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interfaces in aqueous Zn–MnO2 batteries?†
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Robert F. Klie, ad Michael F. Toney ac and Sanja Tepavcevic *ab

Organic solvents are common additives for aqueous zinc-ion batteries (ZIBs) to improve plating on the zinc

metal anode. However, additives are often only studied for anodes, neglecting effects at the cathode as well

any evolution of corrosion products over ZIB lifetime. Here, we studied the effect of acetonitrile (ACN)

concentration on the overpotentials and efficiencies of Zn anodes and MnO2 cathodes. Overpotentials

for Zn plating and stripping show local minima with low (0.5–2 vol%) ACN concentrations, with all

stripping overpotentials lower than plating overpotentials due to the ACN's antisolvent character. The

amount of zinc hydroxide sulfate (ZHS), a Zn corrosion byproduct, varies with ACN concentrations and

between plating and stripping steps. The energy efficiency and capacity fade of MnO2 cathodes show

different ACN concentration trends but similar degradation products, with optimal performance at

0 vol% ACN. This highlights the importance of analysing additive effects on all battery components and

interfaces.
1. Introduction

Rechargeable aqueous zinc-ion batteries (ZIBs) are attracting
increased interest for grid-scale energy storage due to lower cost
and enhanced safety compared to more commercially mature
lithium-ion batteries.1–4 ZIBs with zinc metal anodes and cath-
odes based on manganese chemistries (Zn–MnO2) offer the
most energy dense and low-cost batteries in this space.5,6

However, numerous challenges remain due to interfacial
processes at both anode and cathode. Zn anodes suffer from
dendrite formation during plating, which can short the battery,
as well as corrosion from the hydrogen evolution reaction (HER)
in near-neutral pH electrolytes.7–9 This leads to the formation of
insulating zinc hydroxide species; in the most common ZnSO4-
based electrolytes, this is zinc hydroxide sulfate Zn4(OH)6SO4-
$xH2O (ZHS).10 At the cathode, pH-sensitive MnO2 chemistries
also exhibit and even depend on ZHS formation.11–13 Dissolution
of Mn2+ during discharge11,14,15 leads to capacity fade over time
and limits access to a two-electron cathode, which would double
the theoretical energy density.5,6,16,17
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One oen exploited approach to solving these interfacial
challenges is adding an organic solvent to the aqueous elec-
trolyte, whose role is to regulate the interfacial water activity.18–27

Solvents with high donor numbers, such as dimethyl sulf-
oxide,20 or chelating agents, such as ethylene glycol,24 displace
the water molecules from the Zn2+ solvation sheath and mini-
mize interfacial water decomposition. Organic solvents can also
decrease water activity by interrupting the water network
through the formation of additional hydrogen bonds.21,23,26 In
addition, organic solvents can suppress water decomposition by
regulating the electrical double layer structure and displace the
water from the electrode surface.22,25 Our recent work demon-
strated that adding acetonitrile (ACN) to ZnSO4 electrolytes
leads to antisolvent behaviour, where ACN is excluded from the
Zn2+ and SO4

2− solvation shells in the bulk electrolyte but
adsorbs on the electrode surface and changes interfacial
solvation structures.28 This leads to improved zinc metal plating
morphologies and lower HER rates, which cumulatively
increase the efficiency of Zn plating and stripping.

While these ndings showcase the promise of organic
solvent additives at the Zn anode, a more comprehensive
understanding is still lacking. In particular, in most studies,
very little attention is paid to both the effect of solvent
concentration as well as solvent effect on the cathode besides
the Zn anode.29,30 Additionally, the total energy efficiency of the
charge–discharge process in full cells is rarely quantied,
despite the discharge energy efficiency being a strong determi-
nant for commercial ZIB implementation.31 Herein, we study
the effect of ACN concentration in 1 M ZnSO4 electrolytes on
overpotentials, coulombic efficiency (CE), and energy efficiency
This journal is © The Royal Society of Chemistry 2025
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of Zn anodes and MnO2 cathodes as well as the dynamic
structures of Zn and ZHS formed at the anode–electrolyte
interface.
2. Experimental section
2.1 Materials

