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Identifying the role of Zn self-dissolution in the
anode corrosion process in Zn-ion batteriest

Yi Yuan,**® Zixuan Li,® Rongyu Deng,’® Shengda D. Pu,® Marc Walker, (2°
Mingzhi Cai,” Feixiang Wu, (2 ¢ Peter G. Bruce (2'° and Alex W. Robertson () *@

Zinc-ion (Zn-ion) batteries for practical applications face several challenges, some of which arise from the
inevitable degradation of the Zn metal anode. The intrinsic thermodynamic instability of Zn metal anodes
in mildly acidic Zn-ion batteries can trigger spontaneous interfacial corrosion, which leads to hydrogen
evolution, the formation of byproducts, and the irreversible loss of active species during both storage and
operation. Here, we delve into the intricate corrosion processes of the Zn metal anode in mildly acidic
electrolytes. With the help of operando electrochemical liquid cell transmission electron microscopy, the
self-dissolution of Zn is observed, and the capacity loss due to such corrosion behaviour during the cell
rest period is quantified. This dissolution of Zn is found to be closely related to the initial pH value of the
electrolyte and can be mitigated by pH adjustment through the slight addition of a pH buffer additive. The
self-dissolution of Zn, which causes an increase in the local pH, is a prelude to the formation of corrosion
byproducts that continues throughout the entire storage and cycling period. These corrosion issues are
exacerbated by the presence of excess Zn metal in the system, suggesting that the feasibility of using
excess Zn metal in Zn-ion batteries should be carefully evaluated. These findings further emphasise the
importance of considering electrolyte pH in future electrolyte modification research, as well as its
potential impacts on the stability of both the anode and cathode, and the shelf life of the entire battery.

The recent wave of interest in rechargeable aqueous Zn-ion battery chemistries has led to a consolidated view as to what some of the major outstanding
limitations are. One of the most persistent, and unique to aqueous Zn-ion batteries due to their mildly acidic chemistry, is the occurrence of corrosion and the
ensuing formation of inactive byproducts. This locks away the active Zn ions, reducing capacity, and leads to hydrogen evolution, which is a danger for cell
pressure and generates gas bubbles that occlude the electrode interfaces. This occurs even when the cell is not being cycled, with such calendar or rest aging
posing a serious obstacle to any commercial application of aqueous Zn-ion batteries. Understanding the mechanistic underpinnings behind corrosion is
therefore of fundamental importance. We use operando electron microscopy imaging to identify self-dissolution of metal zinc under aging conditions, which
leads to the local pH changes that culminate in the formation of corrosion products. The pivotal role of these local pH changes is confirmed by the inclusion of
a small quantity of pH-mediating buffer additive, that stops the dissolution and thus limits corrosion reactions.

Introduction

and relatively high capacity."”> Metallic Zn has been widely
considered to be the gold standard for anode materials due

Zinc-ion (Zn-ion) batteries are emerging as promising candi-
dates for grid-scale energy storage due to their safety, low cost,

@ Department of Physics, University of Warwick, Coventry, CV4 7AL, UK.
E-mail: yi.yuan.1@warwick.ac.uk, alex.w.robertson@warwick.ac.uk

b Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK

¢ National Engineering Research Center of Advanced Energy Storage Materials,
School of Metallurgy and Environment, Central South University, Changsha,
410083, China

 Department of Chemistry, University of Oxford, South Parks Road, Oxford, OX1
302, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5ee00485¢

5610 | Energy Environ. Sci., 2025, 18, 5610-5621

to offering the highest capacity (820 mA h g~ or 5854 mA h cm ),
low cost, high abundancy, non-toxicity, as well as good
stability in water.>* Despite these advantages, Zn metal anodes
still face many challenges and remain far from satisfactory.>”’
For instance, dendrite formation due to uneven electrodeposi-
tion, and the hydrogen evolution reaction (HER) due to the
decomposition of water, are inevitable issues during cycling
that eventually result in poor reversibility and low coulombic
efficiency. Various strategies have been proposed to alleviate
these metal anode issues in mildly acidic/neutral aqueous Zn-
ion batteries,*'° including controlling the composition and
crystal structure of the Zn metal anode, which can curb the

This journal is © The Royal Society of Chemistry 2025
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growth of Zn dendrites;''™™ or isolating the Zn metal anode
from the electrolyte by applying artificial surface coatings, which
can suppress side reactions as well as promote homogeneous
deposition.”>™*” Beyond modifying the anode, many methods
have instead sought to enhance the properties of the electrolyte,
including optimising the types of salts and solvents,"®"® adjust-
ing salt concentrations,”® incorporating additives,*'”>* and devel-
oping innovative electrolyte formulations such as ionic liquids,**
deep eutectic electrolytes,” gel electrolytes,”® solid-liquid hybrid
electrolytes,”” and all-solid-state electrolytes.*®

