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Experimental Section

Material Characterization:

The compositions and microstructures were investigated via FESEM (Tescan MAIA3
XMH, 10 kV), XRD with Cu Ka-radiation (Bruker D8 ADVANCE, A=0.15405 nm, Cu
Ko radiation, 40kV, 40mA), TEM (JEOL JEM-2100 LaBs), XPS (PHI
5000C&PHIS300, Mg, 250 W, 14 kV) at room temperature. X-ray photoelectron
spectra were calibrated with a carbon peak at 284.8 eV as a reference, and all samples
were Ar etched before characterization.”? The evolution of the element contents of
electrode in solution was detected by ICP-OES. The EPR characterization was analyzed
in the X-band (9.45 GHz) with 1.0 G modulation amplitude and a magnetic field
modulation of 100 kHz through the Bruker, A300-10-12 Bruker EPR spectrometer at
100K. The in situ differential electrochemical mass spectrometry (DEMS) analysis was
employed to track the gases generated during charging. The cell was purged
continuously with Ar gas, which flows through the headspace of cell. The evolved gases
from electrode was carried by Ar and was traced. The cell potential was raised from
open potential to 1.8 V with the current density of 50 mA g'!, and the variation of the

ion current for different m/z (mass per electron) monitored as a function of time.

Electrochemical calculation:
The detailed calculations about the specific energy density and power density of the

aqueous Ca,Mn3;0g//Zn battery were given as follows:



The specific energy density of the aqueous Ca,Mn;Og//Zn cell was calculated according
to the Equation 1.

Espe =C xV/m (Eq. S1)
where Espe is specific energy density (Wh kg™); C is the discharge capacity (Ah); V is

the average discharge voltage (V); m is the total mass (Kg) of cathode (Ca,Mn;0Os).

The specific power density of the aqueous Ca,Mn;0g//Zn cell is calculated according
to Equation 2.

Pspe =ixV/m (Eq. S2)
where Pspe is specific power density (W kg'); i is applied current (A); V is average

discharge voltage (V); m is the total mass (Kg) of cathode (Ca,Mn;0Os).

The coulombic efficiency of O43-CMO and KMO as shown in the Equation 3.

Discharge capacity

Coulombic ef ficiency = (Eq. S3)

Charge capacity

The Zn ions storage kinetics can be divided into two main type: capacity-controlled
process and diffusion-controlled process. The charge storage kinetics can be calculated

according the Equation 4:

i =av’ (Eq4)
where i is the peak current and v is the scan rate based on the CV curves, and the above

equation can be transformed as
log(i) = blog(v) + log(a) (Eq %)

The value of b can be obtained through line fitting between log(i) and log(v).

Once b approaches 0.5, the specific capacity is dominated by battery-type behavior.



When the value is close to 1.0, the semi-infinite linear diffusion process is mainly
driven by pseudocapacitance.*® The capacity contribution can analyzed through the use

of the equation below:
i = kv + kov'/? (Eq 6)
Where i is the current based on the CV curves, and kv, and kv represent capacitive

and ionic diffusion contribution, respectively.

The electrochemical active surface area was determined by estimating the capacitive
current associated with double-layer charging from the scan-rate dependence of cyclic
voltammetry (CV). The linear trend was obtained by fitting the difference in current
density between cathodic and anodic sweeps at a certain potential under the various
scan rate. The double-layer capacitance (C,)) is a half of fitting slope, which have linear
relation with the electrochemical active surface. The value of C; is a powerful evidence
to compare the relative surface activity of various electrodes. The potential window of
CV curves was 1.42 V - 1.52 V vs. Zn?*'/Zn with the scan rate from 0.1 mV/s — 1.0

mV/s to measure the C for different electrode.’*

DFT Calculation:

In this work, all DFT calculations were performed in the Materials Studio (Accelrys)
package by CASTEP code. The generalized gradient approximation in the form of
Perdew—Burke—Ernzerhof functional was selected to estimate the electron
exchange-correlation potential with the TS method for dispersion (DFT-D) corrections.

