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ABSTRACT 

Aqueous Zn-ion batteries, which are being proposed as large scale energy storage solutions due to 

their unparalleled safety and cost advantage, are comprised of a positive host (cathode) material, 

a metallic zinc anode, and a mildly acidic aqueous electrolyte (pH ~ 3 – 7). Typically, the charge 

storage mechanism is believed to be reversible Zn2+ (de)intercalation in the cathode host, with the 

exception of α-MnO2, for which multiple vastly different and contradicting mechanisms have been 

proposed. However, our present study, combining electrochemical, operando X-ray diffraction 

(XRD), electron microscopy in conjunction with energy dispersive X-ray spectroscopy (EDX), 

and in situ pH evolution analyses on two oxide hosts - tunneled α-MnO2 and layered V3O7·H2O 

vis-à-vis two non-oxide hosts – layered VS2 and tunneled Zn3[Fe(CN)6]2, suggests that oxides and 

non-oxides follow two dissimilar charge storage mechanisms. While the oxides behave as 

dominant proton intercalation materials, the non-oxides undergo exclusive zinc intercalation. 

Stabilization of the H+ on the hydroxyl terminated oxide surface is revealed to facilitate the proton 
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intercalation by a preliminary molecular dynamics simulation study. Proton intercalation for both 

oxides leads to the precipitation of layered double hydroxide (LDH) - Zn4SO4(OH)6·5H2O with 

ZnSO4/H2O electrolyte and a triflate anion (CF3SO3
-) based LDH with Zn(SO3CF3)2/H2O 

electrolyte - on the electrode surface. The LDH precipitation buffers the pH of the electrolytes to 

a mildly acidic value, sustaining the proton intercalation to deliver large specific capacities for the 

oxides. Moreover, we also show that the stability of the LDH precipitate is crucial for the 

rechargeability of the oxide cathodes, revealing a critical link between the charge storage 

mechanism and the performance of the oxide hosts in aqueous zinc batteries. 

INTRODUCTION  

A future energy generation mix with a high share of intermittent renewables requires advancement 

in large-scale energy storage to balance demand and supply, while maintaining the reliability and 

power quality of the grid.1 Li-ion batteries (LIBs), with its high energy and power densities, seem 

like a good fit having an established foothold in the marketplace.2 Yet, the advantages that made 

them ubiquitous in portable applications do not necessarily hold for large-scale deployment, where 

cost, safety, and lifetime are more of a concern than energy and power densities.3 Aqueous 

rechargeable batteries, which utilize low-cost and safe water-based electrolytes and involve simple 

assembly conditions, offer promising alternatives.3,4,5 Among these candidates, Zn based systems 

are particularly attractive owing to zinc’s low-cost, abundance, environmental benignity, and high 

volumetric capacity of 5854 mAh cm-3.6,7 More importantly, a suitable redox potential (-0.76 V 

vs. the Standard Hydrogen Electrode (SHE)) and suppression of hydrogen evolution on zinc, 

endows aqueous zinc batteries (AZBs) a kinetic voltage window exceeding 2 V.7  

      Yet, high charge density of Zn2+ and consequent sluggish solid-state diffusion inside inorganic 

frameworks limit the choice of cathode (positive) host materials.8 So far reported hosts are 

primarily oxides – e.g., α-MnO2,
9 λ-MnO2,

10 Mg1.8Mn6O12,
11 V3O7·H2O,12 Zn0.25V2O5·nH2O,13 

LiV3O8,
14 Zn3V2O7(OH)2·2H2O,15 etc., beside only a few non-oxides like layered VS2

16 and 

prussian blue analogues - Zn3[Fe(CN)6]2
17 and KCuFe(CN)6.

18 All these materials are either layer 

or tunnel structured with wide ion diffusion paths, and generally nanostructured materials are 

employed to tackle the diffusion limitation.9-18 However, the nature of the electrochemical charge 

storage mechanism, which can influence the reversibility and long-term cyclability of these 

materials, is not unequivocally clear. Besides, the complexities that can arise due to the use of 
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aqueous electrolytes, specifically, proton co-intercalation19 and consequent side reactions,20,21 are 

rarely addressed. The formation of the layered double hydroxide (LDH) type insulating corrosion 

product - Zn4SO4(OH)6·nH2O, observed with some oxide host materials,13,15,19 have been linked 

to the pH increase of the electrolyte,22 but circumstances leading to its formation, and its influence 

on the reversible operation of the zinc batteries remain ambiguous.  