Zinc sulfate heptahydrate (ZnSO4$7H2O, $99.95% metals
basis), manganese sulfate monohydrate (MnSO4$H2O, $99%),
potassium permanganate (KMnO4, $99.0%), poly(vinylidene
diuoride) (PVDF, 400 kDa), acetonitrile (ACN, 99.8%, anhy-
drous), and N-methyl-2-pyrrolidone (NMP, 99%) were
purchased from Sigma-Aldrich. Methanol (HPLC) was
purchased from Fisher. High purity MilliQ water (resistivity 18.2
MU cm) was used to prepare solutions and rinse electrodes
postmortem. Zn foil (250 mm, 99.95%) was purchased from
ThermoFisher, Cu foil (6 mm, 99.8%) was purchased from MSE
Supplies, and Ti foil (127 mm, Grade 2) was purchased from TBI.
Super P carbon powder was purchased from MSE Supplies.
Whatman glass ber discs were used as separators. All coin cell
parts were made from 304 stainless steel.
2.2 Electrolytes

Solutions of 1 M ZnSO4 were prepared by dissolving ZnSO4-
$7H2O in an appropriate amount of H2O and adding ACN to
volume. The volume percent of ACN was calculated based on
the room temperature densities of H2O (0.997 g mL−1) and ACN
(0.786 g mL−1), and the waters of hydration from the salt were
taken into account. All ZnSO4 concentrations were 1.00 ±

0.01 M. At these concentrations of salt and solvents, molarity is
equivalent to molality within 3%, so 1 M ZnSO4 is roughly 1 m
ZnSO4 in all cases here.
2.3 Electrodes

Electrodes were punched from their respective foils at 1/200

diameter for Zn electrodes, 9/1600 or 5/800 for Ti electrodes, and
5/800 for Cu electrodes. Glass ber separators were 5/800 diam-
eter for half cells and 9/1600 for full cells. Cu electrodes were
washed with 3 M hydrochloric acid for 30 seconds, rinsed in
excess four times with acetone, and dried under low vacuum
at room temperature overnight to remove the native oxide.
This is a more aggressive and thorough cleaning procedure
than used in our previous work.32 Zn electrodes were polished
with 400, 800, and 1000 grit sandpaper prior to punching. Zn
and Ti electrodes were cleaned with water, acetone, and iso-
propanol and dried under low vacuum at room temperature
prior to use.

MnO2 cathodes were prepared from a slurry mix. The slurries
consisted of 75 wt% d-MnO2, 15 wt% PVDF, and 10 wt% Super P
carbon mixed in NMP (∼20 wt% solids) in a Thinky mixer for 15
minutes total. The slurry was painted evenly on individually-
weighed Ti foils in a 1.7 cm2 area, dried at 70 °C for 2–3
hours to remove the solvent, and re-weighed to estimate the
mass loading. Mass loadings were 4–6 mgMnO2

cm−2.
This journal is © The Royal Society of Chemistry 2025
2.4 Electrochemistry

All tested cells were in 2032 coin cells. Cu‖Zn half cells were
prepared with Cu foil as working electrode, 80 mL of electrolyte
inltrated into a glass ber disc as separator, and Zn foil as
counter/reference electrode. Zn‖MnO2 full cells were prepared
with MnO2-on-Ti foil as working electrode, 50 mL of electrolyte
inltrated into a glass ber disc as separator, and Zn foil as
counter/reference electrode. One 0.5 mm thick steel spacer and
wave spring were used to apply stack pressure, and cells were
crimped at 0.57 tons. Half cell cycling was performed on
a Maccor battery cycler at ambient temperature of 20 °C. Full
cell cycling was performed on a Biologic BCS-800 battery cycler
at ambient temperature of 23 °C. At least two individual cells
were used for each condition. Points and error bars in the
gures represent average and standard deviation of the relevant
values from these cells.