While considerable efforts have been devoted to under-
standing and addressing Zn dendrite growth and hydrogen
evolution, the issue of corrosion has received less attention.>’
The water stability of Zn metal is only relative rather than
absolute.*® In fact, the Zn metal anode does suffer from various
degradation processes over prolonged storage and cycling in
aqueous solutions. The corrosion of the Zn metal anode in
Zn-ion batteries is largely due to the protic nature of aqueous
electrolytes.® When Zn salts are dissolved in water, the
solution becomes acidic due to the spontaneous hydrolysis of
Zn ions. The generated protons continue to react with Zn metal
and lead to the hydrogen evolution, which induces a local pH
increase, consequently generating the precipitation of basic
insoluble corrosion byproducts.*** Taking the most com-
monly used zinc sulphate (ZnSO,) aqueous electrolyte as an
example, the main corrosion byproduct is zinc hydroxide
sulphate Zn,(OH)sSO,4-xH,0 (ZHS), which typically exhibits a
porous and loose structure. This corrosion-induced species,
unlike the dense ZnO/Zn(OH), layer formed in alkaline Zn
battery systems, lacks the ability to shield the electrode surface
from the electrolyte, leading to continuing consumption of
active Zn, water and Zn salts.® As a result, the corrosion
reactions are not naturally self-limiting and will continue to
proceed throughout the lifetime of the cell. This leads to the
continuous consumption of the metallic Zn anode and electro-
lytes during both storage and operation, which is unsustainable
for a practical cell.>* To compensate for this loss of active
species and ensure a good cycling performance of full cells, a
common practice is to increase the amount of both the electro-
lyte and Zn metal anode. However, an immediate downside of
this approach is the low utilisation rate of Zn, which inevitably
reduces the gravimetric energy density of Zn-ion batteries.>*°

It is worth noting that the corrosion of the Zn metal anode
not only consumes active species but also contributes to the
broader degradation of the entire battery system. Parasitic
reactions between the Zn metal and the electrolyte will intro-
duce uneven interfaces, triggering heterogeneous Zn nuclea-
tion and formation of dendrites.”*” Such surface irregularities
further increase the active surface area of the electrode acces-
sible to the electrolyte, aggravating corrosion of the electrode
and other side reactions.*® Prolonged rest in sealed Zn-ion
batteries can lead to volume expansion, which poses safety
risks.’**° Additionally, hydrogen gas produced from corrosion
can deactivate the zinc anode; the bubbles isolate Zn by
physically displacing the electrolyte away, causing capacity
loss.*® Furthermore, studies have shown that the limited lifespan
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and degradation of the cathode materials partially stem from pH
fluctuations caused by Zn anode corrosion.*’ These challenges
arising from Zn metal anode corrosion significantly reduce not
only the cycling life but also the shelf life after battery assembly
even before use, thereby considerably constraining the practical
application of Zn-ion batteries.>*' The complexity of these
interconnected degradation processes also complicates the
quantification of coulombic efficiency losses due to the anode
corrosion reactions. As a result of this complexity, there remains
a gap in understanding as to the relationship between the
different aspects of corrosion losses, how they evolve with time,
and how these may be altered to limit corrosion. Diagnosing
complex relationships typically benefit from in situ observation,
allowing the decoupling of various processes and uncovering any
causal links that develop with time.*’

Here, we delve into the complex Zn anode corrosion pro-
cesses that occur during battery rest (i.e., when not being
cycled). We show that the corrosion of Zn can be considered
a two-stage process, as revealed by direct in situ liquid cell
transmission electron microscopy (TEM) imaging of the anode.
This technique has been used in previous studies to investigate
Zn dendrite growth and to analyse micro/nanostructures that
cannot be observed with optical microscopy.**** Using in situ
liquid cell TEM imaging, we observed the self-dissolution of Zn
into the electrolyte during rest, which we identify as being the
start of the zinc corrosion process that eventually leads to the
generation of ZHS products. Performing these experiments
with in situ TEM imaging permits us to verify that the source
of the measured coulombic efficiency loss during cell rest must
originate from Zn dissolution, instead of dendrite detachment
or irreversible byproduct formation. We show that this self-
dissolution step precedes ZHS formation during corrosion; the
formation of H, that accompanies aqueous Zn dissolution
yields an excess of OH™ ions at Zn dissolution sites, thus
causing an increase in the local pH at the electrode. This can
cause the interfacial pH to rise sufficiently to allow ZHS to
form. Using surplus Zn metal at the anode, which is a common
practice, was found to promote the anode corrosion process, as
the local pH fluctuations were exacerbated by increased dis-
solution and byproduct formation. This model is supported by
correlative studies with an electrolyte additive, zinc acetate
[Zn(OAc),], which regulates the pH to ensure that the initial
Zn dissolution is limited, and also acts to buffer against any
local pH changes. Coin cell studies corroborate that the cou-
lombic efficiency loss following extended periods of rest were
significantly curtailed by inclusion of Zn(OAc),. This new
picture for Zn corrosion in resting cells illustrates the critical
role that excess zinc at the anode can play in facilitating
corrosion byproducts, as the self-dissolution of this Zn facil-
itates a local pH environment necessary for ZHS formation.

