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Aqueous eutectic electrolytes suppress 
oxygen and hydrogen evolution for long-life 
Zn||MnO2 dual-electrode-free batteries
 

Jinghan Li1,4, Chang Li    1,4  , Bo Liu    2, Yuzhang Li    2, Oleg Borodin    3 & 
Linda F. Nazar    1 

Aqueous Zn2+/Zn||MnO2/Mn2+ batteries—operating via electrodeposition/
dissolution—offer promising high-voltage, high-capacity grid-storage 
capabilities but require acidic conditions for MnO2/Mn2+ conversion, and 
these induce problematic zinc corrosion. Here we present a global approach 
that identifies deep eutectic aqueous–organic electrolytes that strategically 
disrupt water’s hydrogen-bonding network, simultaneously enhancing 
MnO2 reversibility at the cathode while enabling stable zinc cycling at the 
anode without water decomposition. Such non-flammable electrolytes 
regulate the cation solvation structure and phase of the deposited MnO2 and 
its morphology, promoting layered structures with enhanced ion-transport 
pathways that significantly improve stripping efficiency. These deep 
eutectics increase the oxygen evolution overpotential well above the MnO2 
deposition potential, which completely suppresses unwanted O2 evolution. 
Moreover, they alter the local environment at the cathode interface to create 
localized interfacial pH gradients that influence critical processes, including 
optimizing proton transport and MnO2 stripping. Our Zn2+/Zn||MnO2/Mn2+  
dual-electrode-free battery achieves high Coulombic efficiency for 
extended cycling (>5,000 cycles) without external acid addition, advancing 
high-energy-density zinc–manganese battery development through 
rational electrolyte design.

Aqueous zinc-ion batteries have emerged as a cost-effective and 
safe energy storage technology for large-scale applications due to 
the zinc anode’s high volumetric capacity (5,855 mAh cm−3), aqueous 
electrolyte compatibility and abundance (52–83 ppm in the Earth’s 
crust)1–4. However, intercalation-type aqueous zinc-ion batteries with 
conventional oxide cathodes (for example, MnO2 (refs. 5,6) and V2O5 
(refs. 7–9)) face challenges including sluggish Zn2+ diffusion in the 
oxide10, competition between Zn2+ and proton intercalation11,12, cath-
ode dissolution13,14 and structural transformation15,16. Recent research 
has focused on the Zn2+/Zn||MnO2/Mn2+ battery, the cathode of which 
undergoes an MnO2 electrodeposition/dissolution mechanism with 

two-electron transfer (equation (1)), balanced by zinc plating/stripping 
at the anode (equation (2)):

Cathode ∶ Mn2+(aq.) + 2H2O ↔ MnO2(s) + 2e− + 4H+ (1)

Anode ∶ Zn2+(aq.) + 2e− ↔ Zn(s) (2)

Such electrodissolution mechanism offers higher discharge volt-
age (2 V versus Zn2+/Zn) and theoretical capacity (616 mAh g−1) than 
oxide-intercalation analogues17–22.
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examined different weight percentages of organic solvents: 0SL–
90SL, 20DMSO–70DMSO and 20SN–90SN, representing percent-
ages of SL, DMSO and SN, respectively. These solvents were selected 
for their electron-donating (measured by their donor number) and 
hydrogen-accepting properties, which affect their interaction with the 
cations and water’s hydrogen-bond network, respectively. The donor 
number of DMSO (29.8) is twice that of SL (14.8) or SN (15), while both 
DMSO and SL are strong hydrogen-bonding acceptors (HBAs) versus 
the weak HBA ability of SN38. This makes it possible to correlate these 
characteristics governing cation solvation and hydrogen-bond forma-
tion in the eutectic solvents with electrochemical behaviour.

Differential scanning calorimetry (DSC; Supplementary Fig. 1) 
identified 70SL, 70DMSO and 90SN as eutectic compositions with the 
lowest melting points. Using SL as a representative, increasing the SL/
water ratio led to significant electrolyte structural changes. Fourier 
transform infrared (FTIR) spectroscopy (Supplementary Fig. 2) shows 
the water O–H stretching band initially blue-shifted from 0SL to 70SL 
then red-shifted in 90SL, indicating a phase transition at 70SL where 
water’s hydrogen bonding is most disrupted41,52. This is consistent with 
DSC results (Supplementary Fig. 1a), showing continuous melting point 
decrease from 0SL to 70SL, followed by an increase at 90SL.

