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This research introduces a chemistry-agnostic approach to achieve rapid and degradation-free battery charging
via ultrasonic agitation. An ultrasonic device operating in the megahertz range was used to stimulate electrolyte
flow from outside the cell. The acoustic streaming effect accelerates ion transport from the bulk electrolyte to the
electrode surface and suppresses the formation of an ion depletion zone. An experimental setup was used to
optically observe the formation of dendrites when the current imposed across two zinc electrodes exceeded the
limiting current. Beyond this limit, diffusion alone cannot provide sufficient ions, resulting in an ion depletion
zone. It was subsequently shown that dendrite formation was reduced by over 98% when 15x the limiting current
was forced across the electrodes and acoustic stimulation was delivered. Furthermore, it was shown that
compared to the scenario without ultrasonic stimulation, the steady state potential was also reduced by 29%,
indicating much better ion exchange between the electrodes. These findings suggest that ultrasonic stimulation

can be a tool for enhancing electrochemical processes such as battery charging and discharging.

1. Introduction

The swift and degradation-free charging of batteries is a highly
desirable characteristic and focal point of extensive research. However,
most metallic battery systems today (e.g. lithium-ion batteries, zinc-ion
batteries etc.) are still plagued by the issue of dendrite formation under
high charging rate. Dendrites are protrusions resembling tree branches
that develop on electrode surfaces during battery charging. They
represent a prevalent battery degradation mechanism that can lead to
reduced battery capacity and serious safety hazards such as short circuits
and thermal runaway events.

In an aqueous zinc ion battery system, the charging process involves
the reduction of electrolyte-borne Zn?t and their deposition onto the
anode surface. When battery electrolyte is stagnant (Fig. 1 (a)), ion
transport from the bulk electrolyte to the electrode surface is driven by
the diffusion process. Tip-growing dendrite growth is triggered when the
charging current exceeds the diffusion limit as this creates a zone of
cation depletion near the electrode that prevents uniform zinc deposi-
tion [1,2].

Considerable research efforts have been dedicated to mitigating or
preventing the risk of dendrite formation. These approaches encompass
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exploring (a) alternative electrolyte composition [3], (b) addition of
electrolyte additives [4], (c) surface modifications [5], (d) adoption of
tailored charge/discharge protocol [6] etc. While many of these strate-
gies have shown promising results, they are often tai- lored to certain
chemical compositions and lack broad applicability across different
battery systems (e.g., Li/Zn/Na batteries). An alternative,’chemistry-
agnostic’ approach to dendrite formation involves enhancing ion
transport from the bulk electrolyte to the electrode surface, thereby
averting the creation of a depletion zone near the electrode (Fig. 1 (b)).

Wang et al.[7] demonstrated that dendrite growth is controlled by
the process of ion diffusion and can be suppressed by inducing electro-
lyte flow. Ma et al.[8] investigated the efficacy of cross-flow at different
flow rates. The authors attributed its dendrite-suppressing effects to
enhanced ion transport rate, caused by thinner ion concentration po-
larization zone and additional mechanism induced by convective flow.
The authors also found that at high flow rate, convective flow overtook
diffusion to become the dominating ion transport and replenishment
mechanism.

To initiate the flow of electrolyte within a battery cell, current ap-
proaches primarily rely on mechanical means such as the use of syringe-
like pumps [8], which are usually bulky and difficult to integrate into
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battery packs. Alternatively, the use of acoustic stimulation presents a
potential alternative solution for inducing electrolyte flowing and mix-
ing. Acoustic streaming occurs when the fluid is forced to oscillate in
large amplitude such that the oscillation velocity exceeds the speed of
sound in the fluid. In these cases, energy of the acoustic wave is partially
absorbed by the fluid which results in a time-independent velocity
component of the fluid. This phenomenon has been utilised extensively
in biomedical applications for fluid mixing and drug delivery. For
further details on the origin and modelling of acoustic streaming phe-
nomena, readers are directed to literature such as [9,10,11].

