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The development of zinc—air batteries with high-rate capability and long lifespan is critically important for their
practical use, especially in smart grid and electric vehicle application. The formation of isolated zinc (i-Zn) on
the zinc anode surface, however, could easily lead to deteriorated performance, such as rapid capacity decay.
In particular, under the fast charging/discharging conditions, the electrochemical activities on the anode
surface are complicated and severely suppressed. Thus, it is highly desirable to deeply understand the
formation mechanism of i-Zn and its relationship with the electrochemical performance during extremely
high-rate cycling. Herein, we employed a super-resolution dark-field microscope to in situ analyze the
evolution dynamics of the electrolyte—Zn interface during the extremely fast electrochemical deposition/
dissolution processes. The unique phenomenon of nanoscopic i-Zn generation under the condition is

unveiled. We discovered that the rapid conversion of nanoscopic i-Zn fragments into passivated products
Received 1st September 2022 d il bate th trati \arizati di th tential. In additi
Accepted 11th October 2022 could greatly exacerbate the concentration polarization process and increase the overpotential. In addition,
the role of large-sized i-Zn fragments in reducing the coulombic efficiency is further elucidated. This
DOI: 10.1039/d25c04877a information could aid the rational design of highly effective anodes for extremely high-rate zinc-based

rsc.li/chemical-science batteries and other battery systems.
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Introduction

The development of energy-storage systems with excellent rate
capability, long lifespan, and low cost for sustainable energy
storage grid and electrical vehicles and portable electronics has
become critically urgent." Zinc-air batteries have been widely
considered as a promising candidate of energy-storage systems,**
due to zinc being the fourth most abundant element in the Earth's
crust® as well as 3/2.2 times higher theoretical volumetric/specific
energy densities than those of conventional lithium-ion
batteries.”™®

However, owing to the easy formation of dendrites on the
surface of the zinc anode, the zinc air batteries often suffer from
poor electrochemical performance (e.g:, rapid capacity decay and
poor rate capability’*™) and the related safety issues.**™ In
particular, during the dissolution of zinc dendrites, the isolated
zinc (i-Zn) with the fragment patterns, losing their electric
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connection with the current collector, was generally identified as
electrochemically inactive or dead during further deposition and
dissolution processes.””*® The accumulation of i-Zn or dead Zn
causes loss of active material and reduction of mass trans-
portation,”® and thus leads to deteriorated electrochemical
performance.” Approaches have been proposed to suppress the
generation of i-Zn by optimizing the electrode architecture, inter-
facial properties, and electrolyte chemistry.>****** On the other
side, however, mechanistic studies have been focused on charac-
terizing®?* and quantifying®*” isolated lithium. In-depth analysis
of the i-Zn formation is still rare and highly needed.

Moreover, the formation of i-Zn and its detrimental effects on
the electrochemical performance of zinc ion batteries (including
zinc air batteries) are relatively severe during the overcharging and
fast-charging processes.”® High current densities are crucial for
smart grid and mobile energy-storage devices and related research
studies have received lots of attention."*** Recently, Pang et al.
proposed an aluminum battery with cycling ability up to 200C.>
Grey and co-workers studied single particle anode materials in
a lithium ion battery at 30C.*> The evolution of zinc anodes,
especially i-Zn formation, has rarely been examined during
extremely fast cycling. In this case, zinc dendrites dissolving from
multiple locations simultaneously could result in a large number
of i-Zn fragments in a very short period, which is far different from
normal low-rate situation. Therefore, it is highly desirable to
monitor the morphological evolution of zinc in real-time during
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the extremely fast charging/discharging process under realistic
battery operation.

The use of in situ or operando optical imaging to analyze
nanoscale electrochemical interfaces has several advantages
over other imaging techniques, including cost effectiveness,
noninvasiveness, ease of operation and access, nonvacuum
ambient conditions, and simplicity of design.**?** With optical
imaging techniques, the microscopic zinc plating behavior**-*’
and the SEI formation process® can be studied. We had previ-
ously developed a total internal reflection dark-field microscopy
(TIRDFM) system,* which allows the direct imaging of the
dendrite nucleation and growth processes with millisecond and
nanometer resolutions.

