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Supplementary Note 1
1st discharge: Mn0,(s) + H* - Mn0,(s) — H*(ads) - Mn?* + H,0 (1) (D
(chemical adsorption of proton — chemical dissolution)
Mn0,(s) — H*(ads) + 3H* + 2e~ - Mn?*(aq) + 2H,0(1) (2)
MnO,(s) + xH* + xe™ » H,Mn0,(s) 3
47Zn** (aq) + S0,%~ (aq) + 5SH,0(1) + 60H™ (aq) - Zn,S0,(0H)¢ - 5H,0(s) (4)

1st charge: H,Mn0O,(s) — MnO,(s) +xH* + xe~ (5)
Mn?*(aq) + xH,0(l) > MnOx(s) + 2xH* + (2x — 2)e~ (6)
(Mixture Mn3*and Mn?* in MnOx)

Zn,S0,(0OH)g - 5H,0(s) + 6H* —» 4Zn?**(aq) + S0,° (aq) + 11H,0(l)  (7)

2nd discharge onward:

Mn3*reduction — 1st plateau

MnO,(s) + 2xH* + (2x — 2)e~ - Mn?*(aq) + xH,0(1) (8)
Pristine MnO, reduction — 2nd plateau
MnO,(s) + H* - Mn0,(s) — H"(ads) —» Mn?* + H,0 (1) 9)
(chemical adsorption of proton — chemical dissolution)
Mn0,(s) — H*(ads) + 3H* + 2e~ - Mn?*(aq) + 2H,0(1) (10)
Mn0O,(s) + xHT - H,Mn0,(s) (11)
MnO,(s) + yH* — H,MnO,(s) (12)

47n%*(aq) + S0,%" (aq) + 5H,0(1) + 60H ™ (aq) = Zn,SO0,(OH) - 5H,0(s) (13)

2nd charge onward: Mn?*(aq) + xH,0(1) > MnOx(s) + 2xH* + (2x — 2)e~ (14)
H,Mn0,(s) - MnO,(s) + xH* (15)

HyMnO,(s) — MnO,(s) +yH* (16)

Zn,S0,(0H)¢ - 5H,0(s) + 6H* —» 4Zn?*(aq) + S0,*"(aq) + 11H,0(1)  (17)



Table S1. The summary of Mn L3 and Mn L2 peak position and AE for pristine electrode and
different regions of a-MnQO2 during 1* cycle.

Pristine 642.1eV 652.6 eV 10.5eV
1st discharge- 641.9eV 652.4¢eV 10.5eV
inner region

1st discharge- 640.0eV 652.0 eV 12.0eV
surface region

1st charge-inner 642.2eV 652.8 eV 10.3 eV

region

1st charge- 641.9eV 652.5eV 10.6 eV
surface region

1st charge- 639.8 eV 651.7 11.9 eV

deposited phase

Table S2. The summary of Mn L3 and Mn L2 peak position and AE for pristine electrode and
different regions of a-MnO: during 2™ cycle.

|__Sample | Mn-L, | Mn-L, |AE betweenL,andL,

Pristine 642.1eV 652.6 eV 10.5eV
2nd discharge- 642.2eV  652.5eV 10.3 eV
inner region
2nd discharge- 641.2eV  652.8 eV 11.6 eV
surface region
2nd charge-inner 642.4eV  652.8 eV 10.4 eV
region
2nd charge- 642.4eV 652.6 eV 10.2 eV
surface region
2nd charge- 640.4eV 652.1eV 11.7 eV

deposited phase



Table S3. The summary of Mn L3 and Mn L2 peak position and AE for pristine electrode and
different regions of a-MnO: during 20" cycle.

Pristine 642.1eV 652.6eV 10.5eV
20t discharge- 642.5eV 652.9eV 10.3 eV
inner region
20t discharge- 640.6eV 652.3eV 11.7 eV
surface region
20t discharge- 640.2eV 651.6 eV 114 eV
deposited phase
20t charge- 642.5eV 653.2eV 10.7 eV
inner region
20t charge- 641.9eV 653.0eV 11.1eV
surface region
20t charge- 640.8eV 651.6eV 10.8 eV
deposited phase
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Fig. S1. Annual number of publications (2012-2025) on aqueous Zn|[MnO:z batteries classified
by the dominant charge-storage mechanism proposed.
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Fig. S2. (a) The XRD pattern of the as-synthesized a-MnOz. All peaks are well aligned with
the tetragonal structure (JCPDS #00-044-0141), corroborating a high purity of the synthesized
material. (b) A typical SEM image of the as-synthesized a-MnOsx.

