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Identify the contribution of ‘‘open

circuit’’ aging to zinc-metal anode

loss

Delineate and quantify the

mechanisms that contribute to

this aging

Operando X-ray tomography

shows the importance of gas

evolution

Capacity loss is recoverable by

removing the accumulated gas
We reveal the crucial role of evolved gas in capacity loss in rechargeable aqueous

zinc batteries, which builds up during aging when the cell is not cycled. The zinc-

metal anode evolves gas due to corrosion reactions, physically displacing the

electrolyte and ‘‘screening’’ the anode. This loss is recoverable by removing the

accumulated gas from the cell.
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Decoupling, quantifying, and restoring
aging-induced Zn-anode losses
in rechargeable aqueous zinc batteries

Shengda D. Pu,1,5,* Bingkun Hu,1,5 Zixuan Li,1,5 Yi Yuan,1 Chen Gong,1 Ziyang Ning,1 Chloe Chau,1

Sixie Yang,1 Shengming Zhang,1 Liquan Pi,1 Yuanbo T. Tang,1 Jili Yue,1,2 T. James Marrow,1

Xiangwen Gao,1,* Peter G. Bruce,1,3,* and Alex W. Robertson4,6,*
CONTEXT & SCALE

The search for batteries beyond

Li-ion that offer better

performance, reliability, safety,

and/or affordability has led

researchers to explore a diverse

array of candidates. The

advantages of Zn-ion batteries

reside in zinc’s relatively low

reactivity, raising the prospect of a

rechargeable battery with

a simple aqueous electrolyte and

a cheaper, safer option to the

organic electrolytes that must be

paired with reactive lithium.

However, water still reacts with

the zinc in corrosion reactions.

These consume zinc, lowering the
SUMMARY

Rechargeable aqueous zinc batteries offer low cost, safety, and
good cycling capacity, largely due to the water-compatible Zn-metal
anode. However, Zn anodes corrode in aqueous electrolytes. While
such corrosion is well known, distinguishing the relative importance
of corrosion contributions toward anode capacity loss remains
less understood. Here, by systematically cycling Zn anodes with
controlled loading and under different aging conditions, we suc-
cessfully decouple and quantify the aging-induced contributions to-
ward anode degradation inmildly acidic aqueous electrolytes.While
some losses occur due to the irreversible consumption of Zn into
corrosion by-products, we demonstrate that the bigger contributor
to this efficiency loss (over 80%) is the physical screening effect of
evolved gases, preventing the reversible dissolution of deposited
Zn. Understanding the crucial role of evolved gas during cell aging,
and how it can accumulate and effectively passivate large sections of
the battery anode, will have important implications in the develop-
ment of rechargeable aqueous zinc batteries.
battery’s capacity, and generate

gas that accumulates in the sealed

cell.

We diagnose the contribution of

corrosion to performance decay in

zinc batteries and reveal the

critical role of gas accumulation in

deactivating large sections of

electrode, which cripples cell

performance. Fortunately,

electrodes can be reactivated by

removal of the gas, demonstrating

the importance of designing

future cells that either prevent gas

formation or facilitate its safe

release.
INTRODUCTION

The aqueous zinc battery (AZB) is a rechargeable battery that offers low cost, low

toxicity, and ease of handling, while also exhibiting good volumetric capacity.1–6

Recent advances in neutral and mildly acidic electrolyte systems, in particular zinc

sulfate (ZnSO4),
7–12 have offered a new approach to realizing a practical AZB beyond

the use of the more established alkaline zinc electrolytes, which often suffer from

limited reversibility.8,13,14 The critical issues suffered by many rechargeable alkaline

