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Abstract 

Rechargeable aqueous Zn/α-MnO2 batteries are a possible alternative to lithium ion batteries for 
scalable stationary energy storage applications due to their low cost, safety and environmentally benign 
components. A critical need for advancement of this battery system is a full understanding of the 
electrochemical reaction mechanisms, which remain unclear. In this report, operando, spatiotemporal 
resolved synchrotron x-ray fluorescence mapping measurements on a custom aqueous Zn/α-MnO2 cell 
provided direct evidence of a Mn dissolution-deposition Faradaic mechanism that governs the 
electrochemistry. Simultaneous visualization and quantification of the Mn distribution in the electrolyte 
revealed the formation of aqueous Mn species during discharge and depletion on charge.   The findings 
are supported by ex-situ transmission electron microscopy (TEM), x-ray diffraction, Mn K-edge x-ray 
absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) 
measurements.  The elucidated mechanism is fundamentally different from the previously proposed Zn2+ 
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insertion or conversion reactions. These findings provide a foundation for developing dissolution- 
deposition chemistries suitable for scalable stationary energy storage with aqueous electrolyte. 

Broader context

Rechargeable aqueous zinc-manganese oxide (Zn/MnO2) batteries are conceptually appealing as an 
alternative to commercial lithium ion batteries for large scale stationary energy storage, as their 
components (Zn, Mn) are earth-abundant, compatible with aqueous electrolytes, offer lower cost, 
improved safety and minimal environmental risk. To date, the literature suggests the charge storage 
mechanism of Zn/MnO2 with mildly acidic ZnSO4 electrolyte results from Zn2+ and/or H+ (co)insertion, 
which distorts the native structure of the MnO2 host material. Herein is presented the first operando 
visualization and quantification of Mn dissolution and deposition during intermittent discharge, open 
circuit voltage, and under charge/discharge cycling via synchrotron-based x-ray fluorescence mapping. 
These data provide direct evidence that Mn2+ dissolution-deposition is the primary charge storage 
mechanism for the Zn/α-MnO2 battery with aqueous ZnSO4 electrolyte. This conclusive demonstration of 
a dominant Faradaic process governed by dissolution-deposition represents a paradigm shift regarding 
the fundamental mechanism of aqueous Zn/MnO2 batteries, which can inform the field to implement 
improved cycle life batteries for scalable stationary energy storage.

Introduction  

The consistent delivery of clean electrical energy is a global challenge where the current electric grid 
infrastructure distributes electrical energy from the generation source to the end user; however, once 
generated, the electrical energy must be used, or it is wasted.1  In contrast, integration of electrical energy 
storage into the electric grid would enable control over when the electrical energy is used, improving grid 
reliability and resiliency as well as facilitating the incorporation of inherently intermittent renewable 
energy sources such as wind and solar.2  Thus, stationary energy storage for the electric grid is a critical 
and timely application for battery technologies. 

Aqueous batteries are desirable candidates for stationary energy storage due to low cost and scalability.  
In addition, many electrode materials compatible with aqueous electrolytes are earth abundant, and thus 
may be more cost effective than traditional lithium-ion battery materials.3 While batteries with aqueous 
electrolytes are less flammable than the non-aqueous organic electrolytes employed in lithium-ion 
battery technologies, they can still undergo problematic degradation processes.4  Thus, mechanistic 
understanding of promising aqueous battery chemistries is critical. Rechargeable aqueous Zn/MnO2 
batteries have received attention for large-scale energy storage application and multiple phases of MnO2 
have been considered.5-11  Zn metal has a low redox potential (-0.76 V vs. SHE) and under mild acidic 
conditions exhibits an overpotential for hydrogen evolution, enabling a deposition and stripping charge 
storage mechanism when applied as a battery anode.12 Zn is also non-toxic and has a high theoretical 
capacity (820 mA/g). Additionally, Zn metal batteries are advantageous relative to Li- and Na-ion aqueous 
systems, which often require intercalation host anodes and high concentration electrolytes to achieve a 
suitable electrochemical window.12-14 Thus, the Zn/MnO2 system is a potentially high energy density, low 
cost, and environmentally-friendly chemistry suited for stationary energy storage.15  

Zn/MnO2 batteries have been reported to display several reaction mechanisms, including Zn2+ insertion, 
H+ insertion, and dissolution-deposition.16  In fact, dissolution-deposition has been conceptually viewed 
as a broadly applicable design approach to aqueous battery systems.17 A Faradaic Mn2+ dissolution-
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deposition mechanism was first proposed in 1998 for a Zn/δ-MnO2 cell with ZnSO4 electrolyte, where 
during discharge, a two-electron transfer process results in sequential MnOOH(s) formation and Mn2+ 

dissolution, and upon charge, Mn2+ redeposits at the MnO2 cathode.18 The electrochemistry of Zn/δ-MnO2 
cell with ZnSO4 electrolyte has been studied recently with investigation of δ-MnO2 morphology19 and Mn2+ 
containing electrolyte.20 Operando pH measurements for aqueous Zn/β-MnO2 batteries in a series of 
electrolytes based on 2 M ZnSO4 electrolyte were used to construct pH-potential-diagrams of manganese 
and zinc describing active material dissolution at lower pH values and oxygen gas evolution at higher 
potentials >1.7 V.21 