These structural changes directly influenced the electrochemical 
performance of dual-electrode-free Zn2+/Zn||MnO2/Mn2+ cells with cop-
per and graphite felt as the current collectors for anode and cathode, 
respectively. Following initial screening (Supplementary Figs. 3–5), 
70SL, 70DMSO and 70SN (with widely differing HBA characteristics) 
were selected and compared to a benchmark ‘baseline’ electrolyte (BE), 
1 M ZnSO4 + 1 M MnSO4 (refs. 26,37,53). Figure 2a shows the full cell 
charged at 2.3 V for 0.5 mAh cm−2 and galvanostatically discharged at 
5 mA cm−2 to 1 V. The hybrid electrolytes demonstrated high discharge 
capacities with ∼90% CE for the second cycle, whereas the BE cell 
showed a lower CE of 78%. 70DMSO demonstrated the longest cycling 
lifetime by far, with an 90% average CE and 80% capacity retention 
after 3,500 cycles (Fig. 2b), while 70SL achieved the highest average 
CE of 97%, retaining 80% of its capacity after 800 cycles. In contrast, 
70SN (weakest HBA) experienced continuous capacity decay over 250 
cycles, while the BE cell failed after 60 cycles with a maximum CE of 87%. 
At a higher areal capacity (2 mAh cm−2, Fig. 2c,d), 70DMSO exhibited 
a lower CE of 77% despite its longer cycling lifetime. 70SL achieved 
a higher average CE of 95%, retaining 85% capacity after 250 cycles, 
while the BE showed <68% CE with a significantly limited cycle life. 
The lower CE in 70DMSO is due to slight oxidation of DMSO to DMSO2 
during charging at high potential (Supplementary Fig. 6). The lower 
discharge voltage is attributed to 70DMSO’s higher viscosity causing 
larger voltage polarization (Supplementary Fig. 7).

Recognizing the complementary advantages of SL and DMSO—
the higher CE of SL and the superior cycling stability of DMSO—we 
developed a ternary-solvent electrolyte containing H2O:DMSO:SL 
(3:3:4, wt%). This optimized SL/DMSO electrolyte successfully 
extends the cycling lifetime beyond either individual system, achiev-
ing 95% average CE at 0.5 mAh cm−2 with 90% capacity retention 
after 5,000 cycles (Fig. 2e). SL/DMSO also improved performance 
at 2 mAh cm−2, maintaining 90% CE for 300 cycles (Fig. 2f) and yield-
ing an energy density of 167 Wh kg−1 (Supplementary Table 1). The 
cell was also cycled at a more moderate discharge rate of 1 C (cur-
rent density, 1 mA cm−2) at a capacity of 1 mAh cm−2, maintaining 
90% CE after 200 cycles (Supplementary Fig. 8). Furthermore, the 
eutectic electrolytes enable extended operating temperature ranges 
(Supplementary Fig. 9). At -15 °C, SL/DMSO cell achieved over 600 
cycles with 97% CE at 0.5 mAh cm−2 and 200 cycles with 2 mAh cm−2, 
demonstrating the unique properties of eutectic systems below 0 °C.

Cathode characterization of the charged product
To understand factors underlying these different electrochemical sig-
natures, we performed X-ray diffraction (XRD) analysis to investigate 

Traditional approaches achieve MnO2 dissolution on discharge 
by adding strong acids (equation (1), going to the left)23–25. Chao et al.26 
demonstrated highly reversible deposition/dissolution in 1 M ZnSO4 + 1 M 
MnSO4 + 0.1 M H2SO4 electrolyte, achieving 2 V discharge. Similarly, sulfu-
ric acid-based electrolytes enabled MnO2/Mn2+ conversion with hydrogen 
and other metal anodes, achieving high energy and power densities27–29. 
A weak Brønsted acid (acetic acid) was used to form a buffered solution 
that assists the proton-coupled electron transfer reaction30,31. However, 
the introduction of acid causes severe zinc anode corrosion, limiting 
long-term performance. Although decoupled batteries with ion-selective 
membranes prevent corrosion and allow full MnO2 utilization, their appli-
cation is limited by the costly, complex set-up required32,33.

Recent studies have therefore explored systems without exter-
nally added acids, utilizing substrate and electrolyte engineering. Dai 
et al.34 developed a multivalent manganese oxide cathode, delivering 
a 2-V discharge voltage plateau in 2 M ZnSO4 + 0.5 M MnSO4. However, 
the plateau was limited to low current densities with Zn2+/H+ interca-
lation at lower voltages. Anion and cation chemistry was explored 
to optimize ion association properties, suppress side reactions and 
enhance MnO2/Mn2+ redox kinetics35,36. Li et al.37 modified a conven-
tional electrolyte (1 M ZnSO4 + 1 M MnSO4) with 0.1 mM surfactant, 
depositing layered δ-MnO2 and achieving high stripping efficiency in 
their dual-electrode-free battery. Despite this exciting progress, the 
oxygen evolution reaction (OER; equation (3)) at 2.3 V versus Zn2+/Zn 
and resultant electrolyte depletion remain concerns.

OER ∶ H2O(aq.) →
1
2
O2(g) + 2H+ + 2e− (3)

Additionally, protons generated during MnO2 deposition or 
the OER (Fig. 1a and equations (1) and (3)) can migrate to the anode, 
corroding zinc.