Micro-streaming can arise from the implosion of cavitation bubbles
when a fluid is subjected to low-frequency excitation. Doche et al [12]
explored the influence of ultrasonic agitation on zinc corrosion and
oxidation mechanism in a sodium sulfate electrolyte. Their study
revealed that ultrasonic excitation at 20-40 kHz range greatly acceler-
ates the rate of zinc oxidation and corrosion by enhancing mass transfer
close to the electrode. Huang et al. [13] employed the ultrasonic
capillary effect to induce electrolyte movement in an Aluminium-air
flow cell. Via ultrasonic agitation at 40 kHz, the authors observed
increased peak power density and short-circuit current density during
sonification. Ultrasonic excitation at very high frequencies was
employed in a series of studies by Huang et al. [14,15]. The authors
embedded a surface acoustic waves (SAW) device into battery cells
operating at 100 MHz frequency range. The SAW device was demon-
strated to generate acoustic streaming and mitigate dendrite formation
in cycled Li-ion batteries.

However, existing research are not without limitations. For instance,
the cavitation effect resulted from low-frequency (20-40 kHz) ultrasonic
agitation is known to induce extreme heat and can therefore damage the
electrodes[16]. At the other end of the frequency spectrum, SAW devices
operating at very high frequencies (100 MHz) often bear limited range
and are challenging to scale up [11].

This study introduces an alternative ultrasound-based approach
which operates in the megahertz frequency range. Compared to low-
frequency excitation, the selected frequency range reduces the proba-
bility of cavitation and ion mixing predominantly arises from acoustic
streaming. The generated ultrasonic wave has a wavelength in the order
of (sub-)millimetre which enables better direction of the ultrasonic en-
ergy. Unlike the embedded high-frequency device, the megahertz fre-
quency transducer can be externally installed on a cell. It was
demonstrated in this study that the megahertz device can improve the
electrochemical characteristics of the redox reaction and effectively
suppressing dendrite formation on battery electrodes.
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2. Methodology

Fig. 2 shows the schematic experimental arrangement for this study.
A symmetric two-electrode assembly was placed in a transparent, cubic
reaction vessel. A 3D printed fixture was used to control the immersion
area of the electrode and the inter-electrode distance. In this study the
immersion area was 1.5 cm? and the inter-electrode separation was 2
mm. An in-house built ultrasonic transducer (25 mm diameter, 1.6 MHz
operating frequency) was placed underneath the reaction vessel for
generating acoustic streaming effects inside the reaction vessel. The
distance between the transducer and the top of the immersed area of the
electrode was 4 cm (including a glass layer of 2 mm). The experimental
setup and procedures are explained in more detail in Supplementary
Information.

To demonstrate and assess the efficacy of the proposed ultrasonic
agitation system, a DC current of 9.72 mA was applied to the symmetric
cell to simulate a scenario of high- current charging processes. The
imposed current density was approximately 15 times greater than the
diffusion-controlled limiting current density Ji,;, which can be estimated
using Equation (1) [1]. The choice of such a high current density ensures
that the system operates under an over-limiting- current condition and
tip-growing dendrite growth can be induced on the electrode surface.

 2zFDG,

L= 0.433mA /cm? (€))

lim
where z, = 2 is the charge number of the zinc ion, ¢y = 0.02M is the bulk
electrolyte concentration, F = 96,485 is Faraday’s Constant, L = 2mm is
the electrode separation distance. The value of Zn?* ion diffusivity, D, is
assumed to be 7 x 10"1%m?/s based on inference from relevant literature
[17]. The transference number of the Zn?* ion and the anion in the
aqueous electrolyte are estimated to be tz; = 0.376 and t, = 1 — tz;, =
0.624, respectively [18].