The α-MnO2 cathode material is of interest due to the extended crystal structure consisting of edge and 
corner-sharing MnO6 octahedral units arranged in a 2 x 2 tunneled framework providing an open 
framework which can facilitate ion (de)insertion.22, 23 Multiple studies have probed the charge/discharge 
mechanisms for Zn/α-MnO2 cells in ZnSO4 electrolyte; however, the reported charge storage mechanisms 
differ.5, 6, 24-30 For example, HRTEM suggested a proton conversion mechanism for Zn/α-MnO2 cells with 
2M ZnSO4, where H+ ions react with MnO2 to form MnOOH, while OH- ions react with ZnSO4 and H2O in 
the electrolyte to form zinc hydroxide sulfate hydrate (ZnSO4[Zn(OH)2]3 ⋅ xH2O).5 Other findings have 
suggested that Zn2+ ions insert into α-MnO2 to form spinel ZnMn2O4 or layered ZnxMnO2 phases.6, 24, 31  For 
example, powder x-ray diffraction and bright-field TEM with corresponding electron diffraction patterns 
suggested reversible formation to layered Zn-birnessite when Zn/α-MnO2 cells are cycled in ZnSO4 
electrolyte.24 Additional in-situ XRD data suggested the layered discharge product was more closely 
related to Zn-buserite, with an interlayer spacing ~3 Å larger than Zn-birnessite.32  Further, an analogue 
of the mineral chalcophanite ((Zn, Mn)Mn3O7·3H2O) has been identified as a product where the structure 
resembles that of layered Na-birnessite (Na4Mn14O27·9H2O).24  The combined use of XRD, TEM and 
electrochemical analyses also suggested a H+/Zn2+ co-insertion mechanism.30, 33   In addition to structural 
instability of manganese oxide cathode,10 the formation of ZnSO4[Zn(OH)2]3 ⋅ xH2O and Mn2+ dissolution 
have been linked to capacity degradation for Zn/MnO2 cells.5, 18  Improved capacity retention under 
galvanostatic cycling of Zn/α-MnO2 was demonstrated by utilizing low-ZnSO4 electrolyte concentrations 
below 0.2 M, attributed to suppression of cathode dissolution and mitigation of the formation of impurity 
phases such as ZnMn2O4 and ZnMn3O7 ⋅ xH2O.34  Recently, Mn2+ dissolution-deposition has been proposed 
to be a primary contributor to electrochemical capacity of Zn/MnO2 (α-MnO2 and δ-MnO2) cells with 
mildly acidic aqueous electrolyte.35 

While the studies above have advanced understanding of the electrochemical mechanism for Zn/α-MnO2 
using ex-situ XRD and SEM/TEM, operando evidence quantifying the impact of Mn dissolution/deposition 
on electrochemistry has been lacking. Operando and in-situ characterization using synchrotron radiation 
represents a forefront in battery research, enabling real-time observation of charge storage mechanisms 
in multiple battery systems under dynamic conditions.36-38 Moreover, the use of x-ray fluorescence 
spectroscopy can elucidate changes of the elemental distribution within an electrode after 
electrochemical cycling;39, 40 however, this technique only recently been applied operando as data 
collection has been previously limited by slow stage speeds and long mapping times. 

For the first time, we provide direct evidence that demonstrates Mn dissolution and deposition is the 
dominant charge storage reaction in aqueous Zn/α-MnO2 cells by quantifying the relative contributions 
of dissolution and deposition to the electrochemistry. A synchrotron-based x-ray fluorescence mapping 
approach is applied to obtain novel spatio-temporally resolved distribution maps of Mn in a custom 
aqueous Zn/α-MnO2 electrochemical cell, where the mapping is conducted operando during intermittent 
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discharge, open circuit voltage, and under charge/discharge cycling. Complementary ex-situ x-ray 
diffraction (XRD), transmission electron microscopy (TEM), Mn K-edge x-ray absorption near edge 
structure (XANES) and extended x-ray absorption fine structure (EXAFS) measurements describe the 
evolution of bulk and local crystallographic structure. These findings represent a paradigm shift in 
understanding aqueous Zn/MnO2 batteries and provide a pathway toward developing dissolution-
deposition chemistries that enable the realization of scalable stationary energy storage.

Experimental

Synthesis of α-MnO2 nanotubes: Hydrothermal synthesis of α-MnO2 was adapted from a 
previously reported method.41  A solution of KMnO4 dissolved in aqueous hydrochloric acid was heated at 
140°C for 36h in an autoclave. Reaction products were washed with deionized water, dried, and calcined 
at 300°C in air for 6 hours prior to use.   