Mixing H2O with certain non-aqueous solvents results in eutectic 
solutions that disrupt water hydrogen bonding38, expanding the stabil-
ity window of electrolytes and improving zinc reversibility39,40. We and 
others reported that sulfolane (SL) reduces water activity, enabling 
efficient zinc stripping/plating with long-term stability41,42. Other 
high-donor-number solvents (for example, succinonitrile (SN)43, ethyl-
ene glycol44, dimethylsulfoxide (DMSO)45 and acetamide46) modify Zn2+ 
solvates and form hydrogen bonds with water. Despite their promise 
for controlling water activity47, cosolvent approaches for metal oxide 
electrodeposition/stripping at cathodes have not been fully explored, 
leaving vast, tunable composition ranges with substantial potential.

Here we report a universal strategy whereby eutectic electrolytes 
stabilize Zn2+/Zn||MnO2/Mn2+ cells without external acids. We find 
that DMSO/water, SL/water and, in particular, mixed SL/DMSO/water 
systems establish MnO2 phase regulation, and exhibit excellent anodic 
stability and localized pH control. Holistically, these factors signifi-
cantly enhance MnO2/Mn2+ reversibility (Fig. 1b). The hybrid electro-
lytes regulate cation solvation and promote layered δ-MnO2 formation 
with expanded interlayer spacing that enables fast proton diffusion, 
contrasting with typical dense tunnelled structures deposited from 
conventional aqueous electrolytes48–51. The organic components alter 
interfacial chemistry by interrupting proton transfer pathways and 
confining in situ-generated protons near the cathode42, while simul-
taneously suppressing the oxygen and hydrogen evolution reactions 
(OER and HER). Consequently, dual-electrode-free Zn2+/Zn||MnO2/Mn2+ 
batteries with a hybrid electrolyte deliver average coulombic efficiency 
(CE) >95% and achieve 90% capacity retention after 5,000 cycles at a 
viable capacity, demonstrating potential for low-cost, scalable energy 
storage applications.

The electrochemical performance of Zn2+/
Zn||MnO2/Mn2+ cells in hybrid electrolytes
The hybrid electrolytes comprise 1 M Zn(OTf)2 + 0.5 M MnCl2 dis-
solved in different organic/water cosolvent deep eutectics. We 
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the nature of the MnO2 deposits (Fig. 3a). Despite broad and overlapping 
reflections, our results show that electrolyte composition regulates 
MnO2 deposition phases. In 70SL, birnessite (δ-MnO2)—identified by its 
unique low-angle interlayer spacing of 7.2 Å—coexists with ε-MnO2 but 
is more prominent in 70DMSO and SL/DMSO. In the BE, however, only 
conventional ‘electrolytic’ ε-MnO2 was identified, whereas δ-MnO2 is 
absent, consistent with literature findings18,19,37. The same was observed 
for 70SN. This correlates with the enhanced cycling lifetimes in DMSO 
and SL, whereas 70SN exhibits poor reversibility despite its eutectic 
nature, as discussed later. Cryogenic electron microscopy (cryo-EM; 
Fig. 3b) confirmed these phases, showing the (100) plane of ε-MnO2 
in the BE with a 2.4-Å interplanar spacing and a larger 7.3-Å spacing in 
70DMSO and SL/DMSO, corresponding to the (002) plane of δ-MnO2. 
Due to the thick compact MnO2 layers in 70SL (Supplementary Fig. 10) 
and its mixed-phase nature, we only identified the lattice fringes of 
ε-MnO2 in direct transmission electron microscopy (TEM) imaging. 
However, the selected-area electron diffraction pattern of MnO2 depos-
ited in 70SL displays concentric rings indexed to the (006), (201), 

(331) and (119) planes of δ-MnO2—matching the pattern observed in 
70DMSO—while the BE shows a distinctly different pattern with lattice 
spacings indexed to the (100), (002), (101) and (102) planes of ε-MnO2. 
Scanning TEM energy-dispersive X-ray spectroscopy (STEM-EDS) map-
ping reveals uniform manganese and oxygen distribution in all depos-
its. Notably, no zinc signal was detected in δ-MnO2, suggesting H3O+ 
may occupy the interlayer spaces (given the absence of other cations 
in the electrolyte)54, effectively promoting proton diffusion kinetics 
in the layer. Similar phase regulation has been reported in aqueous 
electrolytes containing surfactant additives37, suggesting the crucial 
role of electrolyte additives and the interfacial chemistry in dictat-
ing MnO2 crystallization. TEM surveys from various sample regions 
(Supplementary Figs. 11–14) and high-resolution TEM statistics for 
MnO2 phase analysis in different electrolytes, collected over 50 inde-
pendent lattice spacing measurements per electrolyte importantly 
confirm the nature of these phases (Supplementary Fig. 15).