Results and discussion

The poor reversibility and the stability of the Zn metal anode
are the main issues that contribute to its degradation during

Energy Environ. Sci., 2025, 18, 5610-5621 | 5611
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(a) Schematic illustration of the Pt electrode before and after plating, and in situ liquid cell TEM imaging of the plating and the immediate stripping

~2). Scale bars are 1 um. (b) In situ liquid cell TEM imaging after plating

profiles of in situ liquid cell TEM experiments for (c) plating and immediate stripping, and (d) plating and stripping after 5 minutes.

battery operation and rest, and are correlated with each other.*®
The loose structure of Zn dendrites forming on the surface
increases the active area of the electrode, which exacerbates the
corrosion process, while the corrosion byproduct layer and
morphological changes generated by parasitic side reactions
lead to an uneven distribution of the electric field and hetero-
geneous nucleation, triggering the formation of further den-
drites. However, the complexity in their interactions makes it
challenging to decouple their contributions to the performance
degradation of the Zn metal anode. Previous studies have
attempted to decouple and quantify the capacity loss of the
Zn metal anode after aging, attributing it to various causes
through electrochemical tests and acidic titration.***° How-
ever, the complexity of sample preparation and the challenges
in disentangling interactions among different factors can lead
to potential misinterpretations in the analysis. Therefore, oper-
ando liquid cell TEM is used here to reveal the mechanism for
the capacity loss, which ensures detailed observation of
dynamic processes within a confined microenvironment.

The liquid cell for the operando experiments is described in
the ESI.} A diagram of the Pt working electrode before and after
plating is illustrated in Fig. 1a. We performed two experiments.
In both, Zn was deposited from 1 M ZnSO, electrolyte onto the
Pt working electrode at a current density of 20 mA cm™> to a
capacity of 0.4 mA h cm™?, then the deposited Zn was either
stripped immediately (Fig. 1a) or after a resting period of
5 minutes (Fig. 1b). For the sample with a rest period, the
viewing field was moved outside of the chip window to avoid
electron beam damage during the five-minute rest period. The

5612 | Energy Environ. Sci., 2025, 18, 5610-5621

galvanostatic voltage profiles recorded while plating and strip-
ping for the two cycles are shown in Fig. 1c and d, with points
in time corresponding to the shown sequential TEM images
highlighted.

The coulombic efficiency can be calculated based on the
plating duration and the time taken for complete stripping of
the plated Zn (tp1a¢ and tyyip) according to:

. . Tstri
Coulombic efficiency = SR s 100%
plat

As shown in Fig. 1c and d, the coulombic efficiency of the cycle
after resting for 5 minutes was reduced from 83.1% to 57.8%
compared with that of stripping immediately after plating.
Since the images of the Pt electrode after stripping for the
without and with rest runs are both completely bare of ZHS or
dead Zn deposits, the difference in coulombic efficiency must
be due to some Zn being lost during the rest period, and so
leaving less capacity to be removed by the stripping process.
The coulombic efficiency can be influenced by various
cycling parameters, such as the current density and depth of
discharge.”>*® To compare the coulombic efficiency under
other conditions, Zn was also deposited at different current
densities with the same capacity (0.1 mA h cm™2). Sequential
liquid cell TEM images of Zn plating and stripping at current
densities of 10 mA cm™ > and 20 mA cm™ > are shown in Fig. S1
and S2 (ESIt), respectively. Zn deposits under these two current
densities exhibited similar morphologies, with no obvious
residues left at the end of stripping. A higher coulombic
efficiency was achieved using a higher current density of

This journal is © The Royal Society of Chemistry 2025
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20 mA cm ? (Fig. S3, ESIf), which is consistent with previous
studies in coin cells;*” indeed, ultra-high current densities are
frequently used in order to avoid longer cycling durations and
thus minimise side reactions.*’

However, when comparing the results of using 20 mA cm™
for different deposition capacities, the coulombic efficiency
increased from 83.1% to 96.1% by decreasing the capacity to
a quarter (Fig. 1c and Fig. S3, ESIT). Considering the concomi-
tantly longer cycling time required for higher capacities, this
suggests that the side reactions occurring simultaneously dur-
ing plating/stripping periods should also be taken into account
as an important factor affecting the coulombic efficiency.