A 2 x 2 x 1 k-point mesh was chosen based on the Monkhorst—Pack method with a 550
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eV energy cutoff. The Ca,Mn;0g surface was cleaved to (200) plane with a vacuum of
10 A. Geometry optimization was performed by using the Broyden-Fletcher—
Goldfarb—Shanno method. The energy of 2.0 x 107> eV per atom, the maximum force
of 0.05 eV per A, and the maximum displacement of 0.002 A were utilized as the
conditions of convergence tolerance.
The binding energy of zinc atom adsorption (AG), which was the main parameter of
evaluating the energy barrier of insertion, was calculated with the following equation:
AG = Geettrzn=Gzn=Geen (Eq. S7)
Where Geepizn, Gzn and G were the total free energy of the different cell with

absorbed Zn, a Zn atom in the solid phase and the used cell.



Results and Discussion
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Figure S1. a) The Raman spectra of Ca,Mn;Os.

The sharp characteristic peak at 664 cm™! is assigned to the v2 (Mn-O) stretching
vibration of the MnOg octahedron. Other small peaks at 578, 325 and 217 cm! are
corelated to the v3 (Mn-O) stretching vibration, the Mn-O-Mn vibration and the Ca-O

stretching vibration, respectively.>¢

Figure S2. a), b) SEM images, and c) EDS element mapping of Ca,Mn;0sg.
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Figure S3. The high-resolution a) Ca 2p, b) Mn 2p, c¢) O 1s XPS spectra and d) XPS

survey spectra of Ca,Mn;0g.

The normalized Mn 2p spectrum (Figure S3b) reveals two characteristic peaks
concerting to Mn 2py, and Mn 2p;,,.” Based on the deconvoluted high-resolution O 1s
spectrum (Figure S3a), the obvious peak situated at 531.2 and 529.0 eV and tiny peak

located at 531.2 are attributed to lattice oxygen and defective oxygen, respectively.?
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Figure S4. The characterization of a) XRD, b) SEM, c) EDS element mapping, and d)

XPS spectra of 8- K 46Mn,04-1.4H,0.

The XRD pattern (Figure S4a) reveals the layered structure of K 44Mn,04-1.4H,0
with great crystallinity, indexing to the Birnessite (PDF# 80-1098). The SEM image
(Figure S3b) show the nanoflowers morphology, coinciding with the previous work.!
The EDS analysis (Figure S3¢) demonstrate the uniform distribution of K, Mn and O
elements, and the K comes from the hydrothermal residue of KMnO,. The normalized
Mn 2p spectrum (Figure S4d) reveals two characteristic peaks concerting to Mn 2p;,

and Mn 2ps,. The layered K ions cause the reduced valance of Mn.
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Figure S5. The XPS spectra of initial and fully charged electrode.

Figure S6. The SEM of a) initial and b) fully charged electrode.
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Figure S7. a) the EDS mapping, b) EDS curve of pure conductive carbon black
electrode after first charging process, and ¢) the GCD curves of conductive carbon black
electrode during first cycle. Referring the load of active material about 2 mg cm2, the

load of conductive carbon black is about 0.7 mg cm™.

The charged capacity of carbon electrode is much lower than the first charging
capacity of Ca,Mn;0Ogs. Therefore, the negligible deposition of Mn demonstrate that the
decreased ratio of Ca and Mn is mainly ascribed to Ca®" extraction, rather than Mn

deposition.
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Figure S8. The XRD pattern of a), b) different electrodes at the pristine and 1t charge,
¢) the soaked electrode in the 3M ZnSO,4 with 0.3M MnSOj, electrolyte after 72h, and

d) the electrode after 1000 cycles.

As shown in Figure S8a and S8d, the crystal structure maintain stability without

obvious structural deformations or phase transition during cycling.
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Figure S9. The high-resolution a) Ca 2p, b) Mn 2p, ¢) O 1s XPS spectra, and d) XPS

survey spectra of full charged electrode.
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Figure S10. The XPS spectra of a) O 1s, b) Mn 3s, ¢) Mn 2p and d) Ca 2p after
etching 8 nm.

12



1'C1.8V )
——— Pristine 1661.6 cm™?

220 cm™’

Intensity (a.u.)

200 400 600 800 1000
Raman shift (cm™)

Figure S11. The Raman spectrums of different electrodes at the pristine and 1% charge.

Figure S12. The HRTEM images and corresponding SAED of cathode after a), b) first

charged and c), d) fifth charged cycles.
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Figure S13. The EDX curves of CMO and O4-CMO.