      Therefore, in this work, we attempt to elucidate the nature of electrochemical reactions 

involved with the oxide materials α-MnO2 and V3O7·H2O vis-à-vis the non-oxides VS2 and 

Zn3[Fe(CN)6]2 (ZnHCF) in ZnSO4 and Zn(OSO2CF3)2 (aka, Zn(OTf)2) based mildly acidic 

aqueous electrolytes (pH ~4). Since it is practically impossible to study all reported oxides - 

majority of which are layered vanadium oxides - we carefully selected hosts representing the main 

two structure type (layered: V3O7.H2O and VS2; tunnelled: α-MnO2 and ZnHCF) reported for Zn2+ 

storage. Strikingly, the two categories of materials display distinctly different charge storage 

mechanism, as revealed by combining operando XRD, SEM, STEM/EDS, galvanostatic cycling, 

and in situ pH measurements during cell cycling. While reversible proton (de)intercalation is found 

to be the dominant process for both oxides, non-oxides exhibit exclusively Zn2+ storage 

electrochemistry. A preliminary molecular dynamics simulations of V3O7·H2O disclose a surface 

hydroxyl group mediated reconstruction process, stabilizing H+ at the electrode/electrolyte 

interface, which seems to facilitate the H+ transfer across the interface. Intercalation/release of H+ 

by the oxides leads to the precipitation/dissolution of Zn4SO4(OH)6·5H2O (in ZnSO4 electrolyte) 

at the electrode surface, which in turn buffers the interfacial and bulk electrolyte pH to sustain the 

H+ (de)intercalation mechanism. Use of Zn(OTf)2 electrolyte also results in an unpresedented LDH 

phase involving the triflate anion, but only for the oxides. Interestingly, formation and presence of 

the LDH at the electrode is found to be essential for meaningful charge storage capacities and 

rechargeability of the system. These findings shed light on the complex charge storage mechanism 

in AZBs, and demonstrate the critical influence of LDH precipitation on the reversible operation 

of the oxide host materials. 

EXPERIMENTAL SECTION 

All host materials under investigation were synthesized following earlier reports by hydrothermal 

(α-MnO2,
23 V3O7·H2O,12 VS2

16) or co-precipitation (ZnHCF17) methods (see supplementary 

information (SI) for details and Figure S1 and S2 for the characterizations of synthesized 

materials). Cathode slurries were prepared by thoroughly mixing the as-synthesized active 
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materials with carbon (Super P Carbon, TIMCAL) and water-based binder (3 wt% 

carboxymethylcellulose (CMC) and 2 wt% styrene butadiene rubber (SBR)) in a 70:25:5 solid 

mass ratio with the addition of deionized water. The as-prepared, smooth slurries were brushed 

onto graphite foil (1 cm2 area, 0.254 mm thickness; Alfa Aesar, 99.8%) or, in the case of operando 

cells, onto a glassy carbon disc (0.785 cm2 area, 50 µm thickness) and were subsequently dried 

under vacuum (12 h). A slightly different approach was used with V3O7·H2O, for which the active 

material was dispersed together with carbon (see above) and a dispersion of CMC/SBR (2:1) in 

water in a 70:27:3 solid mass ratio. The resulting homogeneous dispersion was filtered through a 

PVDF membrane (Durapore, Merck Millipore Ltd.), dried at 60° C, and punched into 1 cm2 coins. 

In all cases the resulting electrodes had a typical loading of 3-5 mg cm-2. 

      Electrochemical measurements were performed in 2-electrode Swagelok type cells with 

titanium current collectors, and a homemade cell for operando experiments, on a VMP3 (Biologic) 

potentiostat/galvanostat. The cathodes were cycled at room temperature (22 ± 1 ˚C) against a 

metallic zinc coin anode with either a 1 M aqueous solution of zinc sulfate (ZnSO4, Acros 

Organics, 99.5%) with a pH of 4.14 or a 2 M aqueous solution of zinc trifluoromethanesulfonate 

(Zn(OTf)2 , Alfa Aesar, 98%) with a pH of 4.25. For comparison, cells with 1 M Li2SO4 (Merck, 

for analysis) and 1 M MgSO4 (Merck, for analysis) were prepared, adjusting the electrolyte pH to 

4.1 by adding dilute sulfuric acid (Sigma-Aldrich, puriss.). Two glass fiber paper of 260 µm 

thickness (WhatmanTM glass microfiber filters, GF/A grade) served as the separator. If not 

otherwise mentioned, the cells were cycled within the respective potential window reported in 

literature14, 17, 19, 21 at a current rate of C/5, corresponding to the discharge/charge in 5 h (1C = 1 h 

discharge/charge) according to the theoretical capacity of the respective active material. Specific 

capacity values were calculated with respect to the mass of the active cathode materials. 