For half cells, galvanostatic cycling was performed at
a current density of 1 mA cm−2 and plated capacities of
1 mA h cm−2. The stripping cut-off voltage was 0.5 V. For full
cells, galvanostatic cycling was performed at current densities
of 0.1, 0.2, 0.5, 1, 2, 0.5, 0.2, and 0.1 A gMnO2

−1; the nominal
loadings and currents are given in Table S1.† Ten cycles at 0.1 A
gMnO2

−1 were used in the initial cycling beginning with
a discharge step (the synthesized MnO2 is nominally in the
charged state), and ve cycles were done at each subsequent
current density. Following ve 0.1 A gMnO2

−1 cycles, cells were
cycled for 50 more cycles at 0.1 A gMnO2

−1 (current density using
the nominal loading from the starting cathode), during which
a 12 h open circuit hold was deployed between every h charge
and discharge cycle.
2.5 SEM-FIB and EDX

Scanning electron microscopy (SEM), focused ion beam (FIB)
milling and energy dispersive X-ray (EDX) spectroscopic anal-
ysis were performed on a Thermo Fisher Helios 5CX SEM-FIB.
SEM and EDX were also performed on a JEOL JSM-IT500HR
FESEM. During imaging, representative areas on the sample
surface were chosen, a voltage of 5 kV and currents between
0.69–2.8 nA were used, and EDX analysis were performed at 15–
30 kV, 2.8 nA depending on the extent of sample charging. FIB
was used to expose the Cu–Zn plated cross-section under
representative morphologies of respective ACN concentration.
FIB milling used Ga ion beams starting with large currents (5–
10 nA) to mill large volumes away from the region of interest,
then decreased the current (300 pA to 1 nA) for ne polishing of
the cross-section to minimize ion-beam damage. The same
samples were characterized top-down and in cross-section, EDX
data was acquired and analyzed with the Oxford Aztec soware.
2.6 X-ray diffraction

X-ray diffractograms were acquired on a Rigaku SmartLab 9 kW
rotating anode utilizing Cu K-alpha radiation (1.54 angstrom).
K-beta radiation was removed with a nickel lter. For
measurements on Cu‖Zn half cell electrodes, the instrument
was operating in parallel beam grazing incidence mode with an
J. Mater. Chem. A, 2025, 13, 17730–17739 | 17731
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View Article Online
incidence angle of 2.5 degrees. For measurements on MnO2

cathodes, the instrument was operating in the Bragg–Brentano
mode. The HyPix3000-SE detector was set to 0D continuous
acquisition. The axial divergence was reduced with symmetric
2.5 degree Soller slits on the incident and receiving optics path.
An additional 0.5 degree parallel slit analyzer was used to
reduce vertical divergence of the diffracted X-rays. All data was
acquired and reduced using the Rigaku SmartLab Studio II
soware.

3. Results and discussion
3.1 Effect of ACN on Zn anode

Overpotentials of the plating and stripping processes are good
determinants of metal plating morphology and battery
Fig. 1 (a) Galvanostatic cycling of a Cu‖Zn half cell with overpotentials n
content in the first cycle. (c) Growth overpotentials as a function of ACN c
on Cu electrodes after 100 plating/stripping steps for 0, 0.5, and 2 vol%
overpotentials from Cu‖Zn half cells in the first cycle from 0–12 vol% ACN
in (b) and (c). (f) Qualitative depiction of ZnSO4 and antisolvent concent

17732 | J. Mater. Chem. A, 2025, 13, 17730–17739
efficiency.33 To demonstrate the effect of ACN on nucleation,
growth, and stripping overpotentials as well as estimate CE,
Cu‖Zn half cells were tested by galvanostatic cycling at 1 mA
cm−2 with 1 mA h cm−2 plated charge (Fig. 1a). As shown in
Fig. 1b and c, there is a local minimum in both Zn nucleation
and growth overpotentials in the 0.5–2 vol% ACN range before
greater ACN concentration increases the overpotentials above
low-ACN concentration. We note that absolute nucleation
overpotentials can vary widely depending on cell conditions,33

but the trends hold; growth overpotential values should be
accurate. Importantly, these improvements are seen at
concentrations well below a 1 : 1 ACN : Zn2+ molar ratio, indi-
cating an interface-dominated rather than bulk solvation-
dominated mechanism.28
oted on the graph. (b) Nucleation overpotentials as a function of ACN
ontent in the first cycle. (d) SEM-EDX cross-section images of plated Zn
ACN in 1 M ZnSO4 electrolyte. (e) Comparison of stripping and growth
. The gray dashed line shows 1 : 1 parity; colors denote ACN content as
ration during plating and stripping at the Zn anode.