AZBs, such as dendrite formation and low cycling efficiency, have been shown to be

largely negated by employing mildly acidic or neutral electrolytes, which can

demonstrate significantly improve cycling performance.15–23

A key advantage of the AZB is the relative stability of its metallic anode. Unlike

lithium-metal batteries or other battery systems with highly reactive metallic anodes,

the metallic Zn anode can be directly used in aqueous electrolytes. However, it is

well known that the Zn anode degrades over prolonged cycling and aging in

aqueous electrolyte due to reactions with the water solvent, with the irreversible

consumption of Zn into corrosion products and the associated hydrogen-evolution

reaction occurring even at open circuit.15,16,24–28 Approaches to combat this include

designing the electrode to suppress dendrite growth, for instance, by using a porous
366 Joule 7, 366–379, February 15, 2023 ª 2023 The Author(s). Published by Elsevier Inc.
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sponge structure29,30 or by engineering a robust surface layer over the interface,31,32

tailoring the electrolyte composition to promote more uniform electroplating,33–35

and facilitating the preferential exhibition of more favorable planar (002) Zn facets

via controlled electrodeposition.36–38

Despite the progress in making more robust anodes, the irreversible loss of Zn re-

mains a concern. One strategy employed for accommodating this Zn loss is the

use of Zn anodes with excess capacity. Unfortunately, this prevents researchers

from distinguishing the contribution of aging reactions to the anode’s capacity

loss. Such capacity loss is easy to overlook as it is effectively hidden by the excess

capacity offered by the metallic anode, which offers a deep zinc reservoir for replen-

ishment of lost capacity. A typical commercial Zn foil of 0.25 mm thick is equivalent

to an anode-capacity loading of around 150 mAh cm�2—much higher than that of a

practical battery. When paired with a cathode of 1 to 4 mAh cm�2 capacity, these full

cells’ anode-to-cathode (N/P) loading ratio can be as skewed as 150:1, making any

Zn-anode capacity loss hardly noticeable in the electrochemistry data, even after

prolonged cycling.39,40

To achieve a higher energy density for future practical cells, AZBs need to have a

lower anode-to-cathode capacity ratio to optimize the anode energy density;

indeed, the metal-Zn anode’s theoretical specific capacity of 820 mAh g�1 (or

5,854 mAh L�1)1–3 can only be fully utilized once a 1:1 anode-to-cathode N/P ratio

is reached. Therefore, when studying Zn anodes, it is important to moderate the

anode capacity-loading level.40 By doing so, their degradation processes and ca-

pacity loss can also be better tracked and quantified during cycling or aging, as

demonstrated in lithium-metal battery studies.41–43

Here, we diagnose and quantify the metal-anode losses that occur during aging in

mildly acidic zinc sulfate electrolyte. We have decoupled and quantified these pro-

cesses and their corresponding changes with respect to different charge rates, aging

time, and anode loadings. Our investigations revealed the presence of aging-

induced ‘‘screened Zn,’’ which was found to be a major contributor to capacity

fade in acidic AZBs. The formation mechanism for this screened Zn was demon-

strated to be distinct from Zn lost due to dendrite formation and detachment—

‘‘dead Zn’’—andwas instead found to be a consequence of the aging-induced corro-

sion of the anode and accompanying gas formation, as identified by in situ X-ray

computed tomography (XCT). The excess gas formation was found to accumulate

and displace the electrolyte away from areas of the anode surface, ‘‘screening’’ these

areas of Zn from dissolution during discharge. Following a simple degassing process

it was possible to recover a significant proportion of the capacity lost due to aging,

as much of the previously isolated screened Zn had its contact with the electrolyte

restored. This study provides a fresh perspective of the aging-induced degradation

processes in AZBs, through which improved strategies can be developed tomitigate

this problem.
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RESULTS

A Zn/Ti coin-cell set-up, similar to Cu/Li cells used in lithium-metal-anode

research,40–42 was used for our study. Mildly acidic 2 M ZnSO4 electrolyte was

used in all cases. Ti was used as the current collector as it is highly inert to Zn depo-

sition, as it neither alloys with Zn nor acts as a galvanic cathode such as steel, which

greatly accelerates Zn corrosion in water.44–47 The Ti current collector was first elec-

troplated with 4 mAh cm�2 of Zn to serve as the Zn anode (Figure S1).
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mailto:shengda.pu@materials.ox.ac.uk
mailto:xiangwen.gao@materials.ox.ac.uk
mailto:peter.bruce@materials.ox.ac.uk
mailto:alex.w.robertson@warwick.ac.uk
https://doi.org/10.1016/j.joule.2023.01.010


Figure 1. Quantifying aging in zinc-metal anodes

(A) Electrochemical test sequence for quantifying aging-induced capacity loss for Zn/Ti coin cell.