Powder X-ray diffraction was conducted on a PANalytical Empyrean diffractometer in 

Bragg-Brentano geometry using Cu-Kα radiation (λ = 1.5405 Å) and a PIXcel detector with a Ni 

Kβ filter. For the operando XRD experiments, a homemade and hermetic two-electrode cell was 

used (see Figure S3 for details). The diffraction data was collected in the reflection mode from 5° 

to 60° (2θ) with a collection time of 15 min. The scanning electron microscopy (SEM) studies 

were performed on a Carl Zeiss Leo 1530 scanning electron microscope, equipped with an energy 

dispersive X-ray spectroscopy (EDX) attachment. Electrochemically cycled electrodes were 

profusely washed with water to remove any electrolyte salt and dried under vacuum prior to SEM-
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EDX analysis. A thin layer of platinum (Pt; 5 nm) was sputtered on the samples to avoid sample 

charging under electron beam. The transmission electron microscopy (TEM) in both TEM and 

scanning (STEM) modes was done on a FEI Talos F 200X, operated at 200 kV. STEM analyses 

were carried out with a high angle annular dark field detector (HAADF STEM) and were 

accompanied by the high-resolution energy dispersive spectroscopy (EDS) using the SuperX 

integrated EDS-system with four silicon drift detectors (SDDs). The EDS-STEM analyses were 

performed with a probe size of 0.5 nm. Cycled electrodes were first thoroughly washed with 

deionized water and then dispersed in isopropanol by untrasonication. A drop of the dispersion 

was applied on a carbon coated copper grid for TEM-STEM analyses.  

      For the zeta-potential measurement, aqueous dispersions of 1 wt% of α-MnO2, V3O7∙H2O, VS2 

and Zn3[Fe(CN)6]2 in 1 M ZnSO4 were prepared. The zeta-potential and pH measurement was 

performed with an electroacoustic zeta-potential probe (DT-310, Dispersion Technology Inc.). The 

in-situ pH measurement was conducted in a T-shaped 3-electrode cell. A pH meter (913 pH meter, 

Metrohm) inserted at the top end of the cell allowed the measurement of the bulk pH values during 

the galvanostatic cycling with a single channel potentiostat (SP-150, BioLogic Science 

Instruments) (see SI for details. To measure the pH of precipitation of the sulfate and triflate 

containing LDHs ex-situ, a dilute aqueous solution of NaOH was slowly added to the respective 

electrolyte solution while monitoring the pH evolution with a pH meter.  

RESULTS AND DISCUSSION 

Operando XRD study – probing the formation of layered double hydroxides (LDH). The 

nature of the electrochemical charge storage behavior of the two categories of  host materials, i.e., 

oxides - α-MnO2 and V3O7·H2O and non-oxides - VS2 and Zn3[Fe(CN)6]2 (ZnHCF) was elucidated 

by operando X-ray diffraction (XRD), which sheds light on the relation between electrochemistry 

and phase evolution of the host materials. It must be noted that the ion (de)intercalation in these 

materials is accompanied by reduction/oxidation at the transition metal centers; e.g., in α-MnO2, 

the Mn switches between 4+ and 3+ redox states during electrochemical cycling.  

      Figures 1a and b show the phase evolution of α-MnO2 for the first discharge-charge cycle. 

During discharge (reduction), the diffraction peaks of the α-MnO2 shift to lower angles, 

corresponding to an expansion of the tunnel diameter by ~0.3 % (see Figure S4 for the crystal 

structure) at full discharge, which reverses upon charging (oxidation). In agreement with previous 
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Figure 1. The Operando XRD study of a α-MnO2ǀZnSO4ǀZn cell (a and b) and a V3O7·H2OǀZnSO4ǀZn cell 

(c and d) at a (dis-)charge rate of C/5. Upper panel: XRD patterns (left) at different depths of discharge (a 

and c) and charge (b and d) along with the voltage-electron capacity profile (right); the diffraction peaks of 

the host material and the LDH precipitate are marked with black and red arrows, respectively. Lower panel: 

magnification of the main XRD plot.  

studies,12,15 additional diffraction peaks emerge during discharge, which could be indexed to 

anorthic Zn4SO4(OH)6·5H2O - a layered double hydroxide (LDH) - with the space group P-1 

(ICDD 39-0688). The process of LDH formation is almost completely reversible, as indicated by 

the near disappearance of LDH peaks upon charging. The exact mechanism and consequences of 

the LDH formation will be discussed in more detail at a later stage. The second oxide under 

investigation, V3O7·H2O, exhibits two distinct phase evolution regimes(Figure 1c and d), the 

transition taking place around 0.75 V vs. Zn after a transfer of ~1.8 e- per formula unit of the host. 

In the higher voltage regime (open circuit voltage/1.3 – 0.75 V), the interplanar ((200) planes) 

distance of layered V3O7·H2O contracts by ~0.676 Å upon discharge, indicating a strong screening 

of the electrostatic repulsion between the negatively charged oxide layers by the intercalating 
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cations. The movement of the diffraction peaks stops (200) or even reverses (310), (330) in the 

low voltage regime (0.75 – 0.4 V), while, analogous to α-MnO2 the strong diffraction signals of 

Zn4SO4(OH)6·5H2O is observed. A reverse evolution occurs during charge, but the interplanar 

distance (200) remains contracted by ~0.262 Å at the end of charge, due to the retention of cations 

in the structure equivalent to ~0.6 e- per formula unit of the oxide host. Similar structural evolution 

is observed for both α-MnO2 and V3O7·H2O in 2 M Zn(OTf)2 as the electrolyte (Figure S5 and 

S6). But instead of Zn4SO4(OH)6·5H2O, a triflate containing LDH forms, apparent from the 

analogous set of diffraction peaks at lower angles, indicating a preferential proton intercalation 

mechanism for the oxides irrespective of the electrolyte (with a mildly acidic pH). To the best of 

our knowledge, this is the first time the formation of a LDH phase is noted for the triflate anion. 