Notable morphological differences were observed in different 
electrolytes. TEM images (Fig. 3b) reveal flower-like structures in the 
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BE, whereas hybrid electrolytes exhibit a more uniform mesh-like struc-
ture. SEM images (Fig. 4) show that MnO2 nucleates into spheres in the 
BE, while thin fibres form a more uniform, porous layer in hybrid elec-
trolytes, consistent with that previously observed for δ-MnO2 (ref. 55). 
Moreover, additional cracks and grooves observed in 70DMSO and SL/
DMSO deposits create high-surface-area structures that provide addi-
tional proton transport pathways, abundant reaction sites and faster 
insertion kinetics, thus accounting for the improved reversibility and 
enhanced MnO2 dissolution. Furthermore, MnO2 in DMSO-containing 
electrolytes exhibits decreased crystallinity (Supplementary Fig. 16), 
characteristic of highly defective birnessite, while long-range crystallin-
ity was evident in the other two electrolytes. These structural variations 
significantly influence electrochemical performance56. We expect that 
layered δ-MnO2 deposited in the hybrid electrolytes will facilitate more 
efficient proton diffusion than tunnelled ε-MnO2 (refs. 48–50,57) and 
offer slightly higher electronic conductivity (4 mS m−1 versus 2 mS m−1 

for ε-MnO2)58, thereby improving MnO2 reduction kinetics during 
discharge. The defect-ridden birnessite in DMSO also reduces adhe-
sion to the carbon fibre substrate, preventing rigid thick deposits and 
limiting residual MnO2 accumulation35, thereby improving cyclability 
and extending battery lifetime59. The ternary electrolyte successfully 
preserves DMSO’s phase and morphology selectivity, forming widely 
accessible δ-MnO2 while maintaining the stability of SL—creating a 
synergistic effect that enables both optimal phase formation and 
extended cycling.

Cationic solvation structure: influence on  
MnO2 deposition
Zn2+ and Mn2+ solvation structures play crucial roles during charge in 
regulating deposition as revealed by Raman spectroscopy, density 
functional theory (DFT) and molecular dynamics (MD) simulations. 
Raman spectra (Fig. 5a) reveal a contact ion pair peak (Zn−O=S) in 
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crystalline Zn(OTf)2 at 1,034 cm−1 (ref. 60), while in organic electrolytes 
the OTf− δs(CF3) and νs(SO3) bands at 750–755 cm−1 and 1,024–1,034 cm−1 
were assigned to the solvent-separated ion pairs61. When dissolved in 
water (Zn(OTf)2/H2O), Zn2+(H2O)6 formation causes anion peaks to 
red-shift with positions consistent with solvent-separated ion pair 
assignments62,63. Adding SL (Zn(OTf)2/70SL) does not significantly 
change their positions. Similarly, SL peaks remain unchanged upon 
salt addition, suggesting minimal SL solvation with cations in the 
dual-cation electrolyte. The cation solvation structures are predomi-
nantly formed by anions and water, as established in our previous 
Zn(OTf)2–SL–water study41.

However, 70DMSO exhibits different solvation (Fig. 5b). 
The S=O stretching mode of DMSO around 1,040 cm−1 continues 
red-shifting from the single- to the dual-salt system, indicating 

increased DMSO participation in cation solvation. Analysis of the 
water –OH stretching region supports this (Fig. 5c). In 70SL solvent, 
the 3,525 cm−1 peak red-shifted to lower frequencies with individual 
salt, confirming water participates in Zn2+ and Mn2+ solvation shells41. 
The peaks then return to 3,517 cm−1 with both salts present, reflect-
ing collaborative component interactions. In 70DMSO, the –OH 
stretching peak shifts minimally from pure solvent (3,425 cm−1) to 
MnCl2/70DMSO (3,421 cm−1), contrasting with substantial shifts 
observed in 70SL and indicating limited water–Mn2+ interaction. 
Addition of Zn(OTf)2 to MnCl2/70DMSO induces a more significant 
blue-shift, suggesting progressive water exclusion from cation 
coordination64. Notably, 1 M Zn(OTf)2 does not dissolve in 70DMSO 
solvent, further suggesting unique preferential solvation in the 
dual-salt DMSO system. This is further supported by Raman spectra 
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in the –OH stretching region for SL/DMSO (Supplementary Fig. 17) 
where the water peak shifts significantly upon Zn(OTf )2 addition 
but remains unchanged with MnCl2.