The duration of each experiment was set to 300 s. The experiment
was first run on a control setup with stagnant electrolyte (without ul-
trasonic agitation). During the experiment, the potential difference be-
tween the two electrodes was measured by the electrochemical working
station at a rate of 10 measurements per second. Temperature mea-
surements and optical images were acquired at every second. For the
experiments with ultrasonic agitations, alternative peak-to-peak volt-
ages (Vpp) of 25Vpp, 30Vpp, and 35Vpp were supplied to the ultrasonic
transducer which correspond to an average power consumption of 6 W,
8 W and 11 W, respectively. All measurements in each experiment were
synchronised in post-processing.
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Fig. 1. (a) Without ultrasonic stimulation, charging above the diffusion-limiting rate leads to dendritic deposition. (b) With ultrasonic stimulation, acoustic
streaming generates additional ion replenishing mechanism and ensures uniform deposition under over-limiting conditions.
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Fig. 2. Schematic sketch of the reaction vessel and experimental setup. Inset: example optical images of a pristine electrode and electrode with Zn dendrite.

3. Results and discussion

The surface evolution of the electrode undergoing zinc deposition is
displayed in Fig. 3 (a). In the absence of ultrasonic agitation (i.e. when
the electrolyte is stagnant), black zinc deposit can be observed in the
image acquired at 30 s after the onset of DC current. The thickness of the
dendrite layer continued to grow over time afterwards and exceeded 775
um by the end of the experiment. The temporal evolution of dendrite
height inferred from these images is plotted in Fig. 4 (b) and the rate of
dendrite growth is shown in Fig. 4 (c). Note that a 5-point, leading-
window moving average filter has been applied to the growth rate es-
timate to mitigate the effect of measurement noise. A time lapse video
clip showing synchronized electrochemical measurements, in- situ op-
tical images and dendrite height estimate is presented in the Supple-
mentary Information (SI). Post-experiment, ex-situ optical and scanning
electron microscope (SEM) images displayed in Fig. 3 (c) and (d) show
clusters of loose, branch-like zinc deposit. In contrast, under the influ-
ence of ultrasonic stimulation (V = 35Vpp), the thickness of the plated
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layer was nearly indistinguishable in the in-situ the optical images. Ex-
situ optical and SEM images in Fig. 3 (e) and (f) show clusters of compact
and spherical zinc deposit uniformly distributed on the electrode sur-
face, contrasting with the dendritic deposit observed in the earlier case.
Ex- situ X-Ray diffraction (XRD) analysis (Figure S1, Table S1) measured
a 6-time increase (0.026 to 0.168) in normalized intensity ratio [19] for
the Zn (002) crystal plane, suggesting that the Zn (002) crystal plane was
preferably formed under the influence of the imposed acoustic
stimulation.

Electrochemical measurements further prove this dendrite inhibiting
mechanism. Fig. 4 (a) shows the potential variation under a constant
charging current (15x Jj). Without ultrasonic stimulation, the elec-
trical potential shows an overshoot of 900 mV shortly after the start of
the charging process. In contrast, the magnitude of potential overshoot
was reduced to 710 mV when the cell was stimulated by an external
ultrasonic source of 25Vpp. The existence of potential overshoot can be
attributed to cation depletion within the space-charge-layer (SCL) close
to the electrode surface. From the perspective of diffusion dynamics and
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Fig. 3. In-situ optical images acquired at the displayed times (a) without, and (b) with ultrasonic stimulation. Ex-situ optical and SEM images of the electrode surface

(c-d) without and (e-f) with ultrasonic stimulation (V = 35Vpp).
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Fig. 4. (a) Potential difference variations between electrodes over time. (b)
Temporal evolution of dendrite height. (c) Variation of dendrite growth rate

over time. A 5-point, leading- window moving average filter is applied to the
growth rate estimate to mitigate the effect of measurement noise.

