3.12 0.96
4.98 3.60 2.97
10.51 6.00 3.47
16.70 6.48 5.32

3.5 kg; 5862142 mm®

where PPDy ) is the PPD of the saltwater Al-air battery under ultrasonic
driving method or mechanical pumping method, and PPDy is the PPD of
the saltwater Al-air battery with static electrolyte. It is seen that to in-
crease the electrolyte flow rate from 0.4 ml min " to 3.3 ml min~!, the
energy consumption of the ultrasonic driving and mechanical pumping
systems must increase from 0.75 W to 1.82 W, and 3.12 W to 6.48 W,
respectively, whereas the PPD enhancement increases from 3.81 % to
16.70 % and 0.96 % to 5.32 %, respectively. Therefore, at the same
electrolyte flow rate, the acoustofluidic saltwater AAFB has a better PPD
enhancement and lower energy consumption than the conventional
AAFB. Moreover, the volume and weight of the ultrasonic transducer are
59393 mm? and 0.3 kg, respectively, which are about 1.01 % and 8.57 %
of those of the mechanical pump, respectively.

3.4. Effect of the reaction chamber thickness

The reaction chamber thickness (distance between the two

electrodes) can also affect the performance of the acoustofluidic salt-
water Al-air battery, as indicated by the experimental results in Fig. 7(a).
Polyviny chloride (PVC) plates with different thicknesses of 0.1 mm, 0.5
mm, 1.0 mm, 2.0 mm and 3.0 mm were used as the electrode spacing
separator. Considering the mechanical strength and stability of the
AAFB, 0.1 mm was chosen as the minimum thickness of the reaction
chamber in this work. It shows that both peak power density and short-
circuit current density increase with the decrease of the thickness. As the
thickness decreases from 3.0 mm to 0.1 mm, the peak power density
increases from 27.88 mW cm ™2 to 43.88 mW cm’z, i.e., an increase of
57.39 %. This is because as the reaction chamber thickness decreases,
the electrolyte resistance between the two electrodes decreases, and
sound pressure in the reaction chamber increases, both of which facili-
tate the mass transportation [16,32]. Fig. 7(b) summarizes the peak
power density at different reaction chamber thickness under the ultra-
sonic driving, mechanical pumping and static electrolyte methods with a
constant NaCl electrolyte concentration of 5 M. At the thickness of 0.1
mm, the peak power density under different driving methods of
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Fig. 7. (a) Polarization and power density curves of the acoustofluidic saltwater Al-air battery for various reaction chamber thicknesses at 5 M NaCl concentration
and 3.3 ml min~" flow rate. (b) The peak power density of the battery versus reaction chamber thickness for different driving methods of electrolyte flow. (c) The
percentage increase of the peak power density under the acoustofluidic and mechanical pumping methods with a reaction chamber thickness of 0.1 mm.
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electrolyte flowing decreases in the following order: ultrasonically
driving > mechanical pumping > static electrolyte. The polarization and
power density curves for the reaction chamber thickness of 0.1 mm, 0.5
mm, 1.0 mm, 2.0 mm and 3.0 mm can be found in Figs. S2. The per-
centage increase of the peak power density (relative to the static elec-
trolyte) was calculated for the ultrasonic driving and mechanical
pumping methods, and the results are shown in Fig. 7(c). By the me-
chanical pumping method, it is increased by 12.87 %, 8.07 %, 6.10 %,
7.09 % and 5.32 % for the thickness values, respectively, whereas by the
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ultrasonic driving method, it is increased by 20.68 %, 19.03 %, 15.00 %,
16.74 % and 16.70 %, respectively. As a conclusion, a smaller reaction
chamber thickness is beneficial to increasing the peak power density.
According to the experiment results, the peak power density (43.88 mW
cm™?) is the maximum when the reaction chamber thickness is 0.1 mm.