In this work, we employed in situ TIRDFM to monitor the
electrochemical deposition/dissolution processes in a model zinc
air battery system at extremely high current densities and were
able to unveil, for the first time, a unique nanoscopic i-Zn
phenomenon. The formation of i-Zn was investigated systemati-
cally at different charging/discharging rates using representative
electrolytes. Super-resolution localization and semiquantitative
analyses were performed to systematically study the i-Zn behavior.
We found that the formation of the nanoscopic i-Zn and the
subsequent excessive generation of passivated products under
certain conditions could dramatically increase the overpotential of
the battery, with the decrease in the coulombic efficiency being
attributable primarily to the microscopic and larger i-Zn.

Results and discussion
Imaging of i-Zn

To monitor both the real-time (dynamic) nanoscopic i-Zn forma-
tion process and the dynamic changes in the dendrite
morphology, a model zinc air battery system (Fig. 1a) was con-
structed using a nanoscale specular ring working electrode. The
thickness of the electrode was approximately 400 nm to ensure
that representative information related to the i-Zn formation
process could be obtained with ease. We had previously confirmed
the feasibility of using a TIRDFM system (Fig. 1b) to in situ visu-
alize the location of sparse zinc nuclei on the electrode surface
with a precision of ~10 nm.* In this study, we applied a similar
super-resolution localization technique to observe the zinc-
stripping process in extremely high-rate batteries. Total internal
reflection (TIR) produces an evanescent wave with an exponen-
tially decaying amplitude. Thus, only objects in the evanescent
field near the interface can be illuminated, which can effectively
reduce the background signal, improve the signal-to-noise ratio,
and increase the axial resolution. Fig. 1b shows that only scattered
light from the zinc plating/stripping process was recorded by the
camera, whereas both the TIR light (from the glass) and specular
reflection (from the electrode) were rejected. This unique setup
allowed us to successfully distinguish the deposited zinc struc-
tures from the bulk electrode and detect extremely small zinc
particles (approximately down to 10 nm in diameter). By equip-
ping the TIRDFM system with a high-speed scientific comple-
mentary metal oxide semiconductor (SCMOS) camera, the zinc
plating and stripping process could be monitored with an expo-
sure time of 2 ms at a current of 1, 2, and 5 pA, which
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Fig. 1 Schematic illustration of the experimental setup. (a) A model
zinc air battery with the cross-section view of the cell in the upper-left
corner (electrochemical setup) and (b) in situ TIRDFM (reflected light is
rejected)-based set-up used to collect scattered light during the zinc-
plating process.

corresponded to current densities of 38, 76, and 189 mA cm 2

respectively. In a zinc-ion coin cell with an areal capacity of 1 mA h
cm 2, these current densities corresponded to rates of 38, 76, and
189C, respectively.

Fig. 2a-c show a montage of a 150 s-long zinc electrochemical
dissolution process with 1 M ZnSO, electrolyte at a current density
of 76 mA cm 2. The bright-field (BF) recording (Fig. 2a) shows the
gradual dissolution of zinc dendrites and the formation of
a passivation layer (loose) as well as i-Zn (large and microscopic).
The intensity of the BF images was normalized using the ratio of
the intensity of the dendrite area to that of the electrolyte area
(taken as the transmittance) to highlight the degree of dendrite
dissolution over time. Clearly, the transmittance will increase with
the zinc dissolution in BF mode. The black curve in Fig. 2f shows
the changes in the transmittance of the deposited zinc during the
BF recording. The transmittance increases slowly in the beginning
and then rapidly in the later stage, indicating a gradual decrease in
the amount of zinc deposited.