To further investigate the decrease in the coulombic effi-
ciency and examine the influence of side reactions during rest,
Zn was deposited at a smaller current density of 8§ mA cm ™ for
72 seconds to a capacity of 0.16 mA h cm 2, and was left for
varying times before stripping. The images of Zn deposits
before and after rest are compared in Fig. 2a. There was no
significant change in the shape and density of Zn deposits after
resting for a short period of 3 minutes. However, it was found
that the contrast of the edge of deposits started to fade after
10 minutes, and a partial disappearance of the deposition was
clearly observed after 20 minutes (shown in the orange dashed
frame). Moreover, the coulombic efficiency was also found to
decrease from 77.2% to 49.6% after resting for 20 minutes
(Fig. 2b). The TEM images of electrodes after stripping are
shown in Fig. S4 (ESIT), where all electrodes were found to be
clean with no residual deposits left. Therefore, it is likely that
the corrosion of the Zn deposits accounts for the capacity loss
during rest, rather than the formation of dendrites and
dead Zn.

The current density and deposition capacity were further
reduced to 5 mA cm ™ * and 0.05 mA h cm™? to highlight the
decrease in the coulombic efficiency. Sequential images of
plating and the corresponding voltage profile are shown in
Fig. S5 (ESIT). To reveal the corrosion behaviour of Zn during
rest, the changes to the Zn deposits on the Pt electrode were
continuously recorded after deposition (see also Movie S1,
ESIT). The viewing field was initially moved to the other side

2

a End of plating
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5 min elapse

Fig. 2
coulombic efficiency after rest for different periods of time.
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of the Pt electrode, which had a relatively smaller number of
deposits. As shown in Fig. 3a, it was observed that the contrast
of deposits began to fade within 20 seconds of the rest period.
The deposits continued dissolving as the rest period extended,
and distinct gaps were observed from stage iii. Zn deposits on
this side of the Pt electrode almost completely disappeared
after resting for approximately 200 seconds.

The viewing field was then moved back to the initial side of
the Pt electrode. As is shown in Fig. 3b, compared with straight
after the end of plating, the majority of Zn deposits had been
dissolved. Besides, the shape of the residues remained similar,
indicating no new byproducts had formed on the electrode. The
starting point of the dissolution appears to be random when
comparing images recorded from the two dissolution areas on
the Pt electrode.

Stripping was conducted after resting for 5 minutes, with the
voltage profile and sequential TEM images shown in Fig. 3c and
d. It was found that nearly all Zn deposits were dissolved and
the coulombic efficiency, calculated based on the stripping
time, was less than 10%. The Pt electrode surface after strip-
ping remained clean, with the remaining thin deposit removed
at the beginning of stripping, further demonstrating the lack of
byproducts.

These results indicate that the dissolution of Zn precedes
the formation of ZHS byproducts during the rest period. The
self-dissolution of the Zn metal electrode is a crucial process in
alkaline Zn batteries, where Zn continuously forms soluble
zincate ions according to the Pourbaix diagram.®*° However,
the nature and impact of this dissolution in mild acidic systems
can be quite different from that in alkaline batteries, and has
been overlooked.

To better investigate the role of self-dissolution in directing
the corrosion process of Zn, and to explore its relationship to
the formation of ZHS byproducts, additional ex situ experi-
ments with extended rest time were conducted using the same
liquid cell as used for the in situ TEM experiments (see the
methods section). Zn was electroplated onto the working elec-
trode at 50 mA cm™ > to a capacity of 1 mA h cm™>. Afterward,
the cell was dismantled and the chip with the Pt electrode was
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(a) In situ liquid cell TEM images of the end of plating before and after rest for different periods of time. Scale bars are 1 um. (b) The corresponding
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In situ liquid cell TEM imaging of the dissolution of Zn deposits during cell rest in the ZnSO,4 electrolyte for (a) area 1 and (b) area 2. Scale bars are

1 um. (c) Corresponding galvanostatic voltage profile. (d) In situ liquid cell TEM imaging of the stripping process after rest for 5 minutes. Scale bars are 1 um.

immersed in a vial of 1 M electrolyte for 40 hours. The
morphologies of Zn deposits on the Pt electrode were charac-
terised by scanning electron microscopy (SEM) before and after
resting, as shown in Fig. 4a and b. Zn flakes with a loose
structure covered the Pt electrode surface after the electrode-
position. However, after resting in 1 M ZnSO, electrolyte for 40
hours, instead of forming ZHS byproducts on the Zn surface,
most deposits had disappeared from the Pt electrode, as
observed in our in situ experiments. The failure of ZHS to form
suggests that the corrosion conditions were not met simply by
immersing the plated Zn in 1 M ZnSO, electrolyte, and that the
dissolution of the plated Zn happened prior to any ZHS being
able to form.

The formation of ZHS corrosion byproducts on the elec-
trode/electrolyte interface should be a spontaneous process as
long as the chemical equilibrium condition is satisfied with an
adequate supply of Zn*>*, OH ™, SO,>~ and H,O in the electrolyte
environment, regardless of the electrode substrate material
used.*® Despite the mildly acidic condition of ZnSO, electro-
Iytes, OH™ ions may also be generated due to a series of side
reactions, such as water decomposition reaction during cycling,
which can lead to a local alkaline environment that is con-
ducive to ZHS formation.® However, during battery rest, we
suggest that the presence of sufficient Zn metal is essential to
provide this OH™ ion source for the formation of ZHS; the
dissolution of the Zn metal is accompanied by hydrogen gas

5614 | Energy Environ. Sci., 2025, 18, 5610-5621

evolving from the electrolyte, and thereby a concomitant
increase of additional OH™ ions in the electrolyte.