The content of Ca and O decrease after charged process, and the S and Zn come

from the residuum of Zn(CF;S03), electrolyte. Normalizing the Mn signal intensity,

Figure S13 shows that the oxygen concentration in the oxygen-vacancies electrode is

lower than that the pristine electrode, indicating ~ 3.1% oxygen loss at the outmost

surface layer.

Potential (V vs. Zn®*/Zn)

Potential (V vs. Zn®*/Zn)

1.8
1.6
1.4
1.2
1.0

0.8

1.8+

1.6
1.4

1.2+
1.0+

0.8

Ca®* extraction
Zn?* insertion
1% Cycle :
0 100 200 300
Specific capacity (mAh g')
\ S
B \A"“\-w
—
\.{r}ilnsenion
15t Cycle AN
——2" Cycle \\
0 100 200 300

Specific capacity (mAh g™

o

o

Potential (V vs. Zn%*/Zn)

Potential (V vs. Zn®*/Zn)

1.8{
1.61
1.4
1.2
1.0
0.8

1.84
1.64
1.4
1A2-.
1.04
0.8

wwM.

1% Cycle
—— 2" Cycle

B P
A Zn* extraction

A

%

.. Ca?* extragtion

" .
LN

100

200

300

Specific capacity (mAh g™)

1% Cycle
—— 2" Cycle
3 Cycle

J

Zn?* extraction

- .
=.Zn?* Insertion

\%

100

200

300

Specific capacity (mAh g™)

Figure S14. (a-d) The GCD curves of Ca,Mn;0g during cycling.
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In fact, the oxygen vacancies formation is strongly related to the activation process.
In the initial charging process, the Ca?" is extracted from the manganese oxide layer.
To eliminate the charge imbalance caused by calcium deintercalation, oxygens escape
from its crystal lattice, leading to the formation of oxygen vacancies in the material.’
During the discharging process, due to the radius and the inserted energy barrier of Ca?*
larger than that of Zn?*, the ions of insertion layers is the Zn?* rather than Ca?" (Figure
S12a). Furthermore, during the second cycle, the charged capacity is higher than the
first discharged capacity, indicating less Ca?* extraction out (Figure S12b). Owing to
the increase oxygen vacancies, more Zn?" are inserted, and the discharge capacity also
increases (Figure S12c¢). Similarly, the same process happens in the third cycle. With
the decreased concentration of Ca in the bulk phase, the interaction between Ca®* and
MnOg octahedron is strengthened, and the difficulty of Ca?" extraction is increased, so
the concentration of Ca’" tends to progressively more stable. In conclusion, the
formation of the oxygen vacancies and the activation process are strongly associated

with the process of Ca?" extraction.!?
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Figure S15. a) the CV curves at 0.1 mV s! of the third cycle for the O43-CMO and KMO

electrodes, and b) detailed image
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Figure S16. Galvanostatic charge/discharge curves at different current densities of a)

04-CMO and b) KMO.
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Figure S17. The prolonged cycling performance of O4-CMO and KMO at 4 A g-'.
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Figure S18. Self-discharge behavior tested at a current density of 0.3 A g!, a), b) the
04-CMO and c), d) the KMO when firstly charged to 1.8 V, and discharged to 0.9 V

after rest for 24 hours.
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Figure 19. a) the long cycle of conductive carbon black electrode at the current density
of 0.3 A g4 Agland5 A g, b) the EDS mapping of fully charged conductive carbon
black electrode after 1000 cycles under the current density of 5 A g1, the CV curves of
carbon black electrode in the ¢) 3M ZnSO,4 with 0.3M MnSO, and d) 3M Zn(CF3S03),

with 0.3M Mn(CF;S0;); electrolyte.

After 1000 cycles, the low capacity and unobvious EDS mapping of Mn proved
the limited deposition of Mn (Figure S19). In the 3M ZnSO,4 and 0.3M MnSQy, solution,
the oxidation peaks of 1.5-1.7 V and reduction peaks of 1.2-1.4 V became more and
more obvious during cycling, indicating the deposition and dissolution of Mn. However,
in the 3M Zn(CF3S03), and 0.3M Mn(CF;S03), solution, the peak current of redox
peak was 0.03 mA, which much smaller than 0.3 mA in the 3M ZnSO, and 0.3M
MnSO, solution, suggesting that the unobvious deposition of Mn. Above phenomenon
confirm the results that the dissolution and deposition of manganese was not the main

energy storage mechanism for Og-CMO.
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Figure S20. The pseudocapacitive contribution of O3-CMO at 0.1 mV s!.
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Figure S21. a) the CV curves at a different scan rate of KMO, b) the relationship
between Logarithmic pattern of current and scan rate at specific peaks, c) the proportion

of capacitive and diffusion contributions at a different scan rate.
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Figure S22. a) comparison of cycle performance and coulombic efficiency in the 3M
Zn(CF;S053), without Mn(CF;S0s3),, b) comparison of manganese dissolution rate of