Chem. Sci., 2022, 13, 12782-12790 | 12783
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Fig. 2 Recording and schematic illustration of isolated zinc formation. Montages of images (15 s interval) from (a) BF recording, (b) TIRDF
recording, and (c) processed TIRDF recording obtained by subtracting the first image of dissolution of zinc dendrites at a discharging current
density of 76 mA cm™2. Zinc dendrites were deposited at 76 mA cm™2 and 300 pC (deposition time of 150 s). The red plots on the right in (b) show
the changes in relative scattering intensity during the dissolution of dendrites. (d) Galvanostatic dissolution curve corresponding to the disso-
lution of zinc dendrites (1 M ZnSOy, electrolyte at 76 mA cm™2 in the model zinc air battery). () Schematic illustration of the dissolution of zinc
dendrites. (f) Transmittance (T)-time curve (black) of dendrites during BF recording and mean intensity-time curve (red) for nanoscopic i-Zn

formation based on the processed TIRDF recording.

The montage of the TIRDF recording in Fig. 2b consists of
images with a much higher contrast and greater detail. On
analysing the scattering intensity profiles (from the electrode to
the solution, determined by the size and amount of metal
particles) of the TIRDF images, a counterintuitive phenomenon
was found: the scattering intensity of dendrites and i-Zn
remains almost constant and even increases slightly during
most of the zinc dissolution process (Fig. S1, ESIt). The TIRDF
recordings were processed by subtracting the first image to
highlight the intensity change. The obtained images (Fig. 2c)
indicate the formation of new materials with a high degree of
scattering within the illumination range corresponding to TIR
(~200 nm). Clearly, this unusual “reverse” growth phenomenon
was not observed in the BF images.

The change in scattering intensity of zinc dendrites is plotted
against time as a red curve in Fig. 2f. A rapid increase occurs at
the beginning, and the rate of change decreases in a later stage,
followed by a decline towards the end of the recording. The
galvanostatic dissolution curve (Fig. 2d) shows that zinc has
a high overpotential of 1.21 V at a current density of 76 mA cm 2.
The efficiency of the battery is approximately 70%. Interestingly,
arapid increase in the TIRDF scattering intensity coincides with
a rapid increase in overpotential, suggesting a possible corre-
lation between them.

We believe that the “reverse” growth process highlights the
formation of i-Zn. The changes in the scattering intensity in the
processed TIRDF recording suggest the formation of micro-
scopic and nanoscopic i-Zn. We propose the following

12784 | Chem. Sci, 2022, 13, 12782-12790

mechanism to explain this phenomenon: during the dissolu-
tion of the dendrites, i-Zn of various sizes, including large,
microscopic, and nanoscopic ones, forms, while the passivation
layer (usually zinc hydroxide sulfate when ZnSO, is used as the
electrolyte) breaks down owing to the loss of support.® The
larger i-Zn fragments are more likely to be stationary, but the
microscopic and nanoscopic i-Zn fragments can fall through
the cracks in the passivation layer (Fig. 2e). There is no exact
criterion for defining the various types of i-Zn. Based on the
resolution and sensitivity of the method used, we classified i-Zn
fragments with a size of 1 um to 200 nm as microscopic and
those smaller than 200 nm as nanoscopic.

Effects of charging/discharging current density

To elucidate the formation mechanism of the microscopic and
nanoscopic i-Zn during the zinc dissolution process in a spatio-
temporally resolved manner, a super-resolution localization tech-
nique was used. All the microscopic and nanoscopic i-Zn
fragments that fell in the illuminating areas of the evanescent
wave could be located using this technique. Although the scat-
tering intensities of i-Zn fragments of different sizes showed large
differences, the number of i-Zn fragments could be determined
using this technique. The spatiotemporal mapping of the nano-
scopic i-Zn under different conditions yielded temporal color-
coded super-resolution images. In the case of 1 M ZnSO, as the
electrolyte, two charging/discharging current densities (38 and 189
mA cm >, respectively; denoted as S (slow) and F (fast), respec-
tively), were used. To enable a better comparison of the zinc

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dissolution process at the different current densities, the electric
charge for the entire deposition process was kept at 300 pC.