Material characterization: X-ray diffraction (XRD) was performed using a Rigaku SmartLab X-ray 
diffractometer with Cu Kα radiation and Bragg-Brentano focusing geometry. Water content was estimated 
from thermogravimetric analysis (TGA) using a TA instrument SDT Q600 under nitrogen. The ratio of K/Mn 
in the synthesized materials was determined from inductively coupled plasma spectrometry-optical 
emission spectroscopy (ICP-OES) using a Thermofisher iCap 6300 series instrument. TEM (transmission 
electron microscopy) and STEM (scanning TEM) images, SAED (selected area electron diffraction) patterns, 
and EELS (electron energy loss spectroscopy) spectra of pristine, discharged, and charged α-MnO2 were 
acquired using a JEOL ARM 200F microscope, operated at 200 kV, equipped with double spherical 
aberration correctors (CEOS GmbH) and GIF Quantum ER Energy Filter (Gatan). Some STEM images were 
filtered to reduce the image background noise. 

Electrode preparation and electrochemical measurements. As-synthesized α-MnO2 nanotubes 
and multi-wall carbon nanotubes (Cheap Tubes, USA) were dispersed in pure ethanol via sonication in a 
mass/mass ratio of 1:1, then filtered to form a composite electrode. Coin type or operando cells were 
assembled using the electrodes, glass fiber separators and Zn foil with aqueous 2 M ZnSO4 as the 
electrolyte. Galvanostatic cycling test was conducted using a Maccor testing system at 30°C.  (Dis)charged 
samples for TEM, ex-situ XRD, ex-situ XAS, and operando XAS were collected using a current density of 
150 mA/g.

Post-electrochemical testing characterization. Both charged and discharged α-MnO2 electrodes 
were recovered, rinsed with deionized water and vacuum-dried. XRD was performed using a Rigaku 
Smartlab Diffractometer with copper Kα radiation.  Rietveld refinements were conducted using GSASII. 42 
A background peak was added to model the multiwalled carbon nanotube (MWCNT) diffraction signal.  
Mn K-edge x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure 
(EXAFS) measurements were collected at 7-BM of the National Synchrotron Light Source II (NSLS-II) at 
Brookhaven National Laboratory. All spectra were aligned, merged, deglitched and normalized using 
Athena.43 Linear Combination Fitting (LCF) of the XANES data was executed with MnO2 and Mn2O3 
standards and fitting range from 6537 eV to 6587 eV. The built-in AUTOBK algorithm was utilized to 
minimize background contributions below Rbkg = 1.0 Å. All EXAFS spectra were fit using models derived 
from the α-MnO2 I4/m K1.33Mn8O16 crystal structure44 and the zinc-inserted chalcophanite  P1
ZnMn3O7·3H2O crystal structure 45 with theoretical models created via FEFF6.43, 46 Each spectrum was fit 
using a k-range of 2.0–12.0 Å−1 and a Hanning window (dk = 2) in k, k2 and k3 k-weightings simultaneously. 
The fit was conducted over an R-range of 1.0–3.6 Å to fully encompass the neighboring Mn-O and Mn–
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Mn coordination shells. For models based on cryptomelane (potassium α-MnO2), distinct Mn–Mn 
coordination paths (edge-sharing octahedra along the c-axis, edge-sharing octahedra along ab plane, one 
corner sharing octahedra) were fit using the model, and coordination numbers of edge sharing versus 
corner sharing paths were allowed to vary independently. To account for intrinsic losses in the electron 
propagation and scattering processes, an amplitude reduction factor ( ) of 0.76 was determined from 𝑆2

0
modeling a MnO standard and was applied to all experimental fits. All presented fits resulted in combined 
R-factors less than 2.0% over the fitted range. Full fitting results are presented in the ESI.

Operando measurements: A custom designed operando cell with x-ray transparent housing was 
utilized to visualize Mn species in the cell during electrochemical measurements including the active Zn-
separator-cathode cell stack with 2 M ZnSO4 electrolyte. Operando μ-XRF mapping images were acquired 
using the XFM Beamline (4-BM) at National Synchrotron Light Source II (NSLS-II). Briefly, this beamline 
uses Kirkpatrick-Baez (KB) mirrors to deliver focused X-rays (2 - 10 µm spot) with tunable energy using a 
Si(111) double crystal monochromator (Si(220) and Si(311) also available). The sample was oriented 45° 
to the incident beam and the XRF detector (Hitachi 7-element Vortex SDD) was positioned 90° to the 
incident beam. Images were collected by continuously rastering the sample in the microbeam using a 
Newport stage with a 10 µm step size and 50 ms dwell time per pixel for course navigation maps, and a 2 
µm step size and 100 ms dwell time per pixel for fine resolution maps. For μ-XRF imaging, the 
monochromator was calibrated using a manganese metal foil and was set to a fixed energy of 6.8 keV to 
excite the Mn K edge. Data acquisition was performed using Python-based beamline software developed 
for NSLS II 4-ID.  Data visualization and analysis was performed using Larch analysis package47 and Matlab.