This journal is © The Royal Society of Chemistry 2025
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To observe low-[ACN] effects on long-term Zn morphology,
SEM-FIB was performed on Cu electrodes samples cycled 100
times before nal plating and analysis. As apparent in Fig. 1d
and S1,† 0.5–2 vol% ACN results in more even, contiguous Zn
growth compared to the purely aqueous electrolyte. Along with
reduced overpotentials, this may also be due to reduced HER
rates which limit Zn corrosion, as explored previously.28

Lowering overpotentials is also critical for practical battery
applications, where energy efficiency is determined by over-
voltage losses. For Zn anodes, this is driven by growth over-
potentials during charging and stripping overpotentials during
discharging. Fig. 1e shows that with increasing ACN concen-
tration, both overpotentials initially decrease (resulting in
greater total energy efficiency) before increasing above the pure
aqueous electrolyte. Lowering overpotentials for Zn plating also
reduces electrochemical HER rates by keeping anode potentials
more positive, consistent with our X-ray diffraction (XRD)
results (vide infra). Interestingly, all the points show lower
median stripping overpotentials than growth overpotentials
(this is not due to shiing potentials at the Zn counter/reference
electrode; see ESI†). Especially at high ACN concentration, there
is a lower barrier for stripping than plating relative to the purely
aqueous electrolyte (Fig. S2†). This is advantageous for grid-
storage applications, as the discharge process is more efficient
with this antisolvent additive. While the anode overpotential is
higher during charging, the projected low cost of renewable
energy sources34 makes it viable to use additional energy on
Fig. 2 (a) Cumulative coulombic efficiency (CCE) over 100 cycles for Cuj
cells, and average standard deviations are included in the table inset. (b) C
Cu electrodes after 100 plating/stripping steps for 0, 0.5, and 2 vol% AC

This journal is © The Royal Society of Chemistry 2025
charging as long as the battery delivers excellent energy effi-
ciency on discharge.

The proposed mechanism behind this observation is shown
in Fig. 1f. During Zn plating, Zn2+ is consumed at the electrode
surface, so the local ZnSO4 concentration decreases, allowing
more antisolvent into that space as it is no longer excluded by
the salt-rich environment. With more antisolvent adsorbing
onto the electrode and/or displacing Zn2+ in the double layer,
plating overpotentials increase as with higher [ACN] in Fig. 1b
and c. ACN has previously been shown to not participate or have
minimal impact in the formation of solid electrolyte interphase
layer.35,36 Conversely, during stripping, Zn2+ is released into the
near-surface solution, excluding antisolvent molecules even
more and resembling low-ACN concentration trends.

Another important consideration for battery health is CE at
the Zn anode. Zn loss via HER or dead Zn formation during the
plating–stripping process lowers the available charge in the
cell,37 decreasing battery lifetime and possibly increasing over-
voltage. While individual plate–strip cycles in Cu‖Zn half cells
virtually always show >99% CE aer the rst several cycles
(Fig. S3†), cumulative coulombic efficiency (CCE) shows the
total zinc loss over time, revealing more accurate trends with
varied electrolyte or cell conditions.28,38

Fig. 2a shows CCEs for Cu‖Zn half cells over 100 cycles with
0–12 vol% ACN, with a depth of discharge (DoD) of 100%.
Notably, the variation between cells with the same electrolyte is
oen greater than the variation between electrolyte conditions;
jZn cells with 0–12 vol% ACN. Lines represent CCE averages of multiple
CE after 10 cycles. (c) CCE after 100 cycles. (d) SEM-EDX of plated Zn on
N in 1 M ZnSO4 electrolyte.

J. Mater. Chem. A, 2025, 13, 17730–17739 | 17733
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still, some trends are apparent. Aer 10 cycles (Fig. 2b), the CCE
is maximized at 0.5–2 vol% ACN, in line with the optimized
overpotentials in Fig. 1. Aer 100 cycles (Fig. 2c), however, the
only [ACN] trend is that adding any ACN concentration gener-
ally improves CCE above the pure aqueous electrolyte, in
agreement with our previous results.28

Zn loss can occur via dead Zn formation or through corro-
sion (which leads to ZHS formation).37 Scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-
EDX) images aer 100 cycles (Fig. 2d, S4 and S5†) show that
the ZHS coverage and morphology varies drastically from 0 to
0.5 vol% ACN, with ZHS crystals becoming atter and more
dispersed with the small ACN addition. At 2 vol% ACN, the ZHS
becomes even more dispersed over a wider range, indicating
that charge loss through Zn corrosion is reduced by low ACN
concentrations, consistent with our XRD below. Since CCE is
comparable at 100 cycles despite these massive changes to ZHS
coverage, dead Zn formation may be the main charge loss
mechanism in these cells. This is most likely driven by practical
considerations like cell pressure39 and separator design40 that
overpower antisolvent effects in the long-term.

