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Fig. S1 Monitoring the activation of cw-MnO2 with different divalent ions: Mg2+, Zn2+, 
and Ca2+.

 

Fig. S2 TGA profiles for the pristine and cycled cw-MnO2.
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Fig. S3 CVs of a) Zn metal anode and b) cw-MnO2 cathode at a rate of 1 mV s-1. 

Electrolyte: 1 M ZnSO4 in DI water.

Fig. S4 a) STEM image of the fully discharged cw-MnO2 alongside its EDS elemental 

mapping with respect to b) Zn, c) Mn, and d) O, suggesting uniform Zn insertion over 

the electrode. 
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Fig. S5 a) XRD pattern and (inset) crystal structure of α-MnO2 NWs, and their b) SEM 
(upper) and TEM (lower) images.

Fig. S6 XRD patterns of α-MnO2 NWs at the pristine and 1st fully discharged states 
when scanned at a rate of 3000 mA g-1. 
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Fig. S7 EXAFS spectra of cw-MnO2 at the pristine and 1st fully charged states.
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Fig. S8 (a) Relative energy values of various Zn intercalation configurations. 
Representative structures are illustrated in (b). Purple, red, gray, and white spheres 
represent Mn, O, Zn, and H, respectively. Blue sphere is O of crystal water molecule. 
Numbers are relative energy in eV in reference to the most stable structure 
(configuration 1).

Note. Overall, the environment of Mn is more critical for the total energy compared to 
that of Zn, which implies that Mn is more sensitive to its coordination than Zn is. When 
Zn is adsorbed, Mn favors the triple-corner-sharing (TCS) sites (left side of Figure S8a) 
due to the repulsion from Zn. For the same Mn configurations, Zn prefers the TCS site 
(configurations 1, 2, and 4) at first, followed by the center of the interlayer space 
(configuration 3). Without protruding Mn, Zn occupies the center of the interlayer space 
(configuration 7). When the amount of crystal water is insufficient so that the 
protruding Mn could not be coordinated by water, the system is highly unstable 
(configuration 8), reflecting the critical role of crystal water for stabilizing the 
discharged state. 
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Fig. S9 Oxidation state of Zn center as a function of the number of coordinate water 
molecules. The extent of charge transfer from ligand water to Zn center converges to 
~0.25 for n = 4, 5, and 6.

Fig. S10 Relative energies of Mn2+ and Zn2+ cations as a function of the number of 
coordinate water molecules. Octahedral complexes (n = 6) are used as a respective 
reference. 

Note. Molecular calculations were performed by using the B3LYP functional1 with 6-
31+g** basis set and Grimme’s D3 dispersion correction (zero damping),2 as 
implemented in the Q-Chem software package.3 Solvent effects were considered by 
applying the universal continuum solvation model (SM8).4
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Fig. S11 Net magnetic moments of Mn atoms before and after the Zn insertion. Before 
the Zn ion insertion (red square), average net moment is 3.25, which corresponds to the 
Mn4+ state. Upon the one Zn ion insertion (black circle), two kinds of Mn atoms (MnTCS 
and MnLayer as illustrated with green spheres in the right panel) are available for 
reduction. Between them, the one in the dumbbell complex (MnTCS) undergoes a larger 
change in the magnetic moment (to 3.96), implying that the given Mn is more likely 
reduced upon the Zn ion insertion. With supplying extra electrons (blue triangle), 
MnTCS is further reduced to Mn2+ ahead of other Mn in the TM layer. For the latter 
calculation, 31 extra electrons were supplied to the Zn1Mn32O64 structure to make one 
type of Mn reduced to Mn2+. The purple and green spheres represent Mn4+ and reduced 
Mn atoms, respectively. Grey, red, blue, and white spheres represent Zn, crystal O, 
water O, and hydrogen, respectively.  

Fig. S12 Initial positions of Zn ion to obtain the potential energy surface in the 
interlayer space. The Zn(H2O)4 complex (right panel) was progressively translated to 
each grid point (green crosses in the left panel) and rotated from 0˚ to 60˚ by 15˚ at each 
position to explore the stable geometries. As a result, 50 initial configurations were 
identified, and they were optimized by relaxing the water molecules and z position of 
Zn ion, while constraining the other degrees of freedom (x and y position of Zn and the 
entire MnO2 framework). The red and violet balls in the left panel represent O and Mn, 
respectively. 
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Table S1. ICP analysis of the dissolved Mn in electrolyte.

Mn in electrolyte

State [ppm] [μmol]
Dissolved portion 
[%] in reference to 

total Mn
1st discharge 0 0 0

1st charge 9.40 0.17 0.74
100th charge 42.29 0.77 3.35
200th charge 43.02 0.78 3.40
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