Result and discussion

Phase composition of pristine and cycled cathodes

XRD patterns collected for the as-synthesized pristine material match the reference (PDF# 042-1348) as 
shown in Figure S1. Potassium α-MnO2 has a 2 x 2 tunnel structure extending in the (0 0 1) direction with 
Mn octahedra forming the tunnel wall and K+ occupying the tunnel center 48. Due to the presence of K+ 
ions, Mn positioned at the tunnel walls are of a mixed Mn(III)/Mn(IV) oxidation state. The 
potassium/manganese ratio was measured to be K:Mn = 0.97:8 via ICP-OES. The water content was 
estimated by TGA (Figure S2) with a previously reported method.49, 50 Thus, the chemical formula can be 
written as K0.97Mn8O16·0.56H2O. 

Figure 1 demonstrates the ADF (annular dark field)-STEM image of the typical nanorod with the large void 
located in the middle as a result of the synthesis method. Both high-resolution STEM imaging (Figure 1(b)) 
and representative electron diffraction (Figure 1(d)) taken at the [100] zone axis reveal high crystallinity 
of the nanorod. An EELS spectrum of a nanorod reveals the characteristic Mn L edge and O K edge of Kα-
MnO2 (Figure 1(e)). The calculated Mn oxidation state from the Mn L3/L2 ratio is 3.83.

The synthesized α-MnO2 was used as a cathode material for Zn/α-MnO2 aqueous batteries. Galvanostatic 
cycling was conducted at a current density of 150 mA/g. From Figure 2(a) and (b), it can be seen that 
except for the initial discharge, subsequent cycling curves have consistent features. An activation process 
is observed through the first 5 cycles where the discharge and charge capacities converge. (Figure 2(b)) 
The initial discharge has one potential plateau at ~1.2 V, subsequent discharges consist of three plateaus 
at around 1.45 V, 1.3 V and 1.2 V, respectively. Among them, the third plateau at 1.2 V can be regarded 
as part of the initial activation process since it overlaps very well with initial discharge plateau. The third 
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plateau is no longer observed in the 5th cycle, indicating the end of activation process. Charge curves all 
have the same feature with a potential plateau at ~1.5 V.  

XRD patterns were collected after cycle 1 and cycle 5 discharge/charge and compared to an undischarged 
electrode, Figure 2(c). Rietveld refinement was conducted to determine phase composition of the pristine, 
discharge, and charge products. The α-MnO2-CNT electrode was refined with a cryptomelane reference 
phase (PDF # 00-020-0908) as shown in Figure S3 and Table S1. α-MnO2 contains a 2 x 2 tunnel structure 
that extends in the (0 0 1) direction with Mn octahedra forming the tunnel and K+ occupying the tunnel 
center. 51  Due to the tunnel-like nature of the material, thermal parameters were modified for potassium 
ion occupancy in the refinement. All of the peaks can be attributed to the cryptomelane structure (space 
group=  I 4/m, a= 9.8 Å, c= 2.8 Å) with no detectable impurities and a goodness of fit of %Rwp= 3.205. The 
unit cell and the atomic positions are in good agreement with the literature.52 The pristine α-MnO2-CNT 
electrode pattern demonstrates a peak at ~25 due to the presence of the CNT. 53 The CNT peak was 
treated as part of the background for the pristine and all subsequent fits. 

On discharge, the XRD pattern refinements indicate the formation of triclinic zinc hydroxide sulfate 
hydrate Zn4SO4(OH)6·5H2O, ZHS (osakaite). The Rietveld refinement (Figure S4, Table S2) performed on 
the first discharge XRD pattern indicates a composition of 64% cryptomelane (PDF # 00-020-0908) and 
36% ZHS (PDF # 00-067-0055). Upon charge, only the cryptomelane phase is present (Figure S5, Table S3), 
similar to the pristine electrode (Figure S3, Table S1).  

The composition of the electrode after the 5th discharge is 42% cryptomelane and 58% ZHS, indicating that 
the ZHS content increases in the discharge product as cycling progresses (Figure S6, Table S4). Rietveld 
refinement of the XRD pattern after the 5th cycle charge (Figure S7, Table S5) indicates 78% of the 

Figure 1 (a,b) Low- and high-magnification ADF-STEM images and (c) the corresponding atomic 
model of a pristine α-MnO2 nanotube at [100] zone axis. (d) SAED pattern at the same 
orientation. (e) Representative EELS spectrum of the nanotube.
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electrode is broken tunnel cryptomelane and the remaining 22% is a Zn-inserted layered chalcophanite 
(ZnMn3O7·3H2O) phase. Crystal structures for broken tunnel cryptomelane have been generated 
previously for lithiated α-MnO2 via density functional theory.54 The layered structure of ZnMn3O7·3H2O 
resembles Na or K-birnessite (δ-MnO2). However, ZnMn3O7·3H2O is triclinic as opposed to monoclinic like 