(B) Example charge and discharge curves for cells aged for different lengths of time. The charge and discharge rates were 10 mA cm�2.

(C) Cells’ post-aging CE and capacity loss with respect to different aging time and three different charge and discharge rates: 10, 4, and 1 mA cm�2. Each

data point is the average from three coin cells, with error bars representing the standard error.
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After the Zn electrodeposition, the cells were left to age at ambient conditions for

various lengths of time. After aging, the cells were discharged to +0.6 V vs. Zn/

Zn2+ to strip all the Zn metal left on the anode (Figure 1A). The post-aging revers-

ibility, i.e., the coulombic efficiency (CE) of each cell, can then be calculated based

on the time spent to charge, tc, and time spent to discharge, td (Figure 1), defined as:

CE = td=tc
3 100% (Equation 1)

And the anode-capacity loss due to aging, Caging, can be quantified as the capacity

difference between charging and discharging, defined as:

Caging =
tc � td

tc
3Qload (Equation 2)

where the anode loading Qload = 4 mAh cm�2 in this study.

Charging a cell to 4mAh cm�2 at a current density of 10mA cm�2, followed by imme-

diately discharging it at 10 mA cm�2, i.e., without allowing any aging time, yielded a

relatively high reversibility of 99.2%. However, if discharging was left until after 24 h

of aging, cells suffered a significant capacity loss of 1.03 mAh cm�2 (25.6%). Longer

aging times led to further performance decay, with capacity loss of 1.18 mAh cm�2

(29.4%) after 48 h of aging and 1.37 mAh cm�2 (34.2%) after 120 h of aging (Fig-

ure 1B). Similar aging results were obtained with a range of electrolyte concentra-

tions (Figure S2) and were more severe with double separators (Figure S3). This ag-

ing-induced capacity loss was more significant in cells that were charged at lower

rates; cells cycled at 4 and 1 mA cm�2 suffered significantly higher losses of 1.73

(44.1%) and 2.85 mAh cm�2 (71.1%), respectively (Figure 1C). This is likely due to

the different surface morphology of Zn anodes electroplated under different rates48:

Zn electroplated at higher current densities exhibits a monolithic crystalline

morphology with a low overall surface area (Figure S4C), while Zn plated at lower

rates instead deposit as high-surface-area flakes (Figures S4A and S4B). Aging-

induced capacity loss was also identified in MnO2/Zn full cells (Figure S5).

The significant and rapid aging-induced Zn-anode capacity loss presents a signifi-

cant obstacle for AZBs. Diagnosing the underlying degradation processes that occur
368 Joule 7, 366–379, February 15, 2023
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during aging is essential for designing appropriate responses. Previous works have

demonstrated that the main degradation processes suffered by a metallic Zn anode

in mildly acidic ZnSO4-based AZBs are dendrite formation17,49–51 and corro-

sion.24,26–28,52 Dendrite formation is an electrochemical process that takes place

during electroplating and has not been shown to occur spontaneously while simply

immersed in electrolyte17,49–51; thus it cannot explain the aging-dependency of the

observed capacity loss. Corrosion, on the other hand, is known to lead to the forma-

tion of zinc hydroxides (ZHO), e.g., Zn(OH)2, and zinc hydroxide sulfate hydrates

(ZHS), e.g., Zn4SO4(OH)6$xH2O,26–28,52 on the anode surface, with reactions:

Zn + 2H2O/ ZnðOHÞ2 + H2ðgÞ[ (Equation 3)
3ZnðOHÞ2 + ZnSO4$xH2O/Zn4SO4ðOHÞ6$xH2O (Equation 4)

The formation of ZHS and ZHO occurs at the cost of the irreversible consumption of

metallic Zn (Equations 3 and 4), causing anode-capacity loss. Their presence on the

post-aging metallic Zn anodes was confirmed using X-ray photoelectron spectros-

copy (XPS) (Figure S6) and X-ray diffraction (XRD), which showed that the relative

peak intensity of ZHS and ZHO gradually increased with aging time (Figure S7).