The respective XRD peaks of the triflate LDH correspond to an interlayer (zinc hydroxide layers) 

spacing of 13.7 Å compared to 11.0 Å24 for the sulfate containing LDH. Although the larger ionic 

radius of the triflate anion (2.75 Å25 compared to 2.52 Å26 for sulfate) alone cannot explain the 

large difference in the basal plane distance, it is quite plausible when the influence of composition 

and water content at the interlayer space is considered.27 Nevertheless, the determination of its 

exact structure and composition require further analysis. The lower intensity of the triflate LDH 

peaks may stem from its poor crystallinity due to the larger size and anisotropic molecular structure 

of the triflate anion. 

      The layered non-oxide - VS2 displays an expansion of the interlayer distance by about 0.12 Å 

upon discharge, which almost reverts to the initial value on charge (Figure 2a and b).  In contrast 

to the layered V3O7·H2O, the bonding in VS2 is predominantly covalent in nature, so there is no 

screening effect of zinc intercalation that could lead to contraction. Thus, the relatively smaller 

interlayer spacing in VS2 expands to accommodate the intercalating cations. In the case of ZnHCF, 

the diffraction peak positions move only slightly upon cycling, however their relative intensity 

varied strongly, which agrees well with ex-situ measurements reported in literature (Figure 2c and 

d).17 Just as for the oxides, no obvious phase transformation is apparent with both non-oxides. 

However, in a stark contrast to the oxides, the electrochemical discharge of the non-oxides does 

not result in the LDH phase, suggesting a fundamental difference in their charge storage 

mechanism, which is discussed further in the next section.  
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Figure 2. The Operando XRD study of a VS2ǀZnSO4ǀZn cell (a and b) and a Zn3[Fe(CN)6]2ǀZnSO4ǀZn cell 

(c and d) at a (dis-)charge rate of C/5. Upper panel: XRD patterns (left) at different depths of discharge (a 

and c) and charge (b and d) along with the voltage-electron capacity profile (right). Lower panel: 

magnification of the main XRD plot. 

Nature of electrochemical charge storage mechanism of oxides vs. non-oxide host materials 

in AZBs. To probe the nature of cation intercalation process further, energy-dispersive X-ray 

spectroscopy (EDX) was used to identify the composition of the discharged electrodes, while any 

possible morphological changes upon discharge were investigated by TEM imaging. Figures 3a-

e show the STEM image of a discharged α-MnO2 cathode and the respective EDX overlays for 

Mn, Zn and S. Surprisingly, no significant amount of zincAZB is detected within the α-MnO2-

nanorods. Whereas, a strong accumulation of zinc and sulfur is evident in a secondary phase 

around and in between the nanorods, corresponding to the LDH - Zn4SO4(OH)6·5H2O observed in 

operando XRD. The retention of the initial nanorod morphology of α-MnO2 (Figure 3b and 

Figure S2a) after discharge is clearly evident. So far, following three electrochemical charge 

storage mechanisms have been reported in literature for α-MnO2 (see equations in SI) : (i) Zinc 
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ion intercalation into α-MnO2 with concomitant conversion to ZnMn2O4;
9 (ii) reduction of α-MnO2 

followed by its reversible disproportionation and dissolution into the electrolyte as Mn2+;22 and 

(iii) proton intercalation and the resultant conversion to MnOOH.19,28 The first mechanism can be 

ruled out since it doesn’t explain the LDH precipitation during discharge. More importantly, the 

EDS analysis of discharged α-MnO2 could not show any zinc in the host material and the formation 

of ZnMn2O4 could not be confirmed by XRD (Figure S7). In contrast, the reduction-dissolution 

route can explain the LDH precipitation, as it results in the release of OH- into the electrolyte. 

However, this route would also lead to dissolution of half of the α-MnO2 from the cathode (based 

on the observed/reported capacity), strongly affecting the morphology of the α-MnO2 nanorods, 

which we do not observe. Moreover, the uniform shift of the α-MnO2 diffraction peaks during 

cycling is also unexplainable by this mechanism. Not to mention that the electrochemically 

formed/deposited α-MnO2 upon charge (from Mn2+ and OH-) is expected to display a different 

morphology/dimension than the initial nanorods, unlike the case here. Proton intercalation into α-

MnO2 can explain the observed lattice expansion, the retention of morphology, and the LDH 

precipitation during discharge; the last one is caused by an increase of the electrolyte pH due to 

the depletion of protons. Yet, operando XRD showed no phase transition of α-MnO2, thus 

demonstrating that the conversion to MnOOH does not take place (Figure S7). We therefore 

propose that a solid-solution type proton intercalation, without any structural transformation, is 

responsible for the electrochemical charge storage in α-MnO2 and the corresponding 

electrochemical reaction can be written as:  𝑀𝑛𝑂2  +  𝐻+ + 𝑒− ⇌ 𝐻𝑀𝑛𝑂2. 