δ-MnO2, with Zn2+ ions located above and below the Mn vacancy sites and coordinated either tetragonally 
or octahedrally depending on Zn2+ content.45, 55 The ZnMn3O7·3H2O phase has been previously reported 
to be a Zn2+ insertion product for α-MnO2 electrodes.24  

Chemical state and local structure of pristine and cycled cathodes

Ex-situ Mn K-edge x-ray absorption near edge structure (XANES) and extended x-ray absorption fine 
structure (EXAFS) measurements were collected for cathodes cycled to the 1st discharge, 1st charge, 5th 
discharge, and 5th charge. In Figure 3(a) and (b), the Mn K-absorption edges of discharged samples from 
both the 1st cycle and 5th cycles shift slightly to lower energy with the energy levels between the Mn2O3 
and MnO2 reference standards, suggesting an oxidation state between Mn(III) and Mn(IV). Upon cycle 1 
and cycle 5 charge, the absorption edges of both samples increase slightly.  Linear combination fit (LCF) 
was used to estimate the Mn oxidation state. The Mn oxidation state of the pristine electrode is 3.88 and 
comparable to the Mn oxidation state determined by EELS for the as-synthesized powder (Figure 1(e)). 
Upon the first discharge, the LCF determined Mn oxidation state decreases slightly to 3.60. After the 1st 
charge, the oxidation state increases to 3.74. Similarly, the Mn oxidation state upon the 5th discharge is 
3.47, which increases to 3.67 upon the 5th charge. This observation is significant because Mn oxidation 
state change in the cathode between charged and discharged samples transfers less than 0.2 electron 

Figure 2(a) Galvanostatic cycling voltage profiles of cycles 1,2, and 5. (b) Charge/discharge capacity 
vs. cycle number for cycles 1-5. (c) Ex-situ XRD for pristine, 1st cycle and 5th cycle (dis)charge. 
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equivalent per metal center and does not fully account for the capacity observed in electrochemistry. For 
example, the first discharge delivers a specific capacity of 300 mAh/g equivalent to an ~8 electron transfer 
or ~1 electron equivalent per Mn center (Figure 3(c)). In contrast, delivered specific capacities predicted 
from LCF determined oxidation state range from 40-80 mAh/g, which is significantly less than the 
observed delivered specific capacities (Table S6). 

The evolution of the local structure of the α-MnO2 cathode material was probed using extended 
x-ray absorption fine structure (EXAFS) spectroscopy. The Fourier transformed EXAFS spectra of the 
pristine, 1st cycle, and 5th cycle discharged and charged electrodes are shown Figure 3(d).  The pristine 
sample exhibits peaks at 1.5 Å, 2.3 Å, and 3.1 Å, which correspond to Mn-O, Mn-Mnedge, and Mn-Mncorner 
features, respectively, of tunnel structured α-MnO2. During (dis)charge, the peaks corresponding to Mn-
O and Mn-Mnedge paths exhibit small variation in peak shift and intensity variation, while a consistent 
decrease in intensity is observed for the Mn-Mncorner peak. 

Figure 3 Ex-situ Mn K-edge XANES of α-MnO2 cathodes cycled to the (a) 1st discharge/charge, 
(b) 5th discharge/charge plotted with standards. (c) Electrochemistry profile of XANES & EXAFS 
samples. (d) Corresponding EXAFS spectra of α-MnO2 after 1st and 5th discharge/charge. 
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The EXAFS data was modeled to elucidate changes in the structure. Modeled coordination 
numbers and interatomic distances for all Mn-Mn paths are presented in Figure S8, and full fitting results 
are presented in Table S7. For the pristine electrode, the data fit well to a model derived from the α-
MnO2 I4/m K1.33Mn8O16 crystal structure, with three distinct Mn-Mn paths (edge-sharing octahedra along 
the c-axis, edge-sharing octahedra along ab plane, corner sharing octahedra).44 All fitted coordination 
values are within error of the theoretical values (CN = 2 for each edge sharing octahedra, CN=3 for corner 
sharing Mn octahedra). During the first discharge and charge, small changes in the coordination number 
of Mn-Mnedge paths are observed, with values decreasing on discharge and increasing on charge. This 
result suggests a low but significant increase in structural distortion during discharge, consistent with 
Jahn–Teller distortion of the reduced manganese species.56-59 Markedly, as the samples are discharged 
and charged, no significant shift in first or second shell interatomic distance is observed in the 1st 
(dis)charge or 5th discharge, suggesting minimal insertion of Zn2+ ions into the host structure. 