We quantified the irreversible metallic Zn loss due to ZHS/ZHO formation with

respect to different aging times by periodically measuring the H2 evolution via online

mass spectroscopy (MS) from a sealed vial cell (Figure S8). It was found that the quan-

tity of ZHS/ZHO increased continuously during aging. Comparing this with the total

capacity loss from a coin cell with an equivalent electrode area cycled under identical

conditions showed that the ZHS/ZHO formation would be expected to contribute to

less than 20% of the total anode capacity loss (Figure 2A); only 0.17 mAh cm�2

(compared with 1.31 mAh cm�2 total loss) anode Zn loss would be due to

ZHS/ZHO formation after the 24-h aging, and only 0.43 mAh cm�2 (out of

2.14 mAh cm�2 total loss) loss due to ZHS/ZHO formation after the 120-h aging.

Cross-section scanning electron microscopy (SEM) imaging and energy dispersive

X-ray spectroscopy (EDS) mapping (Figures 2B and S9) of the post-aging Zn anode

surface show that only a relatively thin layer of ZHS/ZHO had formed over 120 h of

aging, with a thickness of around 4.8 mm. A significant amount of metallic Zn with

a thickness of 18.3 mm were preserved after the aging. This corroborates the online

MS results and confirms that only a relatively small proportion of the total available

Zn was consumed during aging to form ZHS/ZHO. Therefore, it cannot be solely

responsible for the aging-induced capacity loss; other processes must contribute.

Upon disassembling the discharged coin cells, a significant amount of residual

metallic debris could be found on the Ti current collector and the separators of

the aged cells (Figure 2C, red box) while little was found in the unaged cells (Fig-

ure 2C, black box). XRD measurements on these aged and stripped anodes identi-

fied these residues as mostly Zn metal (Figure 2C). This suggests that parts of the

plated-zinc anode, beyond the fraction already converted to ZHS/ZHO and that

instead remained metallic, was not electrostripped following the aging process. Un-

like the dead Zn that has been reported to become lodged in the separator due

to dendrite growth,53,54 our observed Zn residue correlates strongly with aging; min-

imal Zn residue was observed in the separator from the cell cycled without aging

(Figure 2C, black box), while many Zn residues were observed following aging (Fig-

ure 2C, red box). This strong aging dependence suggests that the metal residue

cannot be due to dendrite growth and detachment, which occurs independently

of aging, and suggests another failure mechanism leading to the isolation of metallic

Zn that is more strongly dependent on aging.
Joule 7, 366–379, February 15, 2023 369



Figure 2. Decoupling the aging-induced loss mechanisms

(A) Comparison of the Zn-anode capacity loss for different aging times due to ZHS/ZHO formation, measured using online MS from a sealed vial cell (see

Figure S8), and the total anode loss, measured electrochemically from an equivalent coin cell.

(B) Cross-section SEM imaging and EDS mapping (O, Zn, and Ti) of plated Zn on Ti after 5 days of aging following electroplating to 4 mAh cm�2 at 10 mA

cm�2. Regions with strong O signal segregation indicates high likelihood of ZHS/ZHO formation.

(C) Photographs and XRD of cell separators following stripping, with 4 mAh cm�2 electrodeposition at 10 mA cm�2. Red border, after 5 days of aging;

black border, after no aging.

(D) The capacity loss with different aging times due to screened Zn formation (measured by MS of H2 evolved from H2SO4 titrated onto anodes retrieved

from the cycled coin cells) and the total anode loss (measured electrochemically from the coin cells).

(E) The distribution of anode Zn after aging between fully reversible Zn, screened Zn, and Zn lost to ZHS/ZHO formation, with respect to aging time.

(F) The total capacity loss with different levels of Zn loading following 5 days of aging.