04-CMO and KMO in different cycles.
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Figure S23. E vs. t curves of Ca, ¢sMn3;05, electrode for a single GITT during the
discharge process.
The Galvanostatic Intermittent Titration Technique (GITT) is usually used to

estimate the solid diffusion coefficient according to the following equation:!!

pert—t (mBVM) 2 (A Es) 2

T\ MpgS AE;

Where 7 is the duration of the relaxation (s); t is the duration of current pulse; mg is the
quality of the active material (g); the V), is the molar volume (cm?® mol-"); the My is the
molar mass of the electrode material (g mol'); the S is the total contacting area of
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electrode with electrolyte (cm?); the AE is the steady-state potential change (V) by the
current pulse; and AE, is the potential change (V) during the constant current pulse after

eliminating the iR drop.
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Figure S24. CV curves and linear fit of current densities versus scan rates of a), b)
oxygen-vacancies O4-CMO and c), d) pristine Ca,Mn;0g. The electrochemical active
surface area (ECSA) was estimated by electrochemical double-layer capacitance

(Ca).>12

21



Q
O

Mn 2p Zn2p
2dCc 18V —
- \ S5 [2WCc1.8V
S UCLERT NIy b U
= / ? 1D 0.9V
= / € [1"D13V
660 655 650 645 640 635 1050 1040 1030 1020

Binding Energy (eV) Binding energy (eV)
Figure S25. The ex-situ a) Mn 2p and b) Zn 2p high-resolution XPS spectrum of Oy-

CMO electrode at different status.

Table S1. The ICP-OES analysis of Ca,Mn3;Og and electrolyte at different states.

Sample Ce,/mg L1 Cp/mg L1 Ceo/Camy
Initial 121.5 261.2 0.6611
15t charge to 1.8 V 23.36 59.89 0.5543
15t discharge to 0.9 V 20.26 51.77 0.5562
2% charge to 1.8 V 27.79 49.77 0.5584
3t chargeto 1.8 V 23.68 62.14 0.5392
5% charge to 1.8 V 21.71 58.16 0.5305
15t charged electrolyte 1.02 185.6 7.531*%103
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Table S2. Summary of the electrochemical performance comparison of various

defective manganese-based oxides batteries.

Average . Energy Power
Cathode . . Capacity . . Cycle
discharging density density Reference
materials [mAh g1] stability
voltage [V] [Wh kg1] [KW kg1]
~80%
oxygen-
y‘g after 2000
deficient 6- 1.36 345 470 10 4
cycles at 5
Ml’l02
A gl
~94%
oxygen-
Ve after 500
deficient B- 1.32 302 400 ~1.5 8
cycles at
Ml’l02
05A¢g!
~45%
oxygen-
Ve after 300
deficient 1.24 221 273.4 2.6 7
cycles at
ZnMn,O,
1.66 A g'!
~75%
oxygen-
V& after 1000
deficient 1.32 302 ~400 ~3 13
cycles at 1
Ko.sMng 3016 Ag!
~92%
after 1800
Mn vacancy
- 570 409 - cycles at 14
&-MnO,
30 mA
cm
~99%
Mn-deficient after 1500
1.19 300 356 2.7 15
MnO cycles at
1A g!
. ~94%
cation-
. after 500
defective 1.35 150 202 - 16
cycles at
ZIIMII204
05A¢g!
=92%
Oxygen-
after 3000
vacancies 1.39 368 512 7.5 This work
cycles at
CazMn308
5A¢g!
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Table S3. The fitted results of electrolyte resistance Rg and charge-transfer resistance

R of Ca;Mn3;0g and MnO,.

Sample Rct/Q Rs/Q

Initial 351 0.708

15t cycle 75.5 0.436

04-CMO

10t cycle 56.7 0.516
50t cycle 533 0.0156

Initial 170 0.663

1stcycle 324 0.653

KMO

10t cycle 359 0.634

50t cycle 649 3.34
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