Fig. 3a-c show color-merged initial-final (green-red) TIRDF
images, final BF images, and temporal color-coded super-
resolution images of the zinc dissolution process under
different electrochemical deposition/dissolution conditions.
The images in Fig. 3a exhibit a clear contrast between the start
and end stages of the zinc dissolution process. The presence of
particles with a higher scattering intensity (green region) at
a low charging/discharging rate indicates that the number
density of the dendrites was higher in this case and that they
had a larger particle size. In contrast, a high charging rate led to
loosely grown dendrites with a smaller particle size. The red
region shows the remaining zinc (microscopic and nanoscopic
i-Zn) after the dendrite dissolution process. The final BF images
of the dendrite deposition process (Fig. S2}) provide morpho-
logical information about the dendrites at the two current
densities with limited details. The galvanostatic deposition
curve (Fig. S31) corresponding to a current density of 38
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mA cm 2 has a lower overpotential (0.76 V) than that corre-
sponding to a current density of 189 mA cm™?; this can be
ascribed to concentration polarization because of faster ion
consumption and the resulting ion concentration gradient.*®
The BF image of the dissolved dendrites (Fig. 3b) shows
many black areas with translucent surroundings; these were
large and microscopic i-Zn fragments embedded within the
passivated products.** At a relatively low charging rate (current
density of 38 mA cm™?), regardless of the discharging rate, the
dendrites dissolved unevenly and formed larger i-Zn fragments,
resulting in a passivation layer with many folds and bumps. At
a higher charging rate (current density of 189 mA cm™?), the
presence of more nucleation sites leads to more ion consump-
tion and severe concentration polarization, forming looser and
more enormous dendrites.***> At a higher charging rate, the
dendrites dissolved more uniformly. As a result, fewer large i-Zn
fragments were generated, and the passivation layer was rela-
tively flat and smooth. These results indicate that, at the
microscopic level, the i-Zn and passivated products are heavily

d e f
8.0E4 - S8
m Y l— s-F
4 —F-S
g S « 6.0E4{— F.F -
o = 5
7] = Q
2 2 O 4.0E4-
> 2 E
o = F 2.0E4-
g - B
£ 2 0 0.0
Subtract 1st Frame| . . . .
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Discharge Capacity (LC) Discharge Capacity (uC) Discharge Capacity (uC)

Fig. 3 Super-resolution analysis and statistics of isolated zinc formation at different charging/discharging current densities. (a) Color-merged
initial-final (green-red) TIRDF images, (b) final BF images, and (c) temporal color-coded super-resolution images of the dendrite dissolution
process with 1 M ZnSO, as the electrolyte at different current densities. The charge capacity during the dendrite growth process was 300 pC.
Charging and discharging current densities from top to bottom: 38 and 38 mA cm™2, 38 and 189 mA cm™2, 189 and 38 mA cm™2, and 189 and 189
mA cm™2, respectively. The current densities of 38 and 189 mA cm~2 are denoted as S (slow) and F (fast), respectively. Discharge capacity during
the dissolution process from top to bottom: 180, 210, 206, and 200 uC, respectively. (d) Galvanostatic dissolution and (e) scattering intensity-
discharge capacity curves obtained from the processed TIRDF recording by subtracting the first image and (f) total count-discharge capacity
curves of nanoscopic i-Zn fragments formed during the zinc dendrite dissolution process in a model zinc air battery with 1 M ZnSO, as the
electrolyte. The different colors represent different charging/discharging current densities: 38 and 38 mA cm™2 (black), 38 and 189 mA cm 2
(red), 189 and 38 mA cm™2 (blue), and 189 and 189 mA cm~2 (magenta). We employed the ThunderSTORM plugin of the ImageJ software to
count the number of microscopic and nanoscopic i-Zn fragments formed under different conditions.
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influenced by the deposition morphology of the zinc dendrites.
At a lower charging rate,* the dendrites were formed at a lower
rate and thus had more time to react with the electrolyte,
leading to a thicker passivation layer during the plating
process.*®

Spatiotemporal mapping was performed to study the
formation of nanoscopic i-Zn (Fig. 3c). The results indicated
that the discharging rate plays an important role. At a relatively
low discharging rate (current density of 38 mA cm ™), nano-
scopic i-Zn fragments appeared simultaneously over the entire
deposition area in the later stage (red region) of the dendrite
dissolution process (Fig. 3¢, S-S and F-S). When the charging
rate is further increased (current density of 189 mA cm ?),
nanoscopic i-Zn fragments began forming uniformly in nearly
every stage of the dissolution process (Fig. 3c, S-F and F-F).
There was no obvious correlation between the spatial and
temporal distributions of i-Zn for the S-F case. However, in the
F-F case, the spatiotemporal mapping showed that the i-Zn
formation began at the electrolyte side in the beginning and
gradually shifted to the electrode side over time.