ACN-driven changes in Zn and ZHS at a macroscopic level
drove explorations into changes in the atomic structure. XRD
was performed ex situ on Cu electrodes aer one plating step (1
cycle) and aer 100 plating–stripping steps with a nal plate
(100 cycles) to identify ZHS phases and Zn crystallographic
Fig. 3 (a) XRD pattern of a Cu electrode after 100 plate/strip cycles with 0
(light lines) and 100 plate/strip cycles followed by one plate (dark lines) for
of the ZHS peaks. (c) Fit peak area for both ZHS peaks in (b) with antisolve
(d) Comparison of Zn(002) and Zn(100) peaks after 100 cycles and plate
(e) Structure factor-corrected peak area ratios of Zn(002) relative to Zn(

17734 | J. Mater. Chem. A, 2025, 13, 17730–17739
texturing (Fig. 3a). Antisolvent concentrations of 0.5, 2, 12 vol%
ACN and 12 vol% methanol (MeOH, a similar antisolvent with
an H-bonding alcohol group instead of a nitrile)41 were used.
First, the counts per second diffracted intensity (Fig. S6†) and
total ZHS peak area (Fig. 3c) of 100 cycles is much higher than 1
cycle, showing that ZHS accumulated over time and does not
passivate the Zn surface.42,43 Fig. 3c shows that adding anti-
solvent decreases ZHS amount, and this amount is dynamic
depending on whether the electrode last underwent plating or
stripping. Second, one cycle samples show that with any addi-
tion of antisolvent, the ZHS shis to a less hydrated structure
(greater 2q, Fig. 3b). The absence of this shi aer 100 cycles
indicates the ZHS structure is most dependent on antisolvent
additions during the initial cycling stages. Third, 100 cycle
samples show two ZHS structures of different hydration levels,
ZHS$4H2O and ZHS$3H2O, while one cycle samples show only
the ZHS$4H2O structure. This suggests various ZHS structures
are formed during longer cycling, but in situ measurements are
required to conrm this. Finally, at 12 vol% ACN and MeOH,
there are clear differences in the ZHS amount and structure
(Fig. 3b and c), showing antisolvent strength, H-bonding, or
other chemical differences can inuence ZHS growth over time.
While ZHS is not a directly active component in ZIBs, its
structure affects interfacial ion transport and/or local pH
changes10,12,13 and inuence HER rates. The dynamics of ZHS
demonstrated here should be considered in this context.
vol% ACN and identified peaks. (b) XRD patterns after one plating step
different antisolvent concentrations, normalized bymaximum intensity
nt concentrations after plate and strip steps following 1 and 100 cycles.
step for different antisolvent concentrations; colors match those in (b).
100) with antisolvent concentrations following 1 and 100 cycles.

This journal is © The Royal Society of Chemistry 2025
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Plated zinc metal textures were compared using the ratios of
Zn(002) and Zn(100) XRD peaks (Fig. 3d), normalized by the
structure factors and Lorentz-polarization factor (see ESI†). For
a non-textured zinc lm, the Zn(002) : Zn(100) ratio is 1. Though
all concentrations of ACN show Zn(100) texturing, low amounts
of ACN (0.5–2 vol%) shi the texturing towards more Zn(002)
aer the rst plating step and aer 100 cycles (Fig. 3e). This
aligns with lower plating overpotentials and lower amounts of
ZHS, indicating this is the optimal ACN concentration for Zn
anodes. Zn(002) is considered the preferred facet for promoting
uniform Zn growth and decreasing ZHS formation,42,44,45 and
these results indicate that antisolvents (albeit to small extents
for ACN) can affect this variably with concentration.
3.2 Effect of ACN on MnO2 cathode