The most notable trend observed from the EXAFS modeling results is the continuous decrease in 
the fitted coordination number of the Mn-Mn corner sharing octahedra.  The sample in the cycle 1 charge 
state shows that the Mn-Mncorner coordination number drops to ca. 1.5, approximately half of the 
theoretical value for α-MnO2 and continues to fall to ca. 1.3 by the 5th discharge. These findings indicate 
that significant breakage of the tunnel structure occurs during cycling consistent with the XRD results 
described above.  By the 5th charge, the α-MnO2 based model does not effectively describe the 
experimental spectra due to the significant loss of amplitude in the Mn-Mncorner path.  Fitting the 5th charge 
spectra to a model derived from layered chalcophanite, ZnMn3O7·3H2O, with a Mn-Mn edge sharing path 
at ca. 2.87 and no corner sharing paths, results in a good fit with combined R factor = 0.5%.  Thus, the 
EXAFS modeling results suggest that (1) the initial α-MnO2 structure is altered during discharge due to 
breakage of the tunnel structure at corner sharing MnO6 octahedra, and (2) a layered phase free of corner 
sharing octahedra is formed during charge.  By the 5th charge, significant phase transformation has 
occurred such that Mn-Mn corner sharing octahedra are minimally or no longer present.

The results above are confirmed by TEM analysis. Figure 4 demonstrates the ADF image of α-
MnO2 after cycle 1 discharge and charge. Upon discharge (Figure 4(a) and 4(b)), reduced inter-planar 
spacing and some structural degradation attributed to dissolution are observed, with retention of the α-
MnO2 parent gross morphology and bulk structure.  A SAED pattern (Figure 4c inset) from the plate in 
Figure 4c resembles the (001) plane diffraction pattern of Zn4SO4(OH)6·5H2O (ZHS, osakaite). The pattern 
indexing is done based on the pattern of ZHS. Upon charge, porous hairy sheets surrounding the nanotube 
surface are present (Figure 4d and e). From the electron diffraction in Figure 4f, these sheets are likely 
chalcophanite ZnMn3O7·3H2O, which are reported to form upon electrochemical charge of α-MnO2.29 

XRD, EXAFS, and TEM data suggest the active material in the recovered ex-situ discharged and 
charged electrodes remains as α-MnO2 or related phases for the initial cycles, and as the cycling extends, 
a layered structure is observed.  Further, the ex-situ XANES results show that the Mn in the electrodes is 
not sufficiently reduced or oxidized upon cycling to fully account for the capacity delivered. Thus, other 
possible reaction routes such as the reduction of Mn(III/IV) to Mn(II) accompanied by dissolution in the 
electrolyte were considered. 
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Direct observation of electrochemically induced Mn dissolution

Using the X-ray Fluorescence Microprobe (XFM) at NSLS-II, spatio-temporal Mn distribution maps 
were collected operando in an x-ray transparent Zn/α-MnO2 cell (Figure S9), resolving Mn distribution in 
the cathode and the electrolyte both visually and quantitatively. The operando cell configuration 
demonstrates comparable galvanostatic cycling profiles to the coin cell configuration used for ex-situ -
TEM, XAS, and XRD characterization (Figure S10). In Figure 5, a Zn/α-MnO2 operando cell was discharged 
in 15-minute increments at 150 mA/g, followed by a 30-minute open circuit potential rest. During the 
intermittent discharge, Mn fluorescence maps, which encompass the α-MnO2 cathode, 2 M ZnSO4 
electrolyte and Zn anode were collected every two minutes. After each current pulse (Figure 5(a)), the 
Mn fluorescence maps showed an increase in the Mn fluorescence intensity observed in the electrolyte, 
indicating an increase in Mn dissolution from the cathode after each discharge increment. The 
intermittent discharge voltage profile is shown as a function of time (Figure 5(b)) and compared to the 
Mn fluorescence intensity measured in the electrolyte. When current is applied, the Mn intensity 
increases and is directly related to the discharge. In contrast, during the 30-minute rest period, the Mn 
intensity changes minimally. In Figure 5 (c), the Mn fluorescence intensity is plotted versus the delivered 
electron equivalents during reduction per Mn8O16 unit, demonstrating Mn intensity in the electrolyte 

Figure 4. (a, b) Low- and high-magnification STEM images of α-MnO2 upon cycle 1 discharge. (c) TEM 
and (inset) the corresponding SAED pattern of a ZHS plate formed upon discharge. (d, e) Low-and high-
magnification STEM images and the corresponding SAED pattern of α-MnO2 upon cycle 1 charge. (f) 
The corresponding SAED pattern demonstrating the presence of chalcophanite.  
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increases with state of discharge. This experiment demonstrates conclusively that Mn dissolution from 

the cathode to the electrolyte is directly associated with the electrochemical process when current is 
applied.  Notably, the corresponding ZHS deposition/dissolution upon discharge/charge has been 
previously shown by in-situ pH monitoring of ZnSO4 electrolyte in an Zn/α-MnO2 cell to originate from 
induced local pH changes in the electrolyte during Galvanostatic cycling.60 Sustained capacity retention of 
the Zn/MnO2 system will require successful dissolution/deposition of both ZHS and manganese species.