To confirm this, Zn foil, Cu foil, and Ti foil were soaked in
vials of the electrolyte for 18 hours. As is shown in Fig. S6
(ESIY), flaky byproducts formed on the Zn foil, a few formed on
Cu, and the Ti foil remained clean. However, after soaking the
Cu or Ti foil in ZnSO, electrolyte together with Zn foil, their
surfaces were found to be covered by Zn byproducts instead
(Fig. S7a and b, ESIY), as confirmed by their X-ray diffraction
(XRD) patterns (Fig. S7c, ESIf). We attribute this to the pH
increase provided by the self-dissolution of the Zn foil, thus
promoting the chemical equilibrium necessary for ZHS preci-
pitation on these surfaces. These findings highlight the self-
corrosion property of Zn metal in Zn-ion batteries, which is a
process where the metal reacts with its environment without
the influence of external galvanic action from a more noble
metal.*® This self-corrosion property of the Zn metal anode
reduces the stability of the anode side and also contributes to
the degradation of other parts within the battery, such as the
current collector and the cathode material, during battery rest
periods. 334041

It should be noted that excess Zn metal is often used in Zn-
ion batteries to offset Zn depletion. This practice is likely to
increase the amount of dissolution and promote the formation
of byproducts, thus exacerbating corrosion during battery
storage. Given the above results showing the importance of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic illustrations and SEM images of electrodes with increasing quantity of Zn metal before and after resting in a 1 M ZnSO, electrolyte vial
for 40 hours. (a) and (b) Zn deposited to 1 mA h cm™2 on a liquid cell TEM chip Pt electrode (approximately 3.7 ng of Zn). (c) and (d) A thin Zn film
deposited on a Ti foil electrode (approximately 1.5 mg of Zn). (e) and (f) Zn foil electrode (approximately 50 mg of Zn).

the presence of Zn metal in facilitating corrosion, the influence
of the amount of Zn metal used was investigated and compared
with the ex situ liquid cell TEM results in Fig. 4a and b, where
only a small quantity of metal Zn is plated onto the small
electrode. Zn was deposited onto 0.5 cm” inert Ti foil in a pouch
cell at a current density of 100 mA cm * to 1.25 mA h
(approximately 1.5 mg), and then soaked in 2 ml 1 M ZnSO,
electrolyte in a vial for 40 hours. SEM images of the Zn thin film
on the Ti foil surface before and after soaking are presented in
Fig. 4c and d. The thin film of Zn deposits showed a relatively
compact morphology, while numerous larger hexagonal flakes
were observed growing from the deposition layer. The amount
of Zn metal was further increased to study the effect on the
corrosion process. Zn foil of an area of 0.5 cm” and a thickness
of 0.14 mm (approximately 50 mg) was soaked under the same
conditions. Initially, the Zn foil exhibited a relatively smooth
surface (Fig. 4e). After soaking in the electrolyte for 40 hours,
extensive large hexagonal flakes with a loose structure were
observed forming on the surface (Fig. 4f). In both cases, the
large hexagonal flakes are likely ZHS byproducts; however, as
they share a similar morphology to the Zn metal deposits, it is
challenging to identify ZHS flakes from only SEM imaging. Its
presence on the electrode can be identified by a stronger oxygen
signal in the energy dispersive X-ray spectroscopy (EDX) spec-
trum (Fig. S8, ESIT). From the EDX elemental mapping in Fig.
S9 (ESIt), the larger ZHS flakes mixed with the smaller Zn
deposits showed more oxygen signals. The presence of ZHS was
further confirmed by XRD of the Ti foil, with a pronounced
peak characteristic of ZHS emerging after soaking.

This journal is © The Royal Society of Chemistry 2025

What these comparisons have shown is that the formation
of ZHS byproducts occurs only after sufficient Zn is dissolved
into the electrolyte during the self-corrosion process. This
observation is also supported by the liquid cell TEM experi-
ments, where only Zn dissolution, instead of byproducts, was
observed during the self-corrosion process in both in situ and
ex situ liquid cell experiments. This is because only a miniscule
amount of Zn was deposited on the Pt electrode in these liquid
cell experiments, as the electrode area is small, and so the
interfacial pH did not reach the threshold for ZHS formation
even after the complete dissolution of Zn deposits. Therefore,
no byproducts were observed even after extended periods of
rest (40 hours) in the liquid cell setup. Moreover, by comparing
the XRD patterns in Fig. S10 (ESI}), it is evident that the peak
intensity ratio of ZHS to Zn was significantly higher when
soaking Zn foil compared to soaking Zn-coated Ti foil in the
electrolyte for the same rest duration. The size of ZHS particles
forming on the Zn foil was found to significantly increase as
well. With more Zn present in the electrolyte, the self-
dissolution was intensified, leading to a rapid accumulation
of OH ™ ions in the local environment, thus promoting the
uncontrolled growth of ZHS. This indicates that excess avail-
able Zn facilitates the corrosion process.