While most electrolyte additive studies focus on improving
performance of the zinc anode, relatively little attention is paid
to the cathode, where full cells are typically studied only with
the anode-optimized electrolyte. The type of cathode matters, as
inorganic cathodes can be pH-sensitive and experience metal
dissolution while organic cathodes must combat solubility and
charged state stability. We studied MnO2 for the reasons listed
earlier.5,6 d-MnO2 nanostructured particles were synthesized
according to previous reports11,46 and slurry coated onto Ti
current collectors with areal loadings of 4–6 mgMnO2

cm−2
Fig. 4 (a) Galvanostatic charge–discharge curves of Zn‖MnO2 full cells f
0.1 A gMnO2

−1. (b) Discharge capacities from0.1 to 2.0 A gMnO2

−1 for repres
XRD of MnO2 cathodes after 100 cycles in the charged and discharged st
Zn anode and transferred to the cathode. (d) Structure factor-corrected

This journal is © The Royal Society of Chemistry 2025
(Table S1†). Full cells with Zn foil anodes were constructed
under more electrolyte-lean conditions than the half cells used
above (∼12 mL gMnO2

−1) to better illustrate any challenges with
electrolyte depletion in full cells. ACN concentrations of 0 to
18 vol% (the maximum amount before phase separation) were
used, with a DoD of 36.5%. The voltage window was 0.9 V
discharge limit to 1.9 V charge limit to prevent excessive Mn2+

dissolution and oxygen evolution, respectively.11,16,47

Fig. 4a shows charge–discharge curves of the 5th and 50th

cycles during repeated cycling at 0.1 A gMnO2

−1. Across the entire
[ACN] range, the voltage proles have similar shapes and the
same change in shape over time. Capacity fading is also similar
(Fig. 4b), indicating ACN may have much less impact on the
cathode than the anode. The loss of voltage plateau features by
the 50th cycle (Fig. 4a) indicates degradation of the MnO2

cathode. Mn2+ dissolution and redeposition followed by Zn2+

intercalation into tunnel-like electrolytic MnOx is known to
lower the capacity of channel-like d-MnO2 cathodes.11,16,48 We
hypothesize that the cell degradation due to Mn dissolution
outcompetes the improvement on the anode due to ACN
addition.

XRD was employed on isolated cathodes aer 100 cycles to
investigate if ACN affects stability. Fig. 4c and S7† show XRD of
discharged and charged cathodes. Small amounts of d-MnO2

remain in both charged states, indicating some inaccessible
or 0–18 vol% ACN in 1 M ZnSO4 in the 5th (left) and 50th (right) cycles at
entative cells; colors correspond to ACN concentrations noted in (a). (c)
ates for 0 and 10 vol% ACN. Non-labeled peaks are ZHS formed on the
ratios of d-MnO2 to Zn1.67Mn1.33O4 from XRD data.
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active material. The majority identied species was
Zn1.67Mn1.33O4. Since Zn2+-intercalated MnOx structures are
less electrochemically reversible than simple (de-)intercalation
with d-MnO2 and present lower capacities due to incomplete
oxidation of all Mn-ions to Mn4+, this structure represents the
origin of capacity fade in the cells over time.

Fig. 4d shows the relative amounts of these two phases versus
ACN concentration. d-MnO2 content in discharged cells
increases with ACN concentration, suggesting that acetonitrile
slows or partially suppresses the transformation to
Zn1.67Mn1.33O4 during cycling. This is likely due to reduced
water activity in ACN-containing electrolytes, which mitigates
conversion to spinel phases.

However, while more d-MnO2 is preserved at high ACN
concentrations, the phase reversibility between charge and
discharge decreases with increasing ACN concentration. At low
ACN levels (0.5–2 vol%), the d-MnO2/Zn1.67Mn1.33O4 ratio
increases in the charged state, suggesting improved phase
reversibility. This may be due to a favourable balance between
suppressed conversion reactions and retained Zn2+ mobility.
Interestingly, at 0% ACN, the trend is reversed: more d-MnO2 is
observed in the discharged state, which indicates some degree
of reversibility, but along a different pathway.

At higher ACN levels (10–18 vol%), despite higher overall d-
MnO2 content, the d-MnO2/Zn1.67Mn1.33O4 ratio is less depen-
dent on the charged or discharged state, indicating lower
reversibility. This could result from hindered Zn2+ de-insertion
or sluggish redox kinetics due to decreased water content and
altered solvation environment. Additionally, at high ACN
concentrations, the electrolyte may undergo nanoscale phase
separation or ACN clustering, leading to local inhomogeneities.
As a result, d-MnO2 formed during cycling could be embedded
within inactive domains, reducing the apparent phase
reversibility.