Near-complete dissociation of Mn2+ and Zn2+ from OTf− observed 
in MD simulations of the SL/DMSO/H2O–Zn(OTf)2–MnCl2 electro-
lyte supports Raman measurements. Radial distribution function 
(RDF) analysis (Fig. 5d,e) demonstrates that DMSO participates in 
Mn2+ and Zn2+ solvation by displacing water, while SL rarely binds 
to these cations: the first peak RDF magnitudes follow the order: 
Mn–O(DMSO) > Mn–Ow(H2O) > Mn–Cl > Mn–O(SL) > Mn–O(OTf ) 
and Zn–Cl > Zn–O(DMSO) > Zn–Ow > Zn–O(SL) > Zn–O(OTf), where 
w denotes water. Moreover, MD simulations at 363 K found that 
the residence time of O(DMSO) around Mn2+ is five times longer 
than that of Mn2+–Ow and O(SL), indicating significantly slower 
exchange dynamics of DMSO compared with water and SL in the 
Mn2+ solvation shell. This unique DMSO-participating Mn2+ solva-
tion structure induces a higher desolvation barrier during MnO2 
deposition, potentially resulting in poorly crystalline layered 
MnO2 deposits in DMSO-containing electrolytes that subsequently 
facilitates dissolution during discharge as discussed above. DFT 
cluster-continuum calculations of Mn2+ and Zn2+ solvates in implicit 
solvent and MD simulations are discussed in Supplementary Note 1 
and Supplementary Tables 3 and 4. Interestingly, DFT calculations 
predict stronger Zn–Cl− ion pairing than Mn–Cl− in aqueous envi-
ronments, and MD simulations show significant Zn2+–Cl− affinity 

resulting in 0.8 Cl− per Zn2+ on average, while much weaker Mn2+–Cl− 
coordination yields only 0.2 Cl− per Mn2+.

Hydrogen-bonding characterization (Fig. 5f) shows significantly 
stronger DMSO–H2O binding energy (∼40 kJ mol−1) than H2O–H2O 
(∼20 kJ mol−1) and SL–H2O (∼33 kJ mol−1) (Supplementary Fig. 18), 
resulting in a more pronounced DMSO–H2O RDF peak compared 
with the H2O–H2O and H2O–O(SL) peaks, indicating DMSO’s superior 
ability to perturb water’s hydrogen-bonding network. This results in 
formation of interpenetrating water chains and channels shown as 
red isosurfaces in Fig. 5g that participate in solvation of both Cl− and 
OTf− anions and cations (Fig. 5h and Supplementary Figs. 19 and 20).

Enhanced MnO2 deposition/dissolution 
reversibility in hybrid electrolytes
X-ray photoelectron spectroscopy (XPS) and electrochemical imped-
ance spectroscopy (EIS) studies were conducted on cathodes to probe 
the cathode surface chemistry. XPS manganese 2p spectra (Fig. 6a–d) 
confirm MnO2 deposition on the first charge (1C) cycle in all electro-
lytes. After discharge (1D), almost complete MnO2 dissolution was 
observed in hybrid electrolytes, while residual MnO2 was detected in 
the BE. EIS analysis (Fig. 6e–h) revealed primarily diffusion-controlled 
reactions before cycling in all electrolytes due to the absence of redox 
active species on pristine graphite. However, after the tenth cycle in 
the BE, distinguishable semicircles appeared in the Nyquist plot and 
continued growing during cycling, indicating MnO2 accumulation. This 
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increases charge transfer resistance (RCT) at the cathode. In contrast, 
the smaller impedance increase in DMSO-containing electrolytes is 
attributed to surface electrolyte oxidation and formation of a pas-
sivation layer. No significant RCT was observed in 70SL, suggesting 

nearly complete MnO2 dissolution during each cycle, consistent with 
the high CE observed in the full cell (Fig. 2). SEM images further sup-
ported this, showing relatively clean carbon fibres after discharge in 
hybrid electrolytes (Fig. 6i–l and Supplementary Fig. 21), in contrast to 
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residual MnO2 layers in the BE. Such incomplete MnO2 dissolution in the 
BE is more pronounced at a higher areal capacity and after prolonged 
cycling (Supplementary Figs. 22 and 23 and Supplementary Table 2). 
The compact layer formed on the cathode surface in the BE exacer-
bates reaction irreversibility by impeding proton diffusion and charge 
transfer65,66, whereas the hybrid electrolytes minimize such residue 
accumulation, effectively mitigating capacity degradation.

Dynamic pH evolution induced by MnO2 
deposition/dissolution
To probe the mechanistic basis for why certain organic solvents 
improve electrochemical performance, we examined each com-
pound’s ability to disrupt water bonding and activity. While both SL 
and DMSO are strong HBAs and modify hydrogen-bond networks 
in zinc-based aqueous batteries, they do so through fundamentally 
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different mechanisms38. DMSO reconstructs hydrogen bonds by dis-
rupting water–water hydrogen bonds and forming new networks that 
block proton transport pathways45,67. SL, on the other hand, acts as a 
crowding agent, creating isolated water clusters that reduce water 
activity41,68. FTIR spectra (Supplementary Fig. 24) comparing 70SL and 
70DMSO to the pure aqueous electrolyte (1 M Zn(OTf)2 + 0.5 M MnCl2 
in water) reflect different mechanisms because the electrolytes disrupt 
water’s hydrogen-bond network differently. The –OH stretching mode 
significantly blue-shifted in 70SL while remaining relatively unchanged 
in 70DMSO, corresponding to hydrogen-bond network reconstruction 
in 70DMSO and a crowding phenomenon in 70SL. These mechanistic 
differences significantly impact important electrochemical processes 
such as proton transport and HER/OER side reactions.