The relatively low initial pH of the electrolyte is possibly one
of the main factors contributing to the Zn dissolution issue
discussed above. The pH of ZnSO, electrolyte can be mildly
adjusted by adding small amounts of weak-basic and weak-
acidic salts, which has been reported to result in varying levels
of corrosion on Zn foils after soaking.’”*' Consequently,

Energy Environ. Sci., 2025, 18, 5610-5621 | 5615
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0.025 M Zn(OAc), was introduced into the 1 M ZnSO, electrolyte
as a regulator of the pH value. To uncover the underlying
mechanism of Zn dissolution and ZHS formation during the
self-corrosion process of Zn, operando observations of the
plating/stripping behaviour and the dissolution process of Zn
deposits were performed in the electrolyte with Zn(OAc), to
compare with that in pure ZnSO,, which has a relatively lower
pH value. Zn was deposited at a low current density of 5 mA cm ™2,
but with a capacity that was doubled to 0.1 mA h cm >
compared to the results in Fig. 3. The deposits were stripped
after resting for 5 minutes, and the dissolution process was
recorded during rest (see also Movie S2, ESIt). Sequential in situ
liquid cell TEM images acquired during the plating process are
shown in Fig. S11 (ESIt). The morphology of Zn deposits with
Zn(OAc), was found to be slightly less compact compared to
those in the pure ZnSO, electrolytes, with more nucleation sites
evident on the Pt electrode surface.

The dissolution of Zn deposits was recorded at areas around
both the tip and the bottom of the Pt electrode. As shown in
Fig. 5a, the shape of Zn deposits remained unchanged after
180 seconds of rest. This indicates that neither Zn dissolution
nor the formation of byproducts occurred during the rest
period. The viewing field was then shifted to the bottom of
the Pt electrode, where Zn deposits with a looser structure were
found. As previously demonstrated in Fig. 3a and b, the
dissolution of Zn tends to be more visible at the edge of the
electrode and in areas where a thinner amount of Zn was
deposited, due to both a more sufficient supply of electrolytes

Dissolution-Area 1
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and a more distinct change in the contrast of the images.
However, it was observed that the small Zn deposits at the
edge of the electrode were preserved well even after resting for
5 minutes (Fig. 5b). The coulombic efficiency is calculated to be
77.7%, compared to less than 10% after rest in the pure ZnSO,
electrolyte, based on the voltage profile given in Fig. 5c, and
sequential in situ liquid cell TEM images of the stripping
process after the rest period are shown in Fig. 5d. The Pt
electrode surface was clean, with no residues left after strip-
ping, thus no dead Zn or ZHS was formed.

These in situ liquid cell TEM experiments have confirmed
that the self-dissolution of Zn must be related to the pH value
of electrolytes, with more protons in the electrolyte from lower
pH triggering more severe Zn dissolution. To further explore
the relationship between the pH of electrolytes and the self-
corrosion property of Zn metal, and given that the pH at the
interface can be distinct to the electrolyte bulk, we measured
in situ the pH change near the Zn surface using a home-made
setup (Fig. S12, ESIt). The results of in situ pH monitoring in
the 1 M ZnSO, electrolyte and the 1 M ZnSO, electrolyte with
Zn(OAc), were compared (Fig. 6a and b). The initial pH values
of two electrolytes were determined to be 4.46 and 5.43 respec-
tively. After immersion of the Zn foil into the 1M ZnSO,
electrolyte, a quick increase in pH was observed from 4.46 to
4.73 within two minutes. The pH value continued to grow over
the 20 hours of resting time. In contrast, with Zn(OAc), added
to the electrolyte, the pH value increased slightly to 5.5 after 10
minutes and then remained steady for the whole rest period. It

aj I

] € 1 M ZnSO, with Zn(OAc),

vivii o viii

b Dissolution-Area 2
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Fig. 5

In situ liquid cell TEM imaging of the dissolution of plated Zn deposits in ZnSO4 electrolyte with Zn(OAc);: (a) area 1 and (b) area 2. Scale bars are

1 um. (c) Corresponding galvanostatic voltage profile of plating and stripping after rest for 5 minutes. (d) /n situ liquid cell TEM imaging of the stripping

process after rest for 5 minutes. Scale bars are 1 um.
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Fig. 6

In situ pH recorded near the Zn foil surface soaked (a) in the 1 M ZnSO4 electrolyte and (b) in the 1 M ZnSO4 electrolyte with Zn(OAc),. SEM images

of Zn foils soaked in vials of electrolyte (c) without and (d) with Zn(OAc), for 40 hours, and soaked in pouch cells (PC) for 18 hours. (e) XRD patterns after
soaking in vials of electrolyte without and with Zn(OAc), additive for 40 hours. (f) The voltage profiles of Zn|Ti coin cells after rest for different times
before stripping. (g) The voltage profiles of Zn||Zn symmetric coin cells after rest for 35 days using the ZnSO, electrolyte without and with Zn(OAc),

addition.