Evidence and quantification of dissolution-deposition reaction mechanism

A second operando experiment was performed to quantify Mn dissolution during multiple 
galvanostatic cycles. A Zn/α-MnO2 operando cell was discharged and charged for 5 cycles (ending on the 
5th discharge) with Mn fluorescence maps collected every ~9 minutes (Figure 6, Figure S9, Supplemental 
Video). Figure 6(a) indicates the positions on the voltage curves where the maps were collected where 
over 100 maps were recorded during the 5 cycles. In each cycle, a significant increase in the intensity of 
Mn in the electrolyte is observed during discharge with corresponding decrease during charge.  The Mn 

Figure 5 (a) Mn-edge X-ray fluorescence maps of the operando cell recorded at the end of each 
current increment. Mn fluorescence intensity in the electrolyte and cell potential plotted against (b) 
time and (c) electron equivalent. 
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intensity maps of the operando cell at fully discharged (D) and charged (C) states are shown in Figure 6(b). 
In the fully discharged state of each cycle, the Mn intensity is high. In contrast, the Mn intensity is low in 
the fully charged state. Thus, Figure 6(b) provides a direct visualization of a reversible Mn dissolution-
deposition reaction in the Zn/α-MnO2 system. 

Figure 6 (a) Galvanostatic discharge and charge profiles for cycled Zn/α-MnO2 operando cell. An x-ray 
fluorescence map was collected at each red point.  (b) Mn fluorescence maps at fully discharged (D) 
and charged (C) states.

Mn fluorescence intensity can be related to Mn concentration in the electrolyte.61 To quantify 
relationship between Mn fluorescence intensity and concentration for the operando experiment in Figure 
6, a Mn calibration curve was measured. Calibration standards were prepared inside the operando cell 
configuration consisting of the Zn foil, glass fiber separator, 2 M ZnSO4(aq), and MnSO4(aq) with known 
concentrations. The relationship between Mn fluorescence intensity and MnSO4 concentration is shown 
in Figure 7(a). Two linear regimes are noted from 0.01 M to 0.5 M and 0.7 M to 1.5 M, providing two 
equations with distinct slopes.  Similar two-regime linear correlations between metal ion concentration 
in aqueous solution and x-ray fluorescence intensity has been observed previously.62 

Based on the calibration curve (Figure 7(a)), the average Mn concentration in the operando cell 
electrolyte for each map was calculated using the average Mn fluorescence intensity mapped per 
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electrolyte area (Figure 7(b)). Additionally, the Mn concentration was estimated assuming Mn dissolution 
and deposition to be the sole redox reaction in the system (Equation (1)).  

MnO2(s) + 4H+ + Zn(s) ⇌ Mn2+
(aq) + 2H2O  + Zn2+                                                                          (1)

The observed and estimated Mn concentrations are compared in Figure 7(c).  The Mn 
concentration increases upon discharge consistent with the proposed dissolution mechanism. Upon 
charge the Mn concentration decreases, though does not fully return to the original value.  Under these 
electrochemical test conditions, the Mn concentration after charge increases slightly with each cycle.  This 
implies that more Mn is reduced and dissolved than is oxidized and deposited on charge.  These results 
are consistent with the cycle data, which show higher discharge than charge capacities for the first 5 cycles 
(Figure 2 (b)).  The x-ray fluorescence mapping results (Figure 7 (c)) suggest ~70% of the α-MnO2 electrode 
dissolves on discharge. Notably, the observed Mn concentration is higher than estimated at full discharge 
and slightly lower at full charge. This observation may be the result of a local concentration gradient in 
the cell electrolyte. In Figure S11, the local Mn fluorescence intensities were sampled from locations near 

Figure 7 (a) The calibration curve relating Mn fluorescence intensity (I) and Mn concentration (C). (b) 
Mn-edge fluorescence map of the cell stack showing area used for fluorescence intensity averaging. 
(c) Comparison between observed and estimated Mn concentration in the operando cell electrolyte. 
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the cathode and near the anode then converted to Mn concentration using the calibration curve. The Mn 
concentration near the anode is lower than the Mn concentration at the cathode, consistent with Mn 
dissolution originating at the cathode. The difference in the Mn concentration gradient is especially 
apparent after cycle 2 on discharge and charge. Thus, differences between the observed and estimated 
Mn concentration in Figure 7(c) may relate to the diffusion of Mn ions through the electrolyte from the 
cathode to anode. Additionally, the Mn K-edge XANES spectra in the electrolyte measured after the first 
and fourth discharge are highly consistent with the XANES spectra of 0.8 M MnSO4 standard solution in 2 
M ZnSO4 (Figure S12), confirming that the dissolved Mn species is Mn2+.