Fig. S3. A representative TEM image of the as-synthesized a-MnO2 nanorod.
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Fig. S4. Differential charge-discharge capacity versus potential (dQ/dV) profile for a-MnO2

electrode during (a) first two cycles and (b) following cycles.
5



300

S R AR AR R RIS RIAGRATGFRIST 100 ~
o) X
- 240 ] ~

Chagre capacity >
< Discharge capacity [ %0 ©

é @ Efficiency GCJ
> 180 ‘©
5 a-MnO 80 &
Q 2
@ W
o o

120 ‘O
8 0 70 .E

% 100 mA g S
S 60- 60 B
o
%) @)

0 ¥ T T T T T 50
0 20 40 60 80 100

Cycle number

Fig. S5. The long-term cyclability evaluation for a-MnO: cathode at 100 mA g™
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Fig. S6. Zn||MnO: cell capacity evolution with cycling after the separator replacement.
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Fig. S7. The 1% cycle GCD profile of the Zn|[MnO2 cell used for ICP-OES analysis of the
electrolyte following the first discharge and charge.

Fig. S8. The SEM images of the a-MnO: electrode after 20™ discharge and charge.
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Fig. S9. GCD profile of graphite-Zn cell using 1M ZnS0O4-0.2 M MnSOs4 electrolyte at a current
of 10 pA cm™.

Fig. S10. The SEM image of the graphite electrode after 1% charge with IM ZnS04-0.2 M
MnSOs electrolyte at a current of 10 pA cm™.
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Fig. S11. GCD profile for the graphite-Zn cell with 1M ZnSO4-0.4 M MnSOs4 electrolyte at a
current of 10 pA cm™.

The Zn||graphite cell demonstrates voltage profiles similar to those of Zn|[MnO: after the first
cycle (Fig. S9 and Fig. 1d), accompanied by comparable nanosheet morphology formed upon
charging (Fig. S10). The amount of MnSO4 (0.2 M) in the electrolyte for the Zn||graphite cell
is not fully utilized in the deposition reaction, as it only exhibits a capacity of 0.018 mAh cm™
in the 1% discharge (Fig. S9). Even when MnSO4 increases to 0.4 M, the capacity is still
substantially low (Fig. S11). Intriguingly, it should be noted that the capacity gradually
increases in the following cycles for both MnSO4-containing electrolytes. It is likely that with
progressive coverage of the deposited nanosheets on the graphite substrate, these deposits
function as a seed and subsequently promote further Mn** oxidation.

Fig. S12. SEM-EDS mappings of a-MnO: electrode after 20™ discharge.



Fig. S13. SEM-EDS mappings of a-MnO: electrode after 20™ charge.
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Fig. S14. The ex-situ Raman investigation of the a-MnO:z electrode at various cycling stages.
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Fig. S15. Operando synchrotron XRD showing the phase evolution of the a-MnO: during the

1 cycle.
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Fig. S17. The STEM-EDS spectrum of the a-MnOz nanorods after 1% discharge.

Fig. S18. (a) A representative TEM image of the a-MnO: nanorod after the 1% discharge with
the SAED pattern shown in the inset. (b) Low-magnification TEM image of the 1* discharged

MnO: electrode.
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Fig. S20. (a) A representative TEM image of the a-MnO2 nanorod with the SAED pattern
shown in the inset. (b) Low-magnification TEM image of the charged (1%') MnO: electrode.
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Fig. S22. Representative TEM image of the a-MnO: nanorod after (a) 2" discharge, (b) 2™
charge, (c) 20™ discharge and (d) 20" charge, the area selected for SAED analysis is highlighted
by the circle and the corresponding SAED pattern is shown in the inset.
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Fig. S25. STEM-EDS analysis of the deposited nanosheet after 2™ charge.
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Fig. S26. STEM-EDS analysis on the MnO2 nanorod and surrounding nanosheets after 20™
discharge.

Fig. S27. STEM-EDS analysis on the MnO2 nanorod and surrounding nanosheets after 20™
charge.
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Fig. S28. Selected pristine MnO2 nanorod for EELS analysis.
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Fig. S29. EELS O K-edge spectra evolution as a function of discharge/charge during the first
cycle.
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Fig. S31. The low-magnification TEM for (a) 20" discharged and (c) 20" charged MnO>
nanorod and deposited phase formed during (b) 20" discharge and (d) charge. (e) The EELS
Mn L-edge and O K-edge spectra collected from the labelled region in a-c.