is worth noting that after resting for 20 hours, the pH near the
Zn surface in the 1 M ZnSO, electrolyte was even higher than
that in the 1 M ZnSO, electrolyte with Zn(OAc),. Additionally,
the pH of the 1 M ZnSO, electrolyte exhibited a continuous
rising tendency, whereas with Zn(OAc), added, slight fluctua-
tions of increasing and decreasing pH were observed after
resting for 1 hour until the end of recording. This could be
due to the role of acetate ions as a buffering agent, which helps
to stabilise pH changes by neutralising extra OH™ ions gener-
ated during the self-corrosion process of Zn.”°

The self-corrosion property of Zn was further investigated by
ex situ SEM and XRD analysis of Zn foils after resting under
different conditions. Zn foils were immersed in these two
electrolytes in vials for an extended rest period of 40 hours.
Also, Zn foils were sealed in pouch cells containing 140 pl of
1 M ZnSO, electrolyte without and with Zn(OAc), added,
respectively. The pouch cells were then left to rest for 18 hours.
SEM images of Zn foils after rest and the corresponding XRD
patterns are displayed in Fig. 6c-e and Fig. S13 (ESIt). The
formation of ZHS byproducts was observed on both Zn foils
after resting. However, as demonstrated in the SEM images in
Fig. 6¢ and d, both the size and the thickness of the ZHS flakes

This journal is © The Royal Society of Chemistry 2025

were reduced with the addition of Zn(OAc),. Also, the byproduct
layer on the Zn foils generated in the ZnSO, electrolyte with
Zn(OAc), was found to be more compact. This was also con-
firmed in the ZHS size distribution and cross-sectional imaging
on the Zn foils after rest (Fig. S14 and S15, ESIt). These results
indicate the constrained and gradual growth of byproducts,
which could be attributed to the reduced accumulation of OH™
ions due to alleviated Zn dissolution. The XRD peaks of ZHS
exhibited lower intensity with the addition of Zn(OAc),, indicat-
ing suppression of ZHS growth. In addition, the hydrogen
evolution during rest in the ZnSO, electrolyte without and with
Zn(OAc), was quantified and compared via online mass spec-
trometry (MS), as detailed in Fig. S16 and S17 (ESIt). The
amount of H, in the system without Zn(OAc), (9.70 umol) was
approximately three times that in the system with Zn(OAc),
(3.38 umol) after 18 hours of rest.

Linear sweep voltammetry (LSV) measurements (Fig. S18a,
ESIY) indicate a suppression of the hydrogen evolution reaction
in the electrolyte containing Zn(OAc),, with a lower current
response at —0.15 V (vs. Zn*>*/Zn). Tafel plots were constructed
to determine the corrosion rates in the different electrolytes
(Fig. S18b, ESIT). The exchange current density of the electrolyte
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with Zn(OAc), was found to be lower than that of the pure 1 M
ZnSO, electrolyte. Chronoamperometry tests were conducted
with Zn||Zn coin cells using two electrolytes at a fixed potential
of —150 mV (Fig. S18c, ESIt). A slightly higher current density
in the electrolyte with Zn(OAc), was observed, suggesting a
larger active surface area, which is consistent with the greater
number of nucleation sites observed in the liquid cell TEM
images.

The self-dissolution of Zn in different electrolytes was
further quantified in Zn|Ti coin cells. Zn was deposited on
the Ti electrode at a current density of 10 mA ¢m™> with a
capacity of 2 mA h ecm™2. The Zn deposits were then stripped
after resting for 6, 12 and 24 hours, respectively. According to
the voltage profiles shown in Fig. 6f, the capacity loss in the cell
with the addition of Zn(OAc), was significantly reduced.

As previously discussed, the addition of Zn(OAc), can alle-
viate the self-corrosion of the Zn metal electrode, which is
supposed to be beneficial for improving the shelf life of Zn-ion
batteries. To gain a deeper insight into the influence of pH
adjustment on the electrochemical properties of the Zn anode
after long-term rest, symmetric Zn||Zn coin cells were prepared
and left to rest for different durations, and then cycled at a
current density of 10 mA cm™> with a capacity of 1 mA h cm™>.
As is shown in Fig. S19 (ESIY), after resting for 5 days, Zn|Zn
coin cells using both electrolytes exhibited steady curves with
similar voltage polarisation, despite slight fluctuations using
the pure 1 M ZnSO, electrolyte (denoted by red arrows). After an
extended rest period of 35 days, as shown in Fig. 6g, the Zn||Zn
coin cell using the 1 M ZnSO, electrolyte with Zn(OAc), con-
tinued to exhibit stable cycling performances, while the cell
without the addition of Zn(OAc), displayed significant voltage
fluctuations from the beginning of cycling, indicating poor
performance after long-term rest.