For (D) and (E) all plating were performed at 10 mA cm�2 rate and to 4 mAh cm�2 capacity.
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The anodes retrieved from the coin cells were titrated with H2SO4 solution, and the

evolved H2 was collected andmeasured, allowing us to quantify the residual metallic

Zn in each cell after having undergone aging and electrostripping, as follows:

ZnðsÞ + H2SO4ðaqÞ/ ZnSO4ðaqÞ + H2ðgÞ[ (Equation 5)

Significant amounts of residual metallic Zn were measured for the aged cells, and ac-

counted for over 80% of the total measured aging-induced capacity loss we

observed (Figure 2D); an average of 1.19 mAh cm�2 (out of 1.31 mAh cm�2 total

loss) of such residual Zn was detected after 24 h of aging, and 1.67 cm�2 (out of

2.14 mAh cm�2 total loss) was found after 120 h of aging.

Our MS measurements have shown that the aging-induced capacity loss was mostly

due to two degradation processes: (1) Zn loss due to ZHS/ZHO formation (Figure 2A),

and (2) the isolation of metallic Zn from the electrochemical dissolution process (Fig-

ure 2D). As discussed, while this latter mechanism is similar to the dendrite detach-

ment that leads to dead Zn, it is distinguished by a strong dependence on aging, and

so we refer to it here as screened Zn due to its being apparently screened from disso-

lution during electrostripping. Capacity loss to both ZHS/ZHO formation and
370 Joule 7, 366–379, February 15, 2023
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screened Zn isolation took place continuously during aging, leading to increasingly

compromised Zn-anode reversibility with longer aging times. Between the two, the

screened Zn is themore significant contributor to capacity loss, a trend that becomes

especially notable after longer aging time (Figure 2E).

We explored the relative impact of cell aging on anodes primed with various Zn ca-

pacities. Four Zn-anode loads were studied, charged with capacities of 1, 2, 4, and

10 mAh cm�2, and all plated at a rate of 10 mA cm�2. As before, after aging these

cells were discharged at 10 mA cm�2 until reaching a voltage threshold of +0.6 V

vs. Zn/Zn2+. It was found that the capacity lost to screened Zn formation continued

to increase in cells with higher anode loading (Figure 2F, yellow bars); however the

ZHS/ZHO loss increased only slightly as the Zn loading capacity was ramped up (Fig-

ure 2F, orange bars). The weak dependence on Zn loading for ZHS/ZHO formation is

expected, as it is an interfacial reaction between the metallic Zn anode and the

ZnSO4 electrolyte, which is therefore solely dependent on the interfacial surface

area (i.e., the anode surface area) and is thus independent of the thickness of the

loaded Zn; higher plating capacities lead to a relatively small change in Zn surface

area, instead serving to simply thicken the Zn layer deposited on the current collec-

tor. The contrasting behavior in the quantity of screened Zn formed, which instead

exhibited a concomitant increase with higher loading level, suggests that its forma-

tion mechanism is a process that acts to deactivate whole volume sections of the

plated anode, rather than being confined to a surface reaction by-product (Figure 2F,

illustration inserts).

To further explore the root cause of this aging-induced screened Zn loss, XCT was

employed to capture the formation process. A Zn/Ti pouch cell was examined in

situ with its anode closely monitored while undergoing a full cycle of charging, ag-

ing, and discharging under a constant pressure (Figures 3A–3H). After cell assembly,

the pristine anode had a clean surface (Figures 3A and 3E) with only a few sporadic

bubbles on the Ti current collector that were trapped by the separator during assem-

bly. This clean surface allowed a uniform Zn electrodeposition upon charging

(Figures 3B and 3F). New gas bubbles started to form on the plated Zn right after

charging (Figures 3B and 3F), which then gradually grew and merged into larger

bubbles after 12 h of aging (Figures 3C and 3G). These bubbles were likely H2

formed during the anode corrosion process outlined in Equation 3. Upon discharg-

ing (Figures 3D and 3H), most of the plated Zn was unaffected by the bubbles and

could be completely stripped, re-exposing the underlying Ti current collector. How-

ever, parts of the plated-Zn anode, obscured underneath the larger bubbles, could

not be stripped and became screened (Figure 3D, red arrows), resulting in the resid-

ual screened Zn that we observed coating the separator in Figure 2C.