Supporting this interpretation, conductivity measurements
(Fig. S8†) show a modest increase in ionic conductivity at
0.5 vol% ACN, suggesting enhanced Zn2+ mobility at low ACN
concentrations. This aligns with the improved phase revers-
ibility observed at 0.5–2 vol% ACN, where the phase reversibility
of d-MnO2 and Zn1.67Mn1.33O4 is increased.

Importantly, across all ACN concentrations, the dominant
phase observed remains Zn1.67Mn1.33O4, with only small frac-
tions of d-MnO2 detected, concluding that irreversible conver-
sion and Mn2+-driven reprecipitation still dictate the long-term
cathode chemistry. Thus, while ACN modulates the phase
evolution, it does not eliminate the primary degradation
mechanism.

Given that ACN does not prevent MnO2 degradation,
its effect on shorter-term battery energy efficiency was
investigated next. Zn‖MnO2 full cells were cycled at currents of
0.1–2.0 A gMnO2

−1 (Fig. 5a), and their capacity retention was
quantied in Fig. 5b. Cells with no ACN show greater capacity
than those with ACN, but the trend between ACN concentration
and capacity is not linear. Cells with 0.5 and 10 vol% ACN show
capacities close to purely aqueous electrolytes, while 18 vol%
ACN is signicantly hindered. (Multiple cells with 2 vol% ACN
showed lower-than-expected capacities, possibly due to cathode
17736 | J. Mater. Chem. A, 2025, 13, 17730–17739
wetting or delamination issues under these rate tests.) All cells
showed signicant decreases in accessible capacity with
increased current density, but this was mostly reversible (<10%
decrease) when returning to lower currents.

Overvoltages in the cells also vary with [ACN], which impacts
the energy efficiency (EE) of the battery, i.e., total discharge vs.
total charge energy. Fig. 5c compares energy efficiency vs.
effective C-rate for 0–18 vol% ACN. No cell achieves above 87%
EE, with continuous drops with increasing current density. As
with discharge capacity, 0 vol% ACN performs the best, and EE
drops with increasing [ACN].

To understand the origin of energy efficiency losses apart
from capacity, differential capacity curves were analyzed at 0.1 A
gMnO2

−1. Fig. 5d shows two distinct peaks on charge (O1 & O2)
and discharge (R2 & R1). The potentials of these peaks are
quantied in Fig. S9,† and the voltage hysteresis (i.e., over-
voltage determined by the difference between peaks) is shown
in Fig. 5e. Cells with 0 vol% ACN have the lowest overvoltages
for both O1–R1 and O2–R2 processes, and these only increase
with increasing [ACN], in line with EE trends. Voltage increases
with ACN concentration are much higher than those seen with
anodes alone, implying that most of the overpotential comes
from the MnO2 cathode and higher [ACN] negatively impacts
the cathode more. To isolate this ACN effect, growth and
stripping overpotentials at each [ACN] were estimated from the
data in Fig. 1 and subtracted from the nominal data to yield an
effective cathode overpotential (red points in Fig. 5e). Interest-
ingly, there is a steep climb in overvoltage with low ACN
concentration, but a plateau is formed at high ACN amounts.
This points to an interface-dominated mechanism like
adsorption at the cathode, but there is no overpotential benet
in the case of MnO2 compared to Zn plating and stripping.

Finally, it is important to simulate rest periods (calendar
aging) that a practical battery would experience.37,49 Fig. 5f
shows a simple charge–discharge protocol with 12 h open
circuit hold implemented aer every h charge cycle, followed
by a discharge step. This protocol was repeated ten times
following the C-rate tests in Fig. 5b. The energy delivered aer
extended rest is dependent on two factors: voltage and capacity.
Fig. 5g tracks the open circuit voltage (OCV) of the cells
following the 12 h hold steps. Despite having higher initial
OCVs, cells with 0, 0.5, and 18 vol% ACN show faster decline as
the cell ages (∼150 mV drop over 50 cycles), while 2 and 10 vol%
ACN show minimal losses over the same time (<50 mV). This
trend is mostly replicated in the discharge capacity fade over
time, shown in Fig. 5h. Over 50 cycles, the purely aqueous
electrolyte shows the highest total capacity fade (over 100 mA h
gMnO2