A schematic of the proposed corrosion process of the Zn
metal anode in Zn-ion batteries during rest is shown in Fig. 7.
In an acidic electrolyte environment, Zn metal undergoes the

a! @H* OHyd bubbl
PRl Corrosion I: Dissolution

Acidic Environment

View Article Online
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self-dissolution process first, which consumes H' ions and
leaves excess OH ™ ions, leading to hydrogen evolution and a
local pH increase. The accumulation of the OH™ ions fosters
the formation of a ZHS corrosion byproduct layer and morpho-
logical changes to the anode surface, which will induce an
uneven distribution of the electric field during cycling, causing
heterogeneous nucleation and the ensuing formation of den-
drites. These parasitic corrosion reactions persist throughout
the entire storage period and are exacerbated by the use of
excess Zn within the battery system. To mitigate corrosion
during battery rest and extend the shelf life of Zn-ion batteries,
it is essential to control the Zn dissolution process to enhance
the stability of the Zn metal anode. One viable strategy to
eliminate the Zn dissolution is to control the acidity of
the electrolyte. By adding Zn(OAc), to the ZnSO, electrolyte,
the interfacial pH value is adjusted and stabilised, lowing the
number of protons and thereby decreasing the activity of the Zn
metal anode during the self-corrosion process. The Zn(OAc),
functions as a pH buffer, helping to balance fluctuations in the
chemical microenvironment, and suppressing the accumula-
tion of OH™ ions and the development of corrosion byproducts.
Consequently, a more stable pH value can be maintained,
leading to improved overall battery performance, especially
after extended periods of rest.

Some previous studies have also reported the elimination of
ZHS corrosion byproducts by the addition of strong acidic
additives,”®> but this can result in more severe Zn self-
dissolution under such circumstances, and may also trigger
issues for the cathode materials, such as various manganese
and vanadium based materials.>>** This again underscores the
importance of considering the potential influence of various
electrolyte engineering strategies on the pH of electrolytes.
Furthermore, most of the Zn-ion batteries have been evaluated
with excess electrolytes and Zn metal to ensure a sufficient
supply of active species, thereby prolonging the cycling life of
the entire battery.>'*>> Previous studies have reported that a

~-» Corrosion II: ZHS Formation --» Degradation During Rest
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Fig. 7 Schematic illustrations of (a) the underlying mechanism of the Zn metal anode corrosion process during rest in mildly acidic electrolytes, and (b)

the mechanism for mitigating corrosion through pH adjustment with add
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large electrolyte dosage can help mitigate changes in the
microenvironment, whereas with limited electrolytes, the local
PH value is likely to become perturbed due to side reactions
such as HER and corrosion.’®®” However, it should be noted
that excess electrolyte does not prevent the dissolution of the
Zn metal anode, which will consequently lead to the formation
of corrosion byproducts after long-term storage. Moreover,
although Zn depletion can be compensated by these additions,
the excessive use of both electrolyte and Zn metal may exacer-
bate the corrosion issues, resulting in an increased formation
of byproducts that pierce the separator, which will ultimately
contribute to battery failure.>® A high utilisation rate of Zn in
Zn-ion batteries is therefore crucial not only for achieving
higher energy density but also for reducing corrosion, and
optimising the Zn loading to balance corrosion and Zn deple-
tion should be taken into account.

Conclusion

In this work, the self-corrosion process of Zn during battery
resting was explored via in situ liquid cell TEM. The self-
dissolution of Zn was observed, and this dissolution was
believed to contribute to the majority of capacity loss during
the initial phase of the corrosion process. The relationship
between this self-dissolution and the formation of ZHS pro-
ducts was also investigated, which has highlighted the crucial
role of the electrolyte pH in affecting corrosion during rest, and
the two-stage nature of the corrosion process, with ZHS for-
mation following after Zn self-dissolution. The addition of
Zn(OAc), as a pH regulator in the 1 M ZnSO, electrolyte was
found to mitigate the self-dissolution behaviour significantly.
In situ pH monitoring near the Zn surface in different electro-
lytes confirmed the distinct pH changes attributable to Zn
dissolution during self-corrosion. SEM and XRD analysis of
Zn foils soaked in electrolyte with Zn(OAc), demonstrated the
additive alleviated the formation of ZHS byproducts. Moreover,
the cycling performance of Zn||Zn and Zn|/Ti coin cells after
extended rest was significantly improved with Zn(OAc),. These
experimental results have elucidated the underlying mechan-
isms for the self-corrosion of Zn in a mild acidic environment,
emphasising the importance of considering the electrolyte pH
in future electrolyte modification research. As the formation of
ZHS products and hydrogen evolution during battery rest are
believed to result from Zn dissolution, the feasibility of using
excess Zn metal in Zn-ion batteries should also be carefully
evaluated.
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