This process is more prominent in cells at lower pressure and left for a longer aging

time. A greater number of bubbles with a larger size could be seen across the anode

surface after 48 h of aging, which resulted in significantly more screened Zn remain-

ing on the anode surface following discharge (Figures 3I and 3K). From the cross-sec-

tions of the in situ tomography scans, the bubble-induced screened Zn formation

process can be clearly visualized: During aging, bubbles formed, grew, and merged

across the anode surface, physically displacing the electrolyte away from the plated

Zn. These regions of the interface no longer had contact with the ZnSO4 electrolyte

(Figure 3J). As a result, during stripping, only those regions on the anode surface

where the electrode-electrolyte contact was maintained were able to undergo disso-

lution (Figure 3L, green arrows), while those areas where bubbles displaced the elec-

trolyte—breaking the interfacial contact and ionically insulating the plated Zn from
Joule 7, 366–379, February 15, 2023 371



Figure 3. In situ XCT of Zn anodes undergoing aging

(A–H) The anode of a pressured Zn/Ti pouch cell scanned in situ using XCT, imaged through a full cycle of (A and E) pristine, (B and F) charging, (C and G)

12 h of aging, and (D and H) discharging. (A–D) 3D rendered images from a side-view angle and (E–H) from a top view.

(I–L) Anode of a pressure-free Zn/Ti pouch cell (I and J) after charging and 48 h of aging, and (K–L) after discharging. (I and K) 3D rendered images from

side view; (J and L) cross-sections of the in situ tomography scans. Cells were charged and discharged at 10 mA cm�2 rate and had a 4 mAh cm�2 anode

Zn loading.
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the electrolyte—could not undergo stripping.19 These screened areas of the anode

were thus eventually left as residual screened Zn remnant on the Ti current collector

(Figure 3L, red arrows), causing capacity loss. Longer aging leads to more H2 evolu-

tion, promoting more bubble growth, while lower pressure results in higher bubble

mobility, promoting bubble mergence into larger ones better able to screen the

anode and thus increase screened Zn formation. This bubble accumulation on the

Zn anode is not reversible, as the cell is sealed and the gas cannot be removed.55

Over repeated cycles the accumulated bubbles will reduce the effective surface

area of the Zn anode available for subsequent cycling due to physically displacing

the electrolyte away from the anode, which, as well as causing the isolation of

screened Zn, will also lead to localized points of high current density49,50,56 during

plating that will accelerate other anode issues like dendrite formation.

We also explored the role of any potential contribution to gas formation at the cath-

ode side by XCT, performing both cycling and aging studies on a MnO2/Zn full cell.

Oxygen evolution occurs at the MnO2 cathode during electrochemical cycling, as

previously reported,57 and could thus present a potential additional source of gas
372 Joule 7, 366–379, February 15, 2023



Figure 4. Capacity recovery by degassing

(A) The applied test sequence for a degassing test on a Zn/Ti coin cell, including anode Zn loading, 5 days of aging, initial electrostripping, degassing,

and post-degassing electrostripping. The plated capacity was 4 mAh cm�2, and the stripped capacities were 1.91 and 1.35 mAh cm�2, respectively.

Plating and stripping were at a rate of 10 mA cm�2.

(B) Graphics illustrating the test sequence in (A).

(C) Optical images showing gas evolution from the cell during degassing (red arrow).

(D) Optical images showing reduced quantity of residual metallic Zn on the separator due to degassing.
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accumulation in a full cell. However, our XCT imaging of the cathode revealed no

detectable bubble formation due to aging or electrochemical cycling (Figure S10).

This suggests that, compared with hydrogen formation at the Zn anode, oxygen evo-

lution from the cathode side is unlikely to cause any cathode screening.