We conducted operando pH measurements69 to monitor pH evo-
lution on the electrode surfaces. Electrochemical MnO2 deposition/
dissolution generates/consumes protons at the cathode/electrolyte 
interface (equation (1)), leading to significant interfacial and bulk pH 
fluctuations. During charge in all electrolytes (Fig. 7a–d), cathode pH 
decreased immediately and continued dropping gradually through-
out the process, indicating rapid and continuous proton generation 
during MnO2 deposition. During discharge, cathode pH increased as 
protons were consumed during MnO2 dissolution. Subsequent cycles 
exhibited similar trends.

The pH changes in all electrolytes followed similar patterns; how-
ever, the extent of decrease differed. At equilibrium after cycling, the 
cathode stabilized at pH 0.4 in 70SL, at pH 1.8 in 70DMSO and at pH 1.1 
in SL/DMSO, versus pH 2.4 in the BE. The consistently lower pH in 
hybrid electrolytes indicates a significantly higher proton concentra-
tion at the cathode which facilitates proton-coupled electron transfer 
and enhances MnO2 dissolution (equation (1)). Despite higher proton 
concentration at the cathode, the anode pH in 70DMSO remained 
close to neutral, while in 70SL and SL/DMSO it became mildly acidic. 
Differential electrochemical mass spectrometry (DEMS) analysis shows 
that anodes are relatively unaffected, as 70DMSO exhibits a reduced 
HER (equation (4)) in the hybrid electrolytes versus the BE, attributed 
to reduced H+ activity and solid–electrolyte interphase formation in 
the eutectic electrolytes (discussed below).

HER ∶ 2H+ + 2e− → H2(g) (4)

These findings highlight the role of the hybrid electrolytes in 
maintaining favourable pH conditions that support enhanced 
electrochemical performance.

Beyond pH regulation, the hybrid electrolytes exhibited a sur-
prisingly enhanced electrochemical stability window. Linear sweep 
voltammetry (LSV; Fig. 7e) shows a higher OER onset potential of 2.9 V 
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in DMSO-containing electrolytes and 2.5 V in 70SL versus 2.1 V in the BE. 
The latter is below the 2.3-V charging voltage, indicating that the OER 
(equation (3)) occurs in the BE during cycling. The hybrid electrolytes 
also showed lower HER-onset potentials, effectively suppressing side 
reactions and enhancing anode stability, as detailed below.

DEMS measurements confirmed suppression of both the OER and 
HER in the eutectic electrolytes. Figure 7f shows continuous hydro-
gen evolution throughout cycling in the BE, whereas only a minimal 
amount was detected in 70SL, and 70DMSO suppresses HER completely. 

Additionally, the charging process in the BE is accompanied by signifi-
cant oxygen evolution, producing 15 nmol during the first cycle. In con-
trast, almost no oxygen evolved in 70SL and 70DMSO. Oxygen evolution 
was further quantified at different charging potentials (Fig. 7g). The BE 
cell initiated oxygen loss at 2.1 V, whereas in 70SL, OER occurred above 
2.6 V and no oxygen was detected in 70DMSO up to 2.7 V, consistent 
with the LSV results. Interestingly, at voltages above 2.9 V, CO2 starts 
to evolve in 70DMSO instead of O2, probably due to carbon substrate 
corrosion (Supplementary Fig. 25).
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The results show that the hybrid electrolytes remarkably increase 
OER overpotential by 0.8 V, demonstrating their capability to suppress 
electrolyte oxidation at high charging potentials. The lower degree 
of electrolyte decomposition prevents depletion, maintaining stable 
charging currents (Supplementary Fig. 26), and contributing to pro-
longed cycling in the hybrid systems. Notably, gas evolution during 
charge affects cathode surface morphology by interrupting contact 
between MnO2 and the substrate, leading to active material detachment 
and subsequent capacity deterioration70. SEM images reveal irregular, 
patchy oxide deposition in the BE, contrasting with homogeneous, flat 
layers in 70SL (Supplementary Fig. 27). By suppressing gas evolution 
and providing optimal deposition conditions, the hybrid electrolytes 
improve both morphology and electrochemical performance.