−1), and adding ACN lowers this loss with a local
minimum at 10 vol% ACN. Aer normalizing capacity fade to
initial capacities, this trend still holds, although there are only
marginal differences from 0–10 vol% ACN (39–47% capacity
loss). Surprisingly, 18 vol% ACN showed signicant capacity
losses over 50%. In agreement with Fig. 4, this shows that ACN
does not prevent metal dissolution even at the highest possible
concentrations and points to another avenue of electrolyte
design to prevent cathode dissolution, in addition to common
approaches like purposeful addition of Mn salts.11,12 This
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Example voltage profiles of a Zn‖MnO2 full cell (0% ACN) at different current densities. (b) Discharge capacities from 0.1 to 2.0 A
gMnO2

−1 for representative cells. Cathode loadings were around 5 mgMnO2
cm−2, corresponding to areal current densities ranging from 0.5–10

mA cm−2. (c) Energy efficiency as a function of current density and effective C-rate. (d) Differential capacity curves based of representative cells
at 0.1 A gMnO2

−1. (e) Voltage hysteresis of the O1–R1 and O2–R2 dQ/dV peaks as a function of ACN content. Overvoltage contributions from the
Zn anode were subtracted based on estimates from the data in Fig. 1 for a given [ACN] and corrected for the lower current densities used here. (f)
Example voltage profiles showing charge–discharge cycles with a 12 h open circuit rest period after every fifth charge cycle at 0.1 A gMnO2

−1. (g)
Open circuit voltage at the end of the rest period over 50 cycles (10 total rest periods). (h) Nominal and relative decreases in the discharge
capacity from the first cycle to the final discharge after the tenth rest period as a function of ACN content.
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demonstrates the intricate nature of antisolvent behavior on all
parts of the battery and that the cathode (which determines the
energy density of the battery much more than the Zn anode in
practical systems) should not be neglected in favor of opti-
mizing Zn metal plating.
4. Conclusions

In conclusion, we have demonstrated that an antisolvent addi-
tive, acetonitrile, produces highly variable effects on different
This journal is © The Royal Society of Chemistry 2025
interfaces in Zn–MnO2 batteries with ZnSO4 electrolytes. Low
[ACN] (0.5–2 vol%) have the lowest nucleation, growth, and
stripping overpotentials at the Zn anode before higher ACN
concentration increases them. Stripping overpotentials are
consistently lower than growth overpotentials, an effect exac-
erbated by the antisolvent due to local concentration gradients
during stripping vs. plating. This affects the morphology of
plated zinc, with noticeably denser Zn deposits for low ACN
amounts compared to the aqueous baseline. The long-term
coulombic efficiency of the Zn anode is relatively insensitive
J. Mater. Chem. A, 2025, 13, 17730–17739 | 17737
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to ACN concentration. This implies that despite signicantly
different ZHS morphologies and coverage, dead Zn formation
and not corrosion is the primary cause of capacity loss at the
anode. XRD shows that ZHS, much like Zn metal, is not a static
byproduct from Zn corrosion. The amount and structure of ZHS
varies signicantly over time in Zn‖Cu half cells, with anti-
solvent concentration and chemistry, and whether the electrode
was plated or stripped. At the cathode, despite some preserva-
tion of d-MnO2 at higher ACN concentrations, phase revers-
ibility is highest at low ACN levels (0.5–2 vol%), suggesting
a balance between suppressed conversion and retained Zn2+

mobility. However, irreversible formation of Zn1.67Mn1.33O4

remains the dominant cathode degradation pathway. In full cell
testing, the improvements on the anode with ACN are insig-
nicant compared to the cathode degradation, concluding that
the cathode is the limiting electrode in full cell performance.
Overvoltages increase non-linearly with ACN content, while
resting voltage drop and capacity fade are minimized at 10 vol%
but surprisingly maximized at 18 vol% ACN. While the funda-
mental physicochemical reasons behind these trends are
unknown, this work highlights the need for careful analysis of
additive effects on anodes, cathodes, and interfacial byproducts
over cell lifetime. One antisolvent alone is unlikely to improve
every aspect of battery performance, so future works should
explore the interface effects of multi-component electrolytes
with complementary additives.
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