The Mn L-edge spectra over subsequent cycles (2nd and 20th discharge/charge) exhibit trends
consistent with the first cycle, with the surface oxidation state of MnO2 nanorods reversibly
decreasing upon discharge and increasing upon charge. The evolution of the peak intensity in
O K-edge pre-peak also mirrors the trend in the 1% cycle; however, after long-term cycling
(20th discharge, surface region), the pre-peak intensity completely vanishes, evidencing severe
surface degradation and a highly defective structure induced by repeated intercalation and
deintercalation.
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Fig. S32. The long-term cyclability of Zn|MnO: cell before and after replacing the separator
after (a) 2", (b) 5%, (c) 10™ and (d) 20™ cycle.
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Fig. S33. Soft XAS Mn-L edge of pristine a-MnOz electrode collected in AEY mode. The two
L3 peaks, a and b, are identified as characteristic peaks for Mn*", arising from transitions to
orbitals with t2g and e, respectively.!
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Fig. S34. The linear combination fitting of Mn L-edge AEY spectrum for a-MnO: electrode
after (a) 1° discharge (b) 1*' charge. Although the fitted average Mn valence of the deposited
material is close to that of Mn3Oa, this does not imply a spinel structure; TEM and XRD
indicate an amorphous/disordered MnOx.
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Fig. S35. The soft XAS Mn L-edge spectra collected in the TEY mode for different discharge
and charge electrodes.
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Fig. S39.The SEM images of a-MnO: at different discharged states without acid wash.
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Fig. S40. The XRD patterns of a-MnO: at different discharged states.
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Fig. S41. In-situ EIS evolution of the MnO: electrode in a three-electrode configuration during
1t discharge, recorded every 15 mins at a current of 50 mA g”'. The cell was rested for 3 h prior
to impedance measurement at each point.
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Fig. S42. SOC-resolved EIS-DRT data collected during MnO: discharge with (a) IM ZnSO4
electrolyte, (b) 1M ZnSOs electrolyte containing 0.2 M MnSO4 additive and (c) calendered
electrode and 1M ZnSOs4. Adding MnSOs selectively suppresses the mid-frequency P2 feature
while leaving the high-frequency P1 largely unchanged. Because spectra are acquired after rest
at each SOC, the peaks reflect small-signal interfacial kinetics around the open-circuit potential.
The lower P2 amplitude with Mn?* arises from a higher exchange current density of the
MnO2/Mn?" interfacial redox, which reduces the charge-transfer resistance of the dissolution—
deposition step; this should not be interpreted as accelerated net dissolution during
galvanostatic discharge. Calendering increases both P1 and P2, consistent with reduced
porosity and lower interfacial accessibility amplifying surface- and charge-transfer-related
polarization. Taken together, these trends support assigning P1 to a proton-driven surface
process and P2 to dissolution—deposition coupled charge transfer.

25



Fig. S43.The SEM images of a-MnO: at different charged states without acid wash.
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Fig. S44. The in-situ pH testing during charging of the Zn|[MnO> cell at 300 mA g™'. Notably,
the charge capacity recorded under in sifu pH monitoring is markedly lower than the
corresponding discharge capacity, a discrepancy arising from the relatively high electrolyte
volume required for reliable pH measurement, which dilutes Mn?" and lengthens diffusion
paths, thereby limiting redeposition efficiency.
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Fig. S45. (a) The XRD pattern and (b, ¢) SEM images for the synthesized Mn(OH)2 and the
corresponding phase transformation after cycling. (d) the corresponding voltage profile after
50 cycles and (e) the long-term cycling performance for the synthesized Mn(OH)..