Anode performance in the hybrid electrolyte
The compatibility of the hybrid electrolyte with a zinc anode was evalu-
ated in the optimal SL/DMSO system that exhibits significant advan-
tages over the BE. Ex situ XRD (Fig. 8a) of zinc deposition in a full cell 
with SL/DMSO reveals a highly textured (002)-dominated surface after 
five plating/stripping cycles. The I(002)/I(100) intensity ratio reaches 11 
in SL/DMSO, ten-fold higher than 1.1 in the BE. SEM images (Fig. 8b,c) 
show that zinc electrodeposits predominantly as flat hexagonal plates. 
The morphology of zinc deposits greatly influences cycling71 and a 
(002)-dominant surface is favourable for suppressing the HER and 
dendrite growth72,73, whereas in the BE, the zinc exhibits randomly 
oriented deposits with porous structures. The asymmetric Zn||Cu cell 
in SL/DMSO cycled over 400 h at a high areal capacity of 4 mAh cm−2 
and a current density of 2 mA cm−2, exhibiting 99.6% average CE over 
100 cycles (Fig. 8d,e). In comparison, the BE experienced increased 
polarization and shorted after 300 h due to soft shorts and detached 
‘dead Zn’74. In contrast to the fluctuating zinc plating/stripping profiles 
in the BE (Fig. 8f), steady and consistent profiles in SL/DMSO were 
observed throughout (Fig. 8g). Additionally, the electrolyte benefits 
from suppressed HER and reduced layered double hydroxide formation 
(Supplementary Fig. 28)75. XPS studies at the anode surface (Fig. 8h–j and 
Supplementary Fig. 29) reveal a ZnS, ZnF2-rich solid–electrolyte inter-
phase formed in hybrid electrolytes that helps suppress the HER76–78,  
whereas only zinc sulfate layered double hydroxide was formed in the 
BE. The galvanostatic cycling performance of Zn||Cu cells in different 
dual-solvent eutectic electrolytes is shown in Supplementary Figs. 30 
and 31.

Conclusions
Eutectic hybrid aqueous–organic electrolytes enable highly reversible 
MnO2 electrodeposition/dissolution without external acid addition. 
Our holistic investigation demonstrates that deep eutectic electrolytes 
with strong water hydrogen-bond network regulation—such as DMSO/
water and SL/water—facilitate remarkably efficient MnO2/Mn2+ electro-
chemistry at the cathode, while simultaneously enabling optimal Zn2+/
Zn cycling (without any HER) at the anode. The ternary electrolyte dem-
onstrates a synergistic effect that preserves the stability of SL and phase 
selectivity in DMSO because it induces a unique DMSO-participating 
cation solvation structure. This promotes layered, poorly crystalline 
δ-MnO2 (birnessite) formation with expanded interplanar spacing due 
to a gallery of water molecules, in contrast to dense ε-MnO2 that lacks 
this open structure. In turn, this enhances proton mobility and water 
intrusion during cycling, enabling the rapid proton exchange necessary 
for efficient stripping. Notably, birnessite formation correlates with 
excellent cycling performance, similar to systems using surfactant 
additives37, although the subtleties that govern birnessite deposition 
in these different electrolyte configurations remain unclear. However, 
in contrast to strategies using a small fraction of additives, our system 
remarkably suppresses the detrimental OER with a 0.8 V extended 
overpotential up to >2.9 V versus Zn2+/Zn—well above MnO2 deposition 
potential. This is important for practical applications because oxygen 

gas release causes rapid electrolyte depletion, pressure build-up and 
safety hazards79.

Our optimized SL/DMSO ternary electrolyte achieves over 5,000 
cycles with 95% CE at viable capacity. Although this strategy effec-
tively addresses challenges for MnO2 stripping, further improvements 
will expand practical applications. This work demonstrates rational 
electrolyte engineering for dual-electrode-free Zn2+/Zn||MnO2/Mn2+ 
batteries and provides insights that could expedite development of 
high-energy-density, low-cost zinc-based energy storage systems.

Methods
Electrolyte preparation and cell assembly
For the BE, 2.876 g (10 mmol) ZnSO4·7H2O (≥99.5%, Sigma-Aldrich) and 
1.69 g (10 mmol) MnSO4·H2O (≥99.5%, Sigma-Aldrich) were dissolved 
in 10 g of Milli-Q water and stirred for 2 h. For 70SL, 7 g sulfolane (99%, 
Sigma-Aldrich) and 3 g Milli-Q water were mixed at 25 °C to form the 
70SL solvent. For 70DMSO and 70SN, 7 g DMSO (ACS reagent, ≥99.9%, 
Sigma-Aldrich) and SN (99%, Sigma-Aldrich) were used, respectively. 
For SL/DMSO, 4 g SL and 3 g DMSO were mixed with 3 g of water. The 
salts, 3.635 g (10 mmol) Zn(OTf)2 (98%, Sigma-Aldrich) and 0.99 g 
(5 mmol) MnCl2 (98.0–101.0%, BDH) were added to the solvents and 
stirred for 2 h. For the hybrid electrolytes, Zn(OTf)2 and MnCl2 were 
chosen for their high solubility compared to ZnSO4 and MnSO4. The 
concentration was optimized based on the galvanostatic cycling per-
formance of Zn||Cu cells.