The galvanostatic dissolution curves of the corresponding
zinc dendrite dissolution processes are shown in Fig. 3d. The
charging/discharging rates have a determining effect on the
battery performance in terms of the coulombic efficiency and
overpotential. The overpotential of the dissolution process is
higher than that of the deposition process; this may be the
reason why more passivated products are generated owing to
polarization during the dissolution process (Fig. S31). Gener-
ally, the coulombic efficiency of a model battery is higher for
higher charging current densities. The overpotential at the
discharging current density of 189 mA cm™ > was much larger
than that at 38 mA cm . The battery subjected to relatively slow
charging and extremely fast discharging exhibited the worst
performance while the one subjected to the opposite combi-
nation showed the best performance.

Semiquantitative analysis of i-Zn

To better understand the dissolution processes, we investigated
the isolation process semiquantitatively by analysing the
changes in the scattering intensity (Fig. 3e) and counting the
number of microscopic and nanoscopic i-Zn fragments in the
super-resolution images (Fig. 3f). Fig. 3e shows that the
magnitude of the change in the scattering intensity was highly
dependent on the charging rate. For the relatively low-charging-
rate cases (S-S and S-F), the intensity increases sharply in the
early stage, and this is followed by a rapid decline at the end of
the discharging period. A quasilinear increase in the intensity
followed by a small dip was observed for both high-charging-
rate cases (F-S and F-F). The decrease in the scattering inten-
sity can be attributed to the polarization electrochemical
dissolution of i-Zn, which likely affects the total coulombic
efficiency of the battery as well.”

The spatiotemporal maps in Fig. 3c and the total number of
microscopic and nanoscopic i-Zn fragments seen in Fig. 3f are
in contrast to each other, because of the discharging rate. In
both cases (S-S and F-S) with relatively low discharging rates,

12786 | Chem. Sci, 2022, 13, 12782-12790
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the curve remains flat for most of the dissolution process and
shows an abrupt increase at the end of the process. Contrast-
ingly, for both high-discharging-rate cases (S-F and F-F), the
curve for the number of nanoscopic i-Zn fragments increases
smoothly over time and eventually plateaus.

The overall deposition or dissolution behavior of the
microscopic and nanoscopic i-Zn fragments is reflected by the
scattering intensity of the processed TIRDF recording after the
subtraction of the first image. However, in the case of the
nanoscopic i-Zn fragments, the scattering intensity is weak,
which could possibly be due to masking by that of their larger
counterparts or averaging with that of the blank background.
Therefore, it is not possible to use the mean intensity to map the
number of i-Zn fragments. We used statistical counting to
analyse the formation of the microscopic and nanoscopic i-Zn.
Smaller i-Zn fragments have a larger specific surface area and
thus higher reactivity. Generally, there are two possible reaction
pathways available to the nanoscopic i-Zn: dissolution back into
the solution and/or conversion into a passivation layer.**** Both
pathways have an effect on the battery performance.

On comparing the curves in Fig. 3d and f, one can observe an
obvious correlation between the galvanostatic dissolution
curves and the curves showing the number of i-Zn fragments
formed. The red and magenta (fast discharging; S-F and F-F)
galvanostatic dissolution curves indicate a huge overpotential,
while the curve showing the number of i-Zn fragments formed
indicates the continuous generation of microscopic and nano-
scopic i-Zn throughout the dissolution process. The highly
reactive nanoscopic i-Zn fragments were converted into exces-
sive passivated products. In this situation, it is difficult for the
newly formed zinc ions to diffuse deep into the solution over
time, resulting in a higher local ion concentration near the
electrode surface. This phenomenon of concentration polari-
zation becomes more pronounced over time, leading to a very
large overpotential (~1.2 V).