      In contrast to α-MnO2, EDX analysis of the discharged V3O7·H2O showed a significant zinc 

concentration within the nano-belts (Figure 3f-i). Yet, the quantification of the zinc content 

revealed a composition of Zn0.6V3O7·H2O (Figure S8), which is much lower than the expected 

value of more than 2 Zn per formula unit, based on the observed capacity. EDX mapping of zinc 

and sulfur further confirmed the formation of Zn4SO4(OH)6·5H2O (Figure 3i, encircled), as 

evidenced by operando XRD. Therefore, based on the voltage profile with two plateaus and the 

distinct structural changes in the two regions, observed in the operando XRD study, we can 

propose two separate charge storage mechanism for V3O7·H2O. Formation of only small amount 

of LDH precipitate in the first regime (as indicated by weak LDH peak intensities above 0.75 V), 

and the close correlation of the observed capacity in this regime with the overall zinc content of 

the discharged electrode implies zinc intercalation being the dominant process in this segment. 
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The second regime possesses multiple resemblances to the proton intercalation into α-MnO2 such 

as the precipitation of Zn4SO4(OH)6·5H2O and the lattice expansion due to the intercalation of 

hydronium ions. For VS2, EDX mapping of V, Zn and S shows a clear correlation between the 

distribution of Zn and V, while no second phase, containing Zn and S in the absence of V, could 

be found (Figure 3j-m).  

Figure 3. (a) HAADF STEM image of α-MnO2 fibers after full discharge in 1 M ZnSO4-H2O electrolyte 

with EDX overlays of Mn, Zn and S. (b) HAADF STEM image and (c)-(e) individual EDX mapping of 

Mn, S and Zn. (f) HAADF STEM image and (g)-(i) EDX maps of V, Zn, and S of V3O7·H2O nanorods 

after full discharge in a 1 M ZnSO4 electrolyte. Encircled areas in (f) and (i) indicate the Zn4SO4(OH)6·5H2O 

precipitate which formed during discharge. (j) HAADF STEM image and (k-m) EDS maps of V, Zn and S 

of a VS2 cathode after full discharge using a 1 M ZnSO4 electrolyte. 
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      Large area composition analysis by EDX in SEM revealed a Zn/S ratio of ~ 4/1 for both 

discharged α-MnO2 and V3O7·H2O electrodes, in perfect correlation with the composition of the 

LDH precipitate, which appears as thin flakes blanketing discharged electrodes completely 

(Figure S9a and b). The very different morphology (or, rather loss of flake morphology) of the 

LDH, observed under TEM, can be blamed on the sample preparation involving strong 

ultrasonication of the discharged electrode materials in isopropanol. In agreement with the 

operando XRD analysis, no LDH flakes were observed on the discharged VS2 and ZnHCF 

electrodes under SEM (Figure S9c and d), while EDX based Zn/S and Zn/M (M = V/Fe) ratios 

conform well with an exclusive zinc intercalation mechanism. A reversible Zn2+ deintercalation 

from VS2 and ZnHCF electrodes was further confirmed by EDX analysis of the charged electrode 

(Figure S9e and f). 

      The concentration of zinc ions in the electrolyte being more than 1000-fold higher than the 

concentration of protons, the prevailing proton intercalation mechanism for oxides seems unusual. 

Structurally, the two tunneled (α-MnO2, Zn3[Fe(CN)6]2) and the two layered (V3O7·H2O and VS2) 

host materials resemble each other closely. The tunnel diameter of the former two (~5 Å and ~4.9 

Å, respectively) and the interlayer distance of the latter (~3 Å and ~2.9 Å, respectively) two are 

almost identical. Clearly, host structure type - hence, solid-state diffusion behavior - does not seem 

to offer an explanation. Furthermore, the operational voltage windows of these materials do not 

exhibit any correlation of zinc/proton intercalation with redox potential. Thus, the charge transfer 

reaction at the electrode-electrolyte interface,29 which is known to govern the kinetics of ion 

intercalation beside solid-state diffusion, must be the key. Interestingly, chemical structure and 

functionality of the electrode surface can influence the desolvation of the ions at the interface, i.e. 

the charge transfer resistance.30 While the zeta-potential, which reflects the nature of surface 

Coulomb charge, may have a link to the interfacial charge transfer, the zeta-potentials of α-MnO2, 