Full Cu||GF cells were assembled in a custom cell with graphite felt 
as the cathode (diameter, 10 mm; thickness, 2 mm) and titanium foil as 
the current collector; copper foil was used as the anode current collec-
tor (diameter, 11 mm; thickness, 9 μm). The volume required for zinc 
deposition is 0.242 mm3 based on the capacity of 2 mAh cm−2, which is 
achievable in our cell design. The graphite felt provides a high surface 
area of 187 cm2 per electrode, calculated by the method previously 
reported80. For the full cell, 500 μl of electrolyte was used. Asymmetric 
Zn||Cu cells used copper foil (diameter, 11 mm) as the positive electrode 
and zinc foil (99.9%; Sigma-Aldrich; diameter, 10 mm; thickness, 250 
μm) as the negative electrode. The Zn||Cu cells were tested in Swagelok 
cells with 100 μl of electrolyte. Commercial glass fibre (Whatman; 
diameter, 12.7 mm) was used as the separator.

Electrochemical measurements
Galvanostatic cycling, LSV and EIS were carried out on a VMP3 poten-
tiostat/galvanostat station (Bio-Logic) at 25 °C. The scan rate for LSV 
was 1 mV s−1. EIS was conducted with a test voltage amplitude of 5 mV 
and a frequency range from 1 MHz to 100 mHz. Impedance measure-
ments were recorded after the cell was fully discharged and rested for 
10 min to reach equilibrium. For anodic LSV, graphite felt was used as 
the working electrode, titanium foil as the counter-electrode and zinc 
as the reference. Titanium foil was used as both positive and negative 
electrode for the cathodic scan. EIS was conducted with graphite felt 
as the working electrode, zinc as the counter-electrode and Ag/AgCl 
(3 M KCl, Sigma-Aldrich) as the reference electrode.

Characterization
High-resolution XRD measurements of the cathodes were performed 
at the European Synchrotron Radiation Facility on beamline ID31 (X-ray 
energy, ∼75 keV; λ = 0.165 Å). XRD patterns of the anode were acquired 
on a PANalytical Empyrean with copper Kα radiation. SEM images 
were obtained on a Zeiss FESEM 1530. The ionic conductivities of the 
electrolytes were evaluated using an Orion Star A325 pH/conductiv-
ity meter (Thermo) at 23 °C. The viscosities were measured using an 
automated viscometer (RheoSense) at the same temperature. FTIR 
spectroscopy was carried out on a Bruker Tensor 27 system. Raman 
spectroscopy was conducted on an Oxford WITec instrument with an 
excitation wavelength of 532 nm. XPS spectra was obtained on a VGS 
ESCALab 250 Imaging ESCA instrument, and the data were fitted by 
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CasaXPS software, where the carbon 1s peak of 284.8 eV was used to 
calibrate the binding energies. Gaussian–Lorentzian functions and a 
Shirley background were used for spectral fitting. The DEMS experi-
ment was conducted on a SpectroInlets EC-MS premium instrument to 
monitor gas evolution in situ. Headspace gas chromatography–mass 
spectrometry analysis of electrolytes after cycling was conducted on 
a Varian CP-3800 with a flame ionization detector. The electrolyte was 
heated to 100 °C and the volatile species were examined. Operando 
pH measurement was performed in a three-electrode Swagelok cell 
adapted from a previously reported cell design69, in which a flat Xylem 
Blueline 27 pH electrode is attached to the electrodes to monitor the 
pH in situ at the electrode surface. The copper anode was perforated 
prior to measurement to improve contact between the electrolyte 
and the pH meter.

Cryo-EM sample preparation and imaging
The batteries were disassembled, and the cathodes were rinsed three 
times by dropping 100 ml of deionized water onto their surfaces to 
remove residual salts. Immediately after rinsing, the cathodes were 
gently scraped with a clean, fine-tipped tweezer to transfer the nano-
materials onto TEM grids, following a previous literature protocol81. 
The TEM grids were dried and then rapidly plunged into liquid nitrogen. 
The grids were loaded into a cryogenic grid box in a Dewar with liquid 
nitrogen for later imaging.

For imaging, each TEM grid was mounted onto a Gatan 626 TEM 
cryo-transfer holder with a built-in shutter and an attached liquid 
nitrogen Dewar using a cryo-transfer station. During insertion of 
the holder into the microscope column (∼1-s exposure), the shut-
ter remained closed to minimize exposure to ambient conditions 
and prevent ice condensation or loss of water from any hydrated 
phase (for example, birnessite) on the specimen, thereby preserv-
ing its native state. The attached Dewar ensured the specimen 
remained at a cryogenic temperature of around −178 °C through-
out imaging. All cryo-EM characterizations were conducted using 
an FEI Titan 80-300 scanning transmission electron microscope 
operated at 300 kV and equipped with an energy-dispersive X-ray 
spectroscopy detector.

DFT calculations and MD simulations
See Supplementary Note 1.

Data availability
All relevant data that support the findings of this study are presented 
in the Article and its Supplementary Information.
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