To further verify this model of screened Zn-induced anode capacity loss due to elec-

trolyte displacement, and to more completely distinguish it from metallic Zn lost as

dead Zn, a degassing test was performed on a coin cell following aging and strip-

ping. After 120 h of aging, only 1.91 mAh cm�2 (CE = 47.8%) of the 4 mAh cm�2

plated Zn remained active (Figure 4A). The cell was then degassed in the electrolyte

for 10 min to remove some of the H2 bubbles accumulated on the Zn-anode surface

(see experimental procedures). Without applying any external pressure, a contin-

uous stream of bubbles escaping from the coin cell could be observed from the start

of the degassing process (Figure 4; Video S1). After degassing, an extra discharge

capacity of 1.35 mAh cm�2 could be retrieved from the cell, raising the overall cell’s

post-aging CE from 47.8% to 81.6%. Significantly less residual screened Zn was

observed on the separator of the degassed cell (Figure 4D). This degassing test sup-

ports the notion that the formation mechanism of screened Zn is due to gas-bubble

accumulation at the anode interface, displacing the electrolyte from parts of the Zn

anode and impeding ionic transfer. Releasing the accumulated gas from the cell al-

lowed for some restoration of the anode’s capacity, as the expulsion of the gas

restored the electrolyte-electrode interface and thus permitted unimpeded ionic

flow to formerly screened Zn (Figure 4B). Similar capacity recovery was also observed
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in MnO2/Zn full cells (Figure S5) and with porous Zn anodes (Figure S11). By contrast,

aging and degassing experiments conducted with 6 M KOH electrolyte, an alkaline

electrolyte frequently used in zinc-air battery studies, exhibited minimal recovery

following degassing (Figure S12), suggesting that the formation of corrosion prod-

ucts is instead the dominant source of anode capacity loss for such systems.

We performed several full-cell studies at various anode loading conditions to illus-

trate the relevance of anode aging to practical AZBs, thus highlighting the impor-

tance of this screened Zn mechanism when considering all the possible contributors

to capacity loss (Figures S5 and S11). These full cell results demonstrate the impor-

tance of designing cells that can account for or minimize gas evolution. Using a flow-

cell design would provide a route of egress for accumulated gas, in addition to the

other benefits these cells can provide, such as electrolyte replenishment and con-

vection control.58,59 Alternatively, electrolyte combinations that are less susceptible

to corrosion would reduce the volume of hydrogen evolved. For instance, we per-

formed a simple comparison experiment between an aqueous and nonaqueous

(organic) solvent electrolyte, with the latter expected to not undergo any analogous

corrosion due to the lack of water. As well as showing much less aging loss (Fig-

ure S13A), the organic electrolyte cell suffered less volume expansion of the coin

cell, suggesting less gas evolution (Figures S13B and S13C). The electrode itself

could also be manipulated. Certain facets of zinc are known to be more resistant

to corrosion; therefore, engineering anodes to exhibit more stable (002) facets

should reduce aging-related performance decay.60 Promoting a more uniform elec-

troplating morphology and preventing dendrite formation will also reduce gas accu-

mulation due to a smaller surface area of zinc being exposed to the corroding elec-

trolyte.61 Recent work has suggested that the nature of the solvation of zinc in the

electrolyte may also provide a contribution toward hydrogen evolution, thus modi-

fying the solvation structure with additives could prevent hydrogen formation.62
DISCUSSION

We have decoupled and quantified the Zn anode’s aging-induced degradation in

ZnSO4-based AZBs with respect to different charging rates, anode loadings, and ag-

ing times. It was found that cell aging can lead to significant anode capacity loss, in

some cases over 70% efficiency loss, after only 24 h of aging. This was aggravated by

use of longer aging time, higher anode loading, and lower charging rates, and ulti-

mately led to poor post-aging reversibility and short cell shelf life. While the loss was

found to partly originate from the irreversible formation of zinc corrosion products

like ZHS, it was mostly observed to be due to the presence of screened Zn, account-

ing for over 80% of the aging-capacity loss. Using in situ XCT, we revealed that the

screened Zn formed due to gas-bubble formation and accumulation at the anode

interface during aging. The trapped bubbles displaced the electrolyte from parts

of the Zn anode, effectively leaving some regions ionically insulated from the elec-

trolyte and thus unable to be dissolved during electrostripping; i.e., they were ioni-

cally screened during discharge. We demonstrated that by simply degassing the

cells, these screened Zn can re-establish ionic connectivity with the electrolyte and

thus restore a significant portion of the lost anode capacity.