Contrastingly, for the relatively slower discharging case, the
microscopic and nanoscopic i-Zn were primarily generated in
the later stage of the dissolution process, and less passivated
products were formed. Thus, the overpotentials were small.
Important information can also be obtained by analysing the
scattering intensity (Fig. 3e). The black and red curves (relatively
low charging rates) show a rapid increase, which indicates the
generation of more microscopic i-Zn. Given the smaller specific
surface area and thus lower reactivity of the microscopic i-Zn,
their primary effect was a loss in capacity, as per the electro-
chemical recordings in Fig. 3d. This was in good agreement
with the results of previous studies.

I-Zn behaviours in different electrolyte systems

We also investigated the i-Zn generation (large, microscopic,
and nanoscopic i-Zn) and passivated product formation during
the zinc dissolution process using different electrolyte systems,
such as those consisting of zinc ion electrolytes and additives.
Fig. 4a-c show the results of the analysis of the dendrite
dissolution process at a current density of 76 mA cm™ 2. The
deposition process was performed for 150 s using three

© 2022 The Author(s). Published by the Royal Society of Chemistry
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representative electrolytes, namely, 1 M ZnSO,, 1 M ZnSO, +
100 ppm PEI (PEI for short), and 1 M Zn(OTf),. The final BF
images (Fig. S41) obtained during the deposition process show
the presence of denser dendrites in the ZnSO, system and
looser dendrites with voids in the PEI and Zn(OTf), electrolyte
systems. Moreover, the ZnSO, and Zn(OTf), electrolyte systems
have similar overpotentials, which are lower than that of the PEI
system for a charging current density of 76 mA cm™> (Fig. S57).
The green areas in Fig. 4a show that the zinc dendrites with the
highest scattering intensity grew most densely in the ZnSO,
electrolyte system, whereas in the other two systems, dendrites
with lower scattering intensities were formed. The Zn(OTf),
electrolyte system contained more residual zinc after discharg-
ing than the other two systems (Fig. 4a, red areas), indicating
that a greater number of microscopic and nanoscopic i-Zn
fragments formed and remained undissolved in it. The BF
images in Fig. 4b show the numbers of larger i-Zn fragments
formed in the different systems. At a higher current density of
189 mA cm™? (Fig. S61), the PEI system contained smooth,
pillar-shaped i-Zn fragments, whereas the Zn(OTf), system

— b

1M ZnSO,

1M ZnSO,
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contained larger clusters with a higher contrast. Generally, the
passivation layers in the ZnSO, and PEI systems were thicker
and more uneven than that in the Zn(OTf), system. The
formation of the passivation layer and its morphology were
analyzed for all three electrolytes. The spatiotemporal maps in
Fig. 4c and the black line in Fig. 4f indicate that a few micro-
scopic and nanoscopic i-Zn fragments were generated in the
ZnSO, electrolyte throughout the entire process. Contrastingly,
in the PEI electrolyte, these two types of i-Zn were highly limited
and primarily produced in the later stage (Fig. 4c, yellow and red
regions; Fig. 4f, purple line). More i-Zn fragments were gener-
ated at a higher current density of 189 mA cm > (Fig. S7b, yellow
and red regions; Fig. S10, purple linet). The spatiotemporal
maps of the Zn(OTf), electrolyte in Fig. 4c show a large number
of microscopic and nanoscopic i-Zn fragments distributed
uniformly from top to bottom. With the increase in the current
density, the scattering intensity continued to increase and
became higher than that for the ZnSO, system (Fig. S9, black
and magenta linest). Subsequently, even more microscopic and
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1M Zn(OT),
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Fig. 4 Super-resolution analysis and statistics of isolated zinc formation in different electrolyte systems. (a) Color-merged initial-final (green-
red) TIRDF images, (b) final BF images, and (c) temporal color-coded super-resolution images of the dendrite dissolution process using 1 M
ZnSO4 (top), 1 M ZnSO4 + 100 ppm PEI (middle), and 1 M Zn(OTf), (bottom) as electrolytes at 76 mA cm~2. (d) Galvanostatic dissolution curves of
the zinc dendrite dissolution process using 1 M ZnSOy (black), 1 M ZnSO4 + 100 ppm PEI (purple), and 1 M Zn(OTf), (magenta) at 76 mA cm 2 in
a model zinc air battery. Zinc dendrites were deposited at 76 mA cm™2 and 300 pC (deposition time of 150 s). Discharge capacity during the
dissolution process: 210, 180, and 182 uC, respectively. (e) Scattering intensity-discharge capacity curves for the three electrolytes obtained from
the processed TIRDF recording by subtracting the first image. (f) Total number of microscopic and nanoscopic i-Zn-discharge capacity curves
for the three electrolytes.
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nanoscopic i-Zn fragments were irregularly generated (Fig. S7c
and S10, magenta linet).