V3O7∙H2O, VS2, and Zn3[Fe(CN)6]2 in 1 M ZnSO4 showed no clear trend (Figure S10). Typically, 

in aqueous media, hydroxyl ions and water molecules coordinate the unsaturated surface cations 

of inorganic materials. For hydrophilic oxides, this effect is likely enhanced through the formation 

of hydrogen bonds with the neighboring oxygen atoms on the host surface. It has been shown that 

the presence of such a solid/liquid coordination environment (“Janus surface”) can facilitate the 

desolvation of ionic species from the electrolyte.30 While the oxide ions of the host and the 

hydroxyl ions/water molecules coordinating the surface can stabilize the protons in close proximity 
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to the electrode surface by hydrogen bonding and facilitate proton intercalation, the same is not 

feasible for the strongly solvated zinc ions. For non-oxides, there are no oxygen in the host lattice 

to enable the hydrogen bonding at the electrode interface, which explains the absence of proton 

intercalation. We therefore propose that the hydroxyl/water terminated oxide electrode interface 

preferentially aids in the desolvation of protons and their intercalation. A preliminary molecular 

dynamics simulation shed further light on this aspect as discussed below.  

Computational insight into H+ vs. Zn2+ intercalation in V3O7.H2O. In order to probe the kinetic 

and thermodynamic driving forces behind the preferential proton intercalation in oxides, molecular 

dynamics (MD) simulations together with density functional theory (DFT) calculations were 

performed on V3O7.H2O. The selection of V3O7.H2O as the host for this study was motivated by 

its simple layered structure with interlayer space for Zn2+/H+ intercalation. Starting from the initial 

system models were constructed introducing Zn2+ in the interlayer space - corresponding to 

ZnV3O7·H2O system (see experimental section and SI for details), which were equilibrated at 300 

K. We note that all our simulations are performed at the potential of zero charge. At this potential, 

the energetics of the ion intercalation could be easily assessed. Although the Zn-O bond length 

distributions agree well with experiments and recent molecular dynamics simulations, Zn2+ at 

equilibrium is found to be more stable in aqueous solution and extra energy is required in order to 

insert the Zn in the vanadium oxide host (Figure S11). Note that the calculations were performed 

for a zinc composition that is higher than the fraction of Zn (0.6 per formula unit) we could 

intercalate under galvanostatic condition. H+ is found to be stable inside the host by about 0.8 eV 

than in the solution, revealing the thermodynamic origin of the favored proton intercalation in the 

oxide host. Moreover, MD simulations showed that the presence of H+ in the solution leads to a 

surface reconstruction involving the hydroxyl groups at the V3O7·H2O/water interface (Figure 4) 

as speculated in the previous section. First, the proton is spontaneously adsorbed on a hydroxyl 

site at the interface leading to the formation of an adsorbed water molecule. Then, two adjacent 

adsorbed hydroxyls transform into a HOH complex and a proton is released into the water layer. 

Such a surface reconstruction mechanism would stabilize the H+ at the electrode/electrolyte 

interface and facilitate the proton transfer across it. 
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Figure 4. Sketch of the surface reconstruction in the ZnV3O7·H2O/water system. (a) Model H1, in which 

the proton is constrained to stay in liquid water; no surface reconstruction is observed. (b) Model H2, in 

which no constraint is applied and surface reconstruction occurs. (c) Model H3 surface reconstruction with 

the proton inserted inside the oxide host. 

Evolution of the electrolyte pH and the consequences of LDH precipitation with oxide hosts. 

Since intercalating protons are consumed from the electrolyte, the pH of the electrolyte rises 

continuously during electrochemical discharge. Theoretically, the number of protons intercalated 

during the discharge of α-MnO2 (according to the capacity exhibited by α-MnO2) would result in 

an increase of the electrolyte pH from 4 to 13.76 (see Table S1 for details). However, depletion 

of protons in the electrolyte would impede the proton intercalation process and limiting the 

obtainable capacity. But that does not seem to happen, as increase of the electrolyte pH beyond a 

threshold value triggers LDH precipitation with both 1 M ZnSO4 and 2 M Zn(OTf)2 electrolytes. 

The critical pH values of precipitation were identified to be ~5.74 for the sulfate LDH and ~5.2 

for the triflate LDH by ex situ titration of the respective electrolytes with dilute sodium hydroxide 

solution. LDH precipitation buffers the electrolyte pH at a slightly acidic value, allowing the 

continuation of the proton intercalation. Thus, LDH formation is crucial for the proton intercalation 

mechanism to sustain, which is the key for excellent performance of α-MnO2 as a cathode host in 

AZBs.  
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      An in-situ pH measurement during the cycling of a α-MnO2ǀZnSO4ǀZn cell confirmed the effect 

of the proton intercalation and the buffering by LDH precipitation on the pH of the electrolyte 