By quantifying the aging contribution to capacity loss, decoupled from other con-

tributors to capacity decay, we demonstrate the crucial importance of gas screening

in deactivating zinc-metal anodes. Whereas prior works have observed bubble for-

mation and hydrogen evolution as being part of the mix of degradation processes

at the anode,51,63–65 we hope that our quantitative diagnosis of its importance helps
374 Joule 7, 366–379, February 15, 2023



ll
OPEN ACCESSArticle
stimulate further research into understanding and militating against this often over-

looked source of capacity fade. Approaches to limit such gas formation, such as by

applying a protective layer,24,26,27,33,52,66–72 modifying the electrolyte,25,33,73–75 us-

ing a solid/gel electrolyte to impede H2 generation from corrosion76–80 or by

removing the formed H2 by a flow cell or degassing81,82 should be explored. Our

work also highlights the importance of understanding the complex nature and inter-

play of the degradation processes that occur at the metal anode. Further investiga-

tion into the relationship this aging-induced screened Zn loss has with the electrolyte

composition, electrolyte pH, and the formed corrosion products,83–85 would help to

illuminate additional strategies that may further combat capacity loss in metal

anode AZBs.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Alex Robertson (alex.w.robertson@warwick.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The datasets generated and/or analyzed during the current study are available from

the corresponding authors on reasonable request.
Material preparation

Glass fiber paper (0.26 mm thick), Ti foil (0.125 mm thick) and Zn Foil (0.25 mm and

rolled to 0.18 mm thick) were purchased from Sigma Aldrich and were punctured

into circular disks of 19 mm diameter (Glass fiber & Ti) and 16 mm diameter (Zn)

to be used in the coin cells. All other LIR 2032-coin cell components were purchased

from MTI Corporation. 2 M ZnSO4 electrolyte was purchased from Sigma

Aldrich. We prepared a porous Cu skeleton Zn anode as described in the literature30;

in brief, a copper foil was cleaned in dilute hydrochloric acid then treated in 5 wt %

NH3 solution for 15 h to yield a copper foam. This was then electroplated with zinc

to a capacity of 4 mAh cm�2 at 10 mA cm�2 from a 2 M ZnSO4 solution. MnO2 was

synthesized by a solid state reaction between KMnO4 (Sigma Aldrich) and

Mn(CH3COO)2⸱4H2O (Sigma Aldrich), with the stoichiometric ratio of KMnO4:

Mn(CH3COO)2⸱4H2O = 2:3.86
Coin cell tests

All the aging quantification tests were performed using Zn/Ti cells as shown in Fig-

ure S1. Unless stated otherwise, tests were performed with 2 M ZnSO4 electrolyte

and with a standard Zn capacity loading of 4 mAh cm�2 and a cycling rate of

10mA cm�2. All cells were sealed and pressed to around 1,000 psi. The same current

density was used during the charging stage and the discharging stage, i.e., plating

and stripping. Each test was repeated with three coin cells to ensure consistency.

For the initial quantification tests (Figure 1), all the coin cells only used a single sepa-

rator. For MS, XRD, optical tests, all cells used double separators and only the sepa-

rator facing the anode was examined in these tests. This it to avoid detecting any

possible products from side reactions at the counter electrode. 100 mL of electrolyte

was used for each of the single-separator cell and 140 mL was used for each of the
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double-separator cells, to make sure the separators were fully soaked and left min-

imal trapped air.

MnO2 electrodes were prepared by mixing 80 wt % MnO2, 10 wt % Super P carbon

additive and 10 wt % polytetrafluoroethylene (PTFE) binder in mortar to form the

freestanding film. The mass loading of MnO2 electrode was controlled to about

6.3 mg cm�2. The full cells were prepared by incorporating MnO2 cathode, Zn foil

anode, and separator with 2 M ZnSO4 into a 2032 coin cell. Galvanostatic tests of

the full cells were carried out at a current density of 200 mA g�1 with a Maccor Series

4000. All tests were performed at room temperature.

Degassing test

Degassing was performed by immerging an aged and discharged cell in ZnSO4 elec-

trolyte after a crack was deliberately made on the coin cell by grinding off its edge

using a 400-grid grinding paper.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.

2023.01.010.
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