The galvanostatic dissolution curves in Fig. 4d show that, in
the case of the PEI and Zn(OTf), electrolyte systems, the
dissolution process was completed within 91 s, whereas the
ZnSO, electrolyte showed a coulombic efficiency of more than
70%. Compared with the overpotential of the ZnSO, system,
that of the PEI system was higher, while that of the Zn(OTf),
system was lower. At an even higher discharging rate (Fig. S87),
all the galvanostatic dissolution curves indicated a high over-
potential, with the ZnSO, system exhibiting the highest
coulombic efficiency.

Fig. 4e shows the scattering intensity of the microscopic and
nanoscopic i-Zn formed in the three systems. The ZnSO, system
exhibited a rapid increase in the intensity followed by a slow
decrease, while the Zn(OTf), system showed a gradual increase.
The change in the scattering intensity for the PEI system was
very small compared with those for the other two systems,
suggesting that considerably fewer microscopic and nanoscopic
i-Zn fragments were generated in the PEI system. The super-
resolution images showed a dramatic increase in microscopic
and nanoscopic i-Zn formation in the Zn(OTf), system (Fig. 4f).
Contrastingly, few i-Zn fragments were generated in the PEI
system. A similar trend was observed at a higher discharging
rate (Fig. S9 and S10%).

We believe that the sharp difference in the overpotentials of
the PEI and Zn(OTf), systems can be explained by the difference
in the reaction paths of the highly active nanoscopic i-Zn:
conversion or dissolution. In the PEI system, at a relatively
high pH, the nanoscopic i-Zn was rapidly converted into
passivated products,*® resulting in a higher overpotential with
the adsorption of the additive on the dendrite surfaces®*” as
well as a low efficiency. In the Zn(OTf), system, a large number
of nanoscopic i-Zn fragments were generated during the
dendrite dissolution process; however, only a few of them were
converted into passivated products. This difference highlights
the role played by the local chemical environment in deter-
mining the fate of nanoscopic i-Zn. Interestingly, in the case of
the ZnSO, system, the scattering intensity decreased at the end
of the stripping process (Fig. 4e and S97). As discussed above,
a decrease in the intensity correlates with the electrochemical
dissolution of the i-Zn. In the cases of the PEI and Zn(OTf),
systems, the scattering intensity did not decrease in a later stage
as in the case of the ZnSO, system, suggesting the absence of
the polarization electrochemical dissolution period;* thus,
lower coulombic efficiencies were obtained.

Ex situ characterization of i-Zn and passivated products

TIRDFM was used to evaluate the changes in the microscopic
and nanoscopic i-Zn fragments while an ex situ analysis was
performed to observe and evaluate the passivated products. It is
known that the structure and morphological evolution of the
passivated products are strongly dependent on the electrolyte
composition. Helium ion microscopy (HIM) was used to observe
the morphology of the passivation layer in the different elec-
trolytes. For the ZnSO, and PEI systems, at a charging/
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discharging current density of 76 mA ¢cm >, the HIM results
showed the presence of a dense passivation layer structure
containing small, scattered zinc particles (Fig. 5a and b). The
passivation layer formed in the Zn(OTf), system contained
larger voids (Fig. 5c¢) along with high-contrast flakes of zinc
metal.