(Figure S12). During the first discharge, the pH of the bulk electrolyte rose slowly from 4.1 to 5, 

which increased up to the expected equilibrium value of 
 ~5.7 upon holding the discharged battery 

at OCV. This delayed increase of the bulk pH can be explained by a very slow pH equilibration 

process (in the absence of convection), leading to the build-up of a gradient with the pH decreasing 

from the cathode interface, where the precipitation takes place, to the bulk of the electrolyte 

leveling off over time (Figure 5a-c). The significance of LDH precipitation for the discharge 

reaction could be further probed by using metal-sulfate salt electrolytes that would not form the 

LDH precipitate (Li2SO4) or only do so at a much higher pH (10 for MgSO4). For these 

electrolytes, only a fraction of the theoretical discharge capacity of α-MnO2 (~30 mAh/g compared 

to 308 mAh/g) is delivered (Figure S13), which is yet more than expected for proton intercalation 

in the absence of buffering. However, EDX analysis revealed partial intercalation of Mg ions being 

responsible for the exhibited capacity with the MgSO4 electrolyte (note: Li is not detectable with 

standard EDX) (Figure S14).                    

      During charge, the reversal of the electrochemical reactions results in the deintercalation of 

protons from the cathode. This causes the LDH to dissolve, either by direct recombination of the 

ejected protons with LDH (or OH- of LDH), present on and around the α-MnO2 nanorods, or due 

to the decrease of the local pH at the electrode interface (Figure 5d). Analogous to the case of 

discharge without LDH precipitation, in absence of the precipitate at the cathode, the local 

(electrode interface) pH is expected to drop drastically upon charging, hindering further proton 

deintercalation (Figure 5f). Thus, the presence of the LDH is also critical for the rechargeability 

of the cell. The complete deintercalation of protons would theoretically lead to the total dissolution 

of the LDH and the decrease of the electrolyte pH to its initial value of 4.14. However, the retention 

of a fraction (0.017%) of the total number of protons intercalated during discharge is enough to 

keep the equilibrium pH of the electrolyte at 5.74 (Table S1). Indeed, the pH value was found to 

stagnate only during the first recharge, before continuing to rise towards the equilibrium during 

the second discharge (Figure S12). Given the incomplete reversibility of the proton 

(de)intercalation, the bulk electrolyte pH is therefore expected to increase monotonously to the 

equilibrium value in the first cycle and then to remain unchanged during further cycling.   
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Figure 5. Schematic illustration of the LDH precipitate formation and pH evolution of the α-MnO2ǀZn 

SO4ǀZn cell. (a) At the initial state, the pH value of the electrolyte corresponds to that of 1 M ZnSO4, i.e., 

pH 4.14. (b) During 1st discharge, H+ intercalation into α-MnO2 increases the pH locally at the cathode 

interface until the precipitation of the Zn4SO4(OH)6·5H2O LDH buffers the pH, resulting in a pH gradient, 

which slowly equilibrates to the precipitation pH value of 5.74. (c) After several cycles (considerably 

sufficient time), the pH of the electrolyte reaches the equilibrium pH of the LDH precipitation. (d) Upon 

recharge, the ejecting protons dissolve the LDH, but the imperfect reversibility of the proton intercalation 

keeps the equilibrium pH of the electrolyte constant at 5.74. (e) Prolonged resting of the discharged cell 

at the OCV leads to the swelling of the LDH and its subsequent delamination and detachment from the 

cathode, while the pH of the electrolyte rises to (and stabilizes at) the equilibrium pH value of 5.74. (f) 

During subsequent recharge, the de-intercalating protons cause a drastic pH drop at the interface (due to 

the absence of the LDH precipitate as a pH-buffer), hindering further progression of the proton de-

intercalation and thus kinetically limiting the rechargeability of the battery. 

      To investigate the stability of the LDH precipitate at the cathode, an operando XRD study of 

the α-MnO2ǀZnSO4ǀZn cell was conducted, in which the fully discharged cell was held at the OCV 

for prolonged time (Figure 6a). The OCV remained steady at around 1.45 V during the first 15 h 

of the rest period, but dropped by about 100 mV and later reverted to ~1.45 V in the last 15 h. 

Interestingly, the fluctuating OCV during the last half coincide with the decrease in X-ray 

intensities coming from precipitate. At the end of the 30 h rest period, the diffraction peaks of the 
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precipitate disappeared. An axiomatic explanation of this observation would be the dissolution of 

the sulfate LDH. Yet, the only way the dissolution is plausible is through deintercalation of protons 

during the OCV period. Since there is no current flow, the release of protons must be compensated 

by cations (Zn2+) from the electrolyte, through ion exchange. The intercalation of zinc ions should 

however cause a stronger contraction of the lattice than observed here (Figure 6a), as not only the 

expansion due the proton intercalation (see above), but also an additional contraction due to the 