thermodynamics, the reduction in overpotential implies increased
number of active nucleation sites and more energetically favorable
nucleation process, promoting uniform and controlled deposition
[20,21] Previous study [8] suggested that the formation of depletion
zone triggers electroconvective instabilities and generates chaotic elec-
troconvective vortices. These vortices circulate cations to the electrode
surface but also disrupt ion concentration gradients, promoting three-
dimensional dendrite growth and ramifications. Our experimental
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observation corroborates with this theory. Without ultrasonic stimula-
tion, the electrical potential rises in the first 20 s but the deposited zinc
layer was unnoticeable on synchronized in-situ optical measurements in
Fig. 4 (b) and (c); however, rapid, tip-growing dendritic deposition was
immediately observed once the overpotential reaches its peak and starts
to drop, suggesting the onset of vortex induced ion replenishment. In
contrast, with ultrasonic stimulation, the onset of dendritic deposition is
delayed from t = 21 s to 38 s. This implies a postponed formation of
depletion zone under constant ion consumption rate, indicating that the
acoustic streaming effect enhances the rate of ion migration and pro-
motes two-dimensional, (002) plane rich depositions.

The study subsequently explored the efficacy of various levels of
acoustic streaming in suppressing dendrite formation. The voltage
supplied to the ultrasonic transducer was incrementally raised from 25
Vpp to 30 Vpp and then to 35 Vpp. It was visually confirmed during the
experiments that the induced fluid motion aligns with the magnitude of
excitation power. As illustrated in Fig. 4, increasing acoustic streaming
effects result in further reduction in potential overshoot and further
delay in dendritic deposition. In the case of V = 35Vpp, potential
overshoot is completely eliminated, suggesting the absence of a deple-
tion zone even under a very aggressive charging rate (15xJj,). This is
supported by synchronized in-situ optical images that reveal negligible
dendrite growth, i.e < 15 pm, or > 98 % reduction in terms of average
dendrite height. The steady state electrical potential at the end of the
charging period was also significantly reduced by 29 % from 550 mV to
390 mV, indicating a smaller internal resistance.

The current investigation serves as an initial exploration into
dendrite suppression via external ultrasonic stimulation. Due to the
intricate nature of acoustic streaming, an in-depth characterization of
the induced flow patterns and flow rates necessitates sophisticated
measurements that exceed the scope of this study. For instance, as
shown in Fig. 3(e), a pattern of alternating strips can be observed on the
surface of the electrode subjected to ultrasonic stimulation. Its spatial
periodicity corresponds to half of the ultrasonic wavelength and is
believed to be caused by a standing wave that forms between the elec-
trodes. The standing wave affects the acoustic streaming pattern and
hence influences the local mixing of ions. The pattern can be alternated
or mitigated by adopting frequency sweeps and modulations which will
be one of the future work. As such, significant improvements in its en-
ergy efficiency may be obtained through design optimisations such as
transducer selection and placement. A deeper understanding of the ion
replenishment mechanisms induced by the acoustic streaming effect is
imperative in the design optimization. Therefore, comprehensive
experimental and numerical studies that relate acoustic fields, electro-
lyte movement and electrochemical reactions are recommended as
future work to transform this concept into practical engineering appli-
cations. Significant benefits, including extended battery longevity and
applications in scenarios requiring very high charging rates, could be
realized, thereby enhancing battery performance and safety.

4. Conclusion

This investigation introduces an ultrasound-based, chemistry-
agnostic technique aimed at inhibiting dendrite formation, a common
issue in metallic batteries that hinders their applications at high
charging rate. A megahertz-rate ultrasonic device was employed to
induce electrolyte flow via the acoustic streaming effect from outside a
zinc battery cell. Ultrasonic stimulation was shown to delay or even
prevent the formation of the depletion zone near electrodes, thus pro-
moting uniform deposition even at over-limiting current conditions.
Continuous, synchronized in-situ optical measurements demonstrated a
correlation between dendrite formation and electrical potential, align-
ing with previous research findings. At an input power of 11 W, dendrite
height under an aggressive charging rate (15 x the diffusion-limited
current) was reduced by over 98 %, and the steady-state potential
exhibited a 29 % decrease. Given its potential to enhance battery safety
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and performance, further exploration of the topic is recommended, and
directions for future research are outlined.
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