The quantitative operando x-ray fluorescence maps demonstrate an increase of manganese in the 
electrolyte on reduction (discharge) and a decrease in the dissolved manganese on charge. The XRD of 
the ex-situ α-MnO2 discharged samples did not show the formation of a zinc inserted manganese oxide 
phase.  Rather, XRD and XAS analyses of the charged cathodes after the 5th cycle indicate the presence of 
a DFT-derived broken tunnel α-MnO2

54 and a Zn-inserted layered chalcophanite (ZnMn3O7·3H2O)45 phase. 

Thus, the following reactions are suggested based on the results of operando x-ray fluorescence 
and ex-situ XANES, EXAFS, XRD, TEM and SAED.  Upon discharge, reaction (1) takes place with reduction 
of Mn4+ and consumption of protons from the electrolyte.  The local pH change induced by proton 
consumption results in chemical reaction (2) leading to ZHS precipitation.  Upon charge, ZHS dissolves and 
Mn2+ is oxidized, where solid manganese oxide phases, consisting of a broken tunnel variant of α-MnO2 
and a Zn-inserted layered chalcophanite (ZnMn3O7·3H2O) (reaction 3) are deposited on the cathode 
surface.   

                     (1)               𝑀𝑛𝑂2(𝑠) + 4𝐻 + + 𝑍𝑛(𝑠)→𝑀𝑛2 +
(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 𝑍𝑛2 +

(𝑎𝑞)  

                                       (2)4𝑍𝑛2 +
(𝑎𝑞) + 𝑆𝑂2 ―

4(𝑎𝑞) + 5𝐻2𝑂(𝑙) +  6𝑂𝐻 ―
(𝑎𝑞)⇌𝑍𝑛4𝑆𝑂4(𝑂𝐻)6 ∙ 5𝐻2𝑂(𝑙) 

 4𝑍𝑛(𝑠) +𝑍𝑛𝑀𝑛3𝑂7 ∙ 3𝐻2𝑂(𝑠) + 𝑀𝑛𝑂2(𝑠) + 𝑆𝑂2 ―
4(𝑎𝑞) +12𝐻 +

(𝑎𝑞)⇌

                                                                  (3)𝑍𝑛4𝑆𝑂4(𝑂𝐻)6 ∙ 5𝐻2𝑂(𝑠) +𝑍𝑛2 +
(𝑎𝑞) + 4 𝑀𝑛2 +

(𝑎𝑞) + 𝐻2𝑂(𝑙)

      

The observed Mn concentration changes in the electrolyte during cycling indicate that the dissolution-
deposition reaction is the main contributor to cell capacity, rather than Zn2+ or H+ conversion or insertion.

Previous reports suggest Mn2+ dissolution limits the cycle life of Zn/MnO2 cells with ZnSO4 
electrolyte and suggest Mn2+ electrolyte additives, such as MnSO4, can suppress Mn dissolution and 
improve capacity retention.5, 18, 26, 27, 63 However, considering the reversible dissolution-deposition process 
to be the dominant electrochemical reaction, the addition of Mn2+ to the electrolyte in Zn/MnO2 batteries 
is equivalent to introducing extra active material into the system, consequently providing additional 
capacity rather than improving the capacity retention through reduced dissolution (Figure S13). Extended 
cycling of the parent Zn/MnO2 system is provided in Figure S14.  Elucidation of the mechanism herein 
provides insight for approaches to enhance capacity retention.  

Conclusion
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In this study, we investigated synthetic potassium-containing α-MnO2, K0.97Mn8O16·0.56H2O, as a 
cathode material for an aqueous Zn/α-MnO2 battery with mildly acidic 2 M ZnSO4 aqueous electrolyte.  
Operando x-ray fluorescence mapping was conducted to obtain time resolved and quantitative 
measurement of the Mn concentration in the electrolyte as a function of discharge and charge.  Upon 
discharge, the Mn4+ dissolved from the cathode and was detected in the electrolyte as Mn2+.   Upon charge, 
solid manganese oxide deposited on the cathode and were identified as a broken tunnel variant of α-
MnO2 and a Zn-inserted layered chalcophanite phase (ZnMn3O7·3H2O).  These results demonstrate 
experimentally for the first time, that a reversible dissolution-deposition mechanism is the quantitatively 
dominant electrode reaction for an aqueous potassium-containing Zn/α-MnO2 battery.  Understanding 
the dominant electrochemical process of the Zn/MnO2 battery can enable future solutions toward 
improving cycle life and its potential as a high energy density, low cost, and environmentally-friendly 
chemistry for stationary energy storage.

Supplemental Information

Data included in the supplemental information section are x-ray diffraction (XRD), thermogravimetric 
analysis (TGA) data for as synthesized α-MnO2, Rietveld refinement results for as-prepared and cycled 
electrodes, coordination numbers and interatomic distances determined from EXAFS fits, and 
electrochemistry comparisons between coin-type and operando cells.  Also provided is a video of the 
operando XAS results displayed in Figure 6.
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