Zn2+ mediated electrostatic interaction is anticipated. Thus, we propose that the LDH precipitate 

physically detaches from the cathode surface through exfoliation of the lamellar structure, leading 

to the disappearance of its XRD signals. As there is no chemical bonding between the cathode 

surface and the precipitate, only electrostatic and van der Waals interactions ensure adhesion. Over 

prolonged resting in the electrolyte, the weekly bound metal hydroxide layers (by interlayer water 

and anions) in LDH can swell and exfoliate off into the electrolyte (Figure 5e). Upon subsequent 

charging of the rested cell at a C/5 rate, only ~45% of the initial discharge capacity could be 

recovered (~120 mAh g-1). Further cycling only lead to a marginal recovery of the capacity (Figure 

S15a and b). Whereas at a C/25, the recharge capacity doubled (Figure 6b), which is only little  

   

Figure 6. (a) The operando XRD study of a fully discharged α-MnO2ǀZnSO4ǀZn battery (discharged at a 

current of ~60 mA g-1) during resting for 30 h at the OCV. Upper plot: XRD pattern evolution (left) during 

the OCV period along with the voltage profile (right); bottom plot: magnifications of the main XRD plot. 

(b) Galvanostatic cycling of a α-MnO2ǀZnSO4ǀZn battery with 36 h rest at the OCV after the first discharge 

at a current density of 60 mA g-1 (~C/5) and subsequent charging at 60 mA g-1 (C/5, black) and 12 mA g-1 

(C/25, blue) exhibiting a capacity of ~120 mAh g-1 and ~ 240 mAh g-1, respectively. 
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less than observed upon immediate recharging, i.e., without holding the battery at OCV for 

prolonged time. Similar results were obtained with a 2 M ZnOTf electrolyte, where even less than 

a third of the initial discharge capacity could be recovered after prolonged resting (Figure S15c 

and d). This limited, rate-dependent rechargeability of the cell agrees well with our explanations 

regarding the rechargeability in the absence of LDH. Without the precipitate at the cathode 

interface, which could neutralize the ejecting protons, the pH at the interface drops sharply during 

charge, kinetically hindering further proton deintercalation (Figure 5f). Even though the pH of the 

bulk electrolyte would be near the precipitation pH of the LDH, a proton concentration gradient 

would build up. The charge (H+) transfer reaction would therefore depend on the diffusion of 

protons and hydroxide ions from the precipitate. Upon further cycling, the newly formed 

precipitate during discharge would again stay at the cathode for the timescale of the cycling and 

would therefore be reversible upon recharge. As during each cycle a small part of the initial 

precipitate would additionally contribute to the recharge reaction, it could explain the gradual 

recovery of the capacity upon cycling after the resting period.  

      It’s not only the poor rechargeability upon resting at OCV after discharge, LDH precipitation 

is also expected to cause large volume change at the cathode during cycling. For α-MnO2, LDH 

precipitate weighs about 105% of the active cathode material after complete discharge, according 

to the number of protons intercalated, i.e., the capacity observed. Having a similar density (2700 

kg m-3) as the host material (~3000 kg m-3), this translates to a volume expansion by >100%. The 

resultant mechanical stress within the cathode would be detrimental for long term cycling. 

Furthermore, the irreversibility of the precipitation may consume the electrolyte slowly, which 

makes the use of excess electrolyte necessary. This in addition to the volume expansion of the 

cathode during cycling would compromise the energy density of the whole cell.   

CONCLUSION 

The electrochemical charge storage mechanism in aqueous Zn-ion batteries, which is generally 

believed to be reversible Zn2+ (de)intercalation into the positive host materials, is not exclusively 

true. Herein, through in-depth studies, we show that the oxides are dominant proton intercalation 

materials compared to the non-oxides that undergo exclusive Zn2+ storage. This intriguing 

difference stems from the surface hydroxyl groups on the oxides in aqueous electrolytes, which 

seem to facilitate proton transfer across the electrode interface. Considering that our study involved 
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both tunneled and layered oxides, and most reported vanadium oxides (major positive host 

materials for AZBs) are layered, it is not unreasonable to assume that our observed charge storage 

mechanisms will apply to other AZB host materials as well. Reversible proton (de)intercalation in 

oxides leads to reversible formation/disappearance of the layered double hydroxide precipitate on 

the cathode surface, formed by the reaction of OH- (left behind after H+ intercalation) with Zn2+ 

and electrolyte anion. The LDH precipitation perpetuates a buffering mechanism through 

continuous removal of OH- (during discharge) or H+ (during charge), thereby maintaining the 

electrolyte pH at a mildly acidic value and sustain the H+ (de)intercalation based charged storage 

mechanism. This buffering mechanism is crucial for the reversible and stable operation of the 

oxide host materials in AZBs. As we further witnessed, upon prolonged resting of the battery at 

the discharged state, the LDH precipitate tend to detach off the electrode surface, resulting in 

limited rechargeability, which can be a major hindrance to the practical application of oxide hosts 

in AZBs. Additionally, LDH precipitation/dissolution during battery discharge/charge will result 

in nearly 100% volume expansion at the cathode, posing further challenge to the practical 

operation of the battery. One solution to this conundrum may lie in tuning the surface functionality 

of the oxides so that the proton intercalation become disfavored.   
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