3.5. Acoustofluidic saltwater Al-air battery stacks

A single acoustofluidic Al-air cell not only provides a limited output
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Fig. 8. (a) An 8-series-cell battery pack formed by eight acoustofluidic saltwater Al-air cells connected in series. (b) Polarization (j-v) and (c) power curves for 8-
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voltage (V) and peak power (mW), but also limits the utilization rate of
ultrasonic energy. To investigate the performance of a battery pack
formed by multiple acoustofluidic saltwater Al-air cells, an 8-series-cell
battery pack was fabricated, as shown in Fig. 8(a). It is the series of eight
identical acoustofluidic saltwater Al-air cells and the capillary rubber
tubes for each cell were also in series. The experiments were carried out
under the conditions of 5 M NaCl, 3.3 ml min~" flow rate and 0.1 mm
reaction chamber thickness. From Fig. 8(b) and 8(c), it is seen that the
peak power and open circuit voltage of battery packs are almost pro-
portional to the cell number. The peak power of the 8-series-cell battery
pack is 89.61 mW, that is, about 8 times of that of the single cell (10.97
mW). From Fig. 8(d), it is known that the open-circuit voltage of the
battery pack is approximately proportional to the cell number, that is, it
is 8.9 V at a cell number of 8 (open-circuit voltage of a single cell is 1.1
V). Fig. 8(e) shows a comparison of the peak powers of the 8-series-cell
battery pack under the ultrasonic driving and mechanical pumping, with
the same working conditions. It is seen that the peak power of the bat-
tery pack under the ultrasonic driving is higher than that under the
mechanical pumping, by 1.2 — 2.1 times.

Although the ultrasound can increase the peak output power of the
Al-air saltwater battery, it consumes electrical energy. Thus, whether the
ultrasound induced output power increase of the battery can be more
than the consumed electric power by the ultrasonic transducer was
investigated. To investigate this problem quantitatively, energy gain
(EG) of an Al-air saltwater battery system is defined as follows:

EG = (P, — Py)/Pi 3)
where P, is the peak output power of the saltwater Al-air battery under
ultrasonic driving method, Py is the peak output power of the saltwater
Al-air battery with static electrolyte, and P;, is the input power (power
consumption) of the ultrasound transducer. According to the experi-
mental results of the 8-series-cell battery pack, the energy gain of the
battery system shown in Fig. 9(a), which is formed by the parallel of
multiple identical 8-series-cell battery packs, was simulated. In each
battery pack, the electrolyte flow system is in series. Thus, the electro-
lyte flow system of each battery pack only has one inlet tube which is
inserted into the electrolyte tank and one outlet tube which is suspended
above the electrolyte tank. The simulated energy gain versus the number
of battery packs N in parallel is shown in Fig. 9(b). It shows that the
energy gain becomes larger one when N is more than 108, which in-
dicates the ultrasound induced increase of peak output power can be
more than the electric power consumed by the ultrasonic transducer if
the number of battery packs in parallel is more than 108. As the surface
area of electrolyte in the tank and the capillary glass tube is 1385 mm?>
and 7 mm?, respectively, the total cross-sectional area of the inlet
capillary glass tubes of the 108 battery packs only shares 54.6 % of the

i

Energy gain
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electrolyte surface area.

If the number of battery cells in each series branch is more than 8,
then the line of energy gain in Fig. 9(b) will have a larger slope, and the
number of battery packs in parallel to keep EG > 1 will be less. More-
over, the diameter of the electrolyte tank may be designed to be larger
than that of the radiation surface of the ultrasonic transducer. In this
case, more inlet capillary glass tubes can be inserted into the electrolyte
tank, which means a much larger energy gain at the same number of the
battery packs.

In addition, one may use a piezoelectric disk working in the thickness
vibration mode to excite the electrolyte tank, to decrease the power
consumption and increase the energy gain. With this ultrasound exci-
tation method, the volume of the ultrasonic vibration excitation system
may be reduced greatly, and the volume power density of the system will
be increased greatly.

4. Conclusions

In this work, a novel acoustofluidic saltwater Al-air battery, in which
the ultrasonic vibration is employed to drive the electrolyte flow and
generate the ultrasonic field in the reaction chamber to enhance the
battery performance, has been proposed and investigated. The per-
centage increase of peak power density relative to that with static
electrolyte is up to about 7.5 times of that with the mechanical pumping
method, under the electrolyte flow rate of 3.3 ml min~! and 3 M NaCl.
The optimal peak power density of the acoustofluidic saltwater Al-air
battery, which is achieved by optimizing the reaction chamber thick-
ness, electrolyte concentration and ultrasonic vibration velocity, is
43.88 mW cm ™2 This work provides a new and effective method to
increase the peak power of a given saltwater AAFB, while keeping a
good stability of its discharge performance. The energy consumption,
weight and volume of electrolyte driving unit of the acoustofluidic
saltwater AAFB are much less than those of a conventional AAFB. The
energy gain of a parallel battery system formed by multiple identical
cells can be larger than one, if the number of cells in the system is large
enough. We believe that the acoustofluidic saltwater Al-air battery
system proposed in the work has potential applications in the energy
storage systems that have strict requirements in eco-friendliness, cost
effectiveness, safety, and discharge process stability.
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