According to the manganese Pourbaix diagram,” higher pH (near neutral) at the interface (Fig.
S44) can promote the formation of Mn(OH)2 as a metastable intermediate through the reaction
of Mn** with OH'!. Upon charging to a higher potential, this intermediate can undergo
oxidation and deposit as Mn3O4 at the electrode surface. To substantiate this mechanism
experimentally, we synthesized highly crystalline Mn(OH)2, as shown in Fig. S45a, which
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displays a granular morphology (Fig. S45b), and assembled it into a full cell paired with a zinc
anode and 1M ZnSOs4 electrolyte. As anticipated, the cell exhibits limited initial capacity of 14
mAh g (Fig. S45¢) owing to the poor intrinsic conductivity of Mn(OH)2.> Nevertheless, a
progressive increase in capacity is observed over successive cycles, reaching a relatively stable
performance after approximately 50 cycles, along with a similar voltage profile to that of the
Zn|MnOz2 cell (Fig. S45d). Ex-situ XRD analysis of the cycled electrode confirmed a complete
phase transition from Mn(OH)2 to Mn3O4 (Fig. S45a). Interestingly, the charged product in the
Mn(OH)2[|Zn cell forms as highly crystalline Mn3O4, in contrast to the disordered MnOx
deposited in the Zn|[MnO: cell. This difference reflects the lower barrier for solid-state
oxidation when starting from a pre-formed Mn—O(H) framework. Concurrently, morphology
evolves from discrete particles to aggregated nanosheets (Fig. S45c¢), closely resembling the
typical morphology of the deposition morphology of MnO: after charging. Such transformation
indicates a likely mechanistic pathway, where the local interfacial pH becomes relatively high
and hence fosters local Mn?>" to transiently form a metastable Mn(OH)2, which is
electrochemically converted to mixed-valent MnOx.
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Fig.S46. In-situ EIS evolution of the MnO: electrode in a three-electrode configuration during
1% charge, recorded every 15 mins at a current of 50 mA g™'. The cell was rested for 3 h prior
to impedance measurement at each point.
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Fig.S47. The XRD pattern of the as-synthesized Mn3Oa4.
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Fig. S48. The GCD profile of Zn||Mn30O4 cell for the first two cycles while cycling at 100 mA
g! in the range of 0.8- 1.8 V vs. Zn?>"/Zn. These data are presented to benchmark
electrochemical signatures of Mn3Os against those observed for the deposited MnOx. This

comparison does not imply that the deposited phase is crystalline Mn3Oa.
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Fig. S49. The XRD pattern of the as-prepared (a) B-MnOz2 and (b) 6-MnOx.
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long-term stability of the Zn||f-MnOz cell at 100 mA g™

To investigate the universality of the dissolution-deposition chemistry for manganese-based
oxide cathodes, other candidates, B-MnO2 and 6-MnO, featuring tunnel and layered structures
(Fig. S49), respectively, were employed as cathodes and analyzed by the same methodology.
As shown in Figs. S50a and S51a, both -MnO:2 and 8-MnO2 exhibit a similar evolution in
their respective voltage profiles: transitioning from a single-plateau profile to a two-plateau
profile, akin to that observed for a-MnO2. However, the B-MnO2 electrode exhibits a low
specific capacity during the initial stage, gradually increasing to 108 mAh g! after 50 cycles
(Fig. S50b). The growth in capacity aligns well with the ICP-OES data, indicating that 3-MnO-
undergoes subtle dissolution-deposition chemistry during the first cycle and then 18.5% Mn
in electrode dissolves after 50 cycles, without Zn**-involved reaction or Zn*" intercalation (Fig.
S50c¢). Likewise, the dissolution-deposition behavior for 8-MnQO: is also confirmed by ICP-
OES results (Fig. S51b), highlighting that dissolution-deposition chemistry is applicable to
other MnO:2 polymorphs irrespective of their crystal structure differences. Not surprisingly,
both B-MnO:2 and 8-MnO:xz electrode experience gradual capacity decay for long-term cycling
(Fig.S50d and Fig.S51c¢).
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Fig. S53. The superior stability of Zn||BM-MnO2 when employing 1M ZnS04-0.2 MnSO4
electrolyte at 100 mA g

Leveraging the pre-incorporation of Mn?" ions and the availability of more reactive sites in
BM-MnO, the material exhibits a gradual increase in capacity, reaching 315 mAh g™! after 50
cycles. Moreover, following the replacement of the separator with a fresh Mn-containing
electrolyte at the 80th cycle, the specific capacity bounds to 376 mAh g and further grows to
431 mAh g at the 92nd cycle. This behavior highlights that the pre-added Mn?" acts as a
reservoir, contributing additional capacity from the electrolyte rather than suppressing
dissolution. Benefiting this, the BM-MnO2 can exhibit an ultra-long cyclability for 240 cycles,
corresponding to over 1500 h.
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Fig. S54. The GCD profile for Zn|[BM-a-MnO:z cell during the first two cycles.

Fig. S55. The FIB-SEM and corresponding EDS image for 10%-Gra- BM-a-MnO:z electrode
before cycling.
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