The results of X-ray photoelectron spectroscopy (XPS) (Fig. 5e
and f) showed that the passivated products in the PEI and
Zn(OTf), systems”” contained the elements (nitrogen and fluo-
rine) present in the electrolyte. This confirmed that the
constituent elements of the electrolyte were involved in the
formation of the passivated products (of the respective
systems). The XPS data also showed that zero-valent zinc was
present in the Zn(OTf), system, in contrast to the case for the
ZnSO, and PEI systems. This is the reason why the Zn(OTf),
system contained an excessive number of i-Zn fragments, which
are less likely to convert into the passivated products. This
conclusion is consistent with the HIM imaging results.

On comparing the three electrolyte systems, we concluded
that the accumulation of large and microscopic i-Zn during the
cycling process is the primary reason for the lower coulombic
efficiency, which can be ascribed to a usually irreversible loss of
the active material; this is also the commonly accepted view.
The unique polarization electrochemical dissolution®® was
observed only in ZnSO,, which has a relatively high coulombic
efficiency among the three systems. The polarization electro-
chemical dissolution is a typical bipolar electrochemical
coupling process, in which a pair of complimentary redox
reactions happen at the two extremities of a metal conductor
with a sufficiently high potential difference.**>" The results
indicate that the resistance of the passivation layer formed in
the ZnSO, system is significantly higher than that formed in

d ZnsO, € e N s f Zn(0Th, [F1s ,-cF,
Zn 2p Zn 2p A IZn 2p A .
404 401 398 695 691 687
A A A -
! Wil 1 SO\ . b {0 fa s
T I g e
1050 1040 1030 1020 1050 1040 1030 1020 1050 1040 1030 1020

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 5 HIM images and XPS spectra. (top) HIM images and (bottom)
magnified images of the region outlined in red in the top images of the
passivation layer formed in the (a) 1 M ZnSOy,, (b) 1 M ZnSO4 + 100 ppm
PEl, and (c) 1 M Zn(OTf), electrolytes after the first cycle at a (charging/
discharging) current density of 76 mA cm™2 in a model zinc air battery.
XPS Zn 2p, N 1s, and F 1s spectra of the surface of the passivation layer
after the first cycle: (d) 1 M ZnSQOy, (e) 1 M ZnSO4 + 100 ppm PEI, and (f)
1 M Zn(OTf),.
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other systems to provide a sufficiently high potential difference
between the conductor extremities and drive the bipolar reac-
tion. Contrastingly, the generation of nanoscopic i-Zn near the
electrode-electrolyte interface and its subsequent conversion
into passivated products (in the ZnSO, and PEI systems)
increases the resistance to mass transport in the electrolyte.
Preventing this conversion process by changing the local
chemical environment, as in the case of the Zn(OTf), system,
could help limit the increase in the overpotential.

Conclusions

In this study, we combined in situ TIRDFM and electrochemical
analysis to elucidate the dynamic electrochemical interface
evolution process in extremely high-rate zinc-air batteries in
detail. The unique phenomenon of the formation of nanoscopic
i-Zn was unveiled for the first time. The effects of the charging
current density on the generation of microscopic and large i-Zn
and those of the discharging current density on the generation
of nanoscopic i-Zn during the dissolution of the zinc dendrites
in the ZnSO, electrolyte system were clarified. The formation of
nanoscopic i-Zn is accelerated with further current density
increase. These results confirm that the formation of large and
microscopic i-Zn contributes to the capacity loss of these
batteries. The effect of the number of nanoscopic i-Zn frag-
ments formed and their subsequent conversion into the
passivated products on the overpotential was also elucidated.
Moreover, the performances of three different electrolyte
systems were compared to better understand the role of the
electrolyte used in nanoscopic and microscopic i-Zn formation.

The proposed analytical method offers new capabilities for
monitoring the generation of i-Zn at different scales and the
conversion of the passivated products under actual battery
operation conditions. While the zinc electrochemical dissolu-
tion process remains to be understood completely, we believe
the ability to perform nondestructive and noninvasive in situ
experiments that allow for the real-time visualization of the
behavior of i-Zn will guide the design of high-performance
metal anodes.
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