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Figure S1. Mn 3s XPS of the MnCoO-CN material.
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Figure S2. a) The N, adsorption-desorption isotherm and b) pore size distribution of the MnCoO-CN

material.

Figure S3. SEM image and STEM-EDS elemental mapping of the MnCo-PBA starting material.
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Figure S4. The oxidation process of the 3 M ZnSO4 electrolyte with a graphite foil electrode.
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Figure S5. N 1s XPS of the MnCo-PBA starting material.
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Figure S6. a) Charge-discharge curves and b) cycling performance of the MnCoO-CN cathode in 3 M ZnSOg4
at 0.1 A g'* with the top voltage cut-off of 1.8 V.
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Figure S7. a) Charge-discharge curves and b) cycling performance of a-MnQO; cathode in 3 M ZnSQO4 at 0.1
Agt.
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Figure S8. a,d) CV curves at different scan rates, b,e) the log(i) vs. log(v) plots of the three peaks and c,f)
the non-diffusion and diffusion-controlled contributions at different scan rates of a-c) Mn0O,/CoOx-CN and
d-f) MnO..
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Figure S9. Mn 2p XPS of the Mn0O,/CoOx-CN cathode at different states.

Figure S10. SEM image of the discharged Mn0O,/CoOx-CN cathode.
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Figure S11. The in-situ ATR-FTIR setup.



Table S1 The weight percentages of Mn and Co in the MnCoO-CN composite by ICP-OES.

Element wit%
Mn 50.9
Co 1.8

Estimation of capacity based on MnO; mass according to the results in Table S1:
According to ICP analysis, 50.9 wt% weight in the MnCoO-CN composite material is from Mn element.
When all Mn transforms to MnQ; after conditioning, the weight portion of MnO with respect to the initial

overall weight is 50.9 Wt% + Mun X Mjyno,= 50.9 Wt% + 54.94 g mol™ x 86.94 g mol™* = 80.5%. The cathode

delivers 425 mAh g capacity after conditioning based on the initial composite mass, which corresponds
to the capacity of 425 mAh g* + 80.5% = 527 mAh g based on the mass of MnO,.



Table S2 Calculation of two-electron transfer contribution in MnO,.

Cathode MnO; MnO,/CoOx-CN
Mn concentration in electrolyte at the charged state (mM) 36.1 57.3
Mn concentration in electrolyte at the discharged state (mM) 95.7 183.6

Two-electron transfer mass (mg)
= conc[diff] (mM) x 60 (uL) x 86.94 (g mol?)
Overall MnO; mass (mg) 1.25 0.822

Two-electron transfer %

0.311 0.659

25% 80%

= two-electron transfer mass + overall MnO> mass x 100%

Discussion of Table S2:

To measure the Mn concentrations in the electrolyte at different states, the electrolyte in cycled cells
is extracted from separators. The Mn/Zn ratios are measured by ICP, and the Zn concentration of 3 M is
used as a reference to calculate Mn concentrations. The fluctuation of Zn concentration during
charge/discharge is only a minority of the overall Zn content in the 3 M ZnSO4 electrolyte. To be more
specific, 60 pL electrolyte in the cell contains 60 pL x 3 M = 0.18 mmol of Zn. The Mn0O,/CoOx-CN cathode
reaches the highest capacity around 0.433 mAh. This is the same as the Zn deposition capacity at the
anode, which corresponds to 0.433 mAh + 820 mAh g! + 65.4 g mol?! = 0.008 mmol of Zn. The
concentration change in the electrolyte is only 0.008/0.18 = 5%, assuming no Zn participation in the
cathode reaction. This change is small, and the utilization of Zn concentration as the reference to calculate
Mn concentration is thus feasible.

During the two electron reaction of MnO,, Mn?* is formed during discharge, and its dissolution in the
electrolyte causes Mn concentration increase. Upon charge, Mn?* is oxidized and deposited back to the
cathode as MnO,, and Mn concentration in the electrolyte decreases. Therefore, the Mn concentration
difference between the charged and discharged states is the active material undergoing reversible two-
electron transfer of Mn0O,/Mn?* based on the dissolution/deposition reaction. The corresponding mass of

MnQO; is calculated based on the following equation:
Miwo-electron = (Cdis. - Cch.) x Ve/ectro/yte X MMn02 equation (1)

The mass contribution of two-electron transfer in the total MnO; is calculated based on the following

equation:

Mtwo-electron .
Oro-electron = ————— % 100% equation (2)

mMﬂOz
In the above equations, cg4is. and cch. represent the Mn concentrations in electrolyte at the discharged

and charged states, respectively; Veiectrolyte cOrresponds to the volume of electrolyte; My,o,is the

molecular weight of MnO2; my,,0,is the MnO2 mass.



Table S3 Capacity comparison of the Mn0,/CoOx-CN cathode in the Mn?* free electrolyte of 3 M ZnSO4
with previously reported manganese oxide cathodes using electrolytes containing pre-added Mn?* salts in

aqueous zinc batteries.

) Current ]
Cathode material Electrolyte ] Capacity Ref.
density/rate
2MZnS0O4+0.2 M
0d-Mn304 0.2Ag! 396 mAh gt 1
MnSO4
2 M Zn(CF3S0s), + 0.1
MO-ZMO 0.1Ag? 247 mAh g 2
M MnSOg4
3MZnS0Oz4+0.1 M
Mgo.sMn307-2.7H,0 0.2Ag! 312 mAh gt 3
MnSO4
2MZnSO4+0.25 M
BMO-6 01Ag! | 363mAhg? 4
MnSQOg4
2MZnS0O4+0.3 M
Cu-MnO; 0.1Ag! | 443 mAhg! 5
MnSO4
2MZnSO4+0.1 M
PODA/MnO; 0.1Ag! 321 mAh gt 6
MnSO4
0.1Ag! 425 mAh gt _
MnO2/CoOx-CN 3 M ZnSOq4 This work
0.2Ag! 369 mAh g




Table S4 Cycling performance comparison of the MnO,/CoOx-CN cathode in the Mn?* free electrolyte of 3
M ZnSO4 with previously reported manganese oxide cathodes using electrolytes containing pre-added
Mn?* salts in aqueous zinc batteries.

) Current ]
Cathode material Electrolyte density/rat Cycling performance Ref.
ensity/rate
2 M ZnSO4 +
0d-Mn304 0.2 M MnSO 50A¢g! 95.7% after 12000 cycles 1
. n 4
Meo eMn0o-2.7Hs0 3 M ZnSO4 + 02Ag? 95% after 100 cycles 3
oMn307-2.
goslins7 ? 0.1 M MnSO4 50A¢g! 92% after 5000 cycles
2 M ZnSO4 +
BMO-6 0.25 M MnSO 1.0Ag? 93% after 10000 cycles 4
. n 4
PANI-MNO 2 M ZnSO4 + 02Ag? 89% after 200 cycles .
-Mn
2 0.1MMnSOs | 2.0Ag? 83% after 5000 cycles
2 M ZnSO4 +
o-MnO; 0.1 M MnsO 5C 92% after 5000 cycles 8
. n 4
1 M ZnSO4 +
Cao.2sMn0; 0.1 M MnSO 35Ag? 92% after 5000 cycles 9
. n 4
2 M ZnSO4 +
CNT@KMO@GC 0.2 M MnsO 10.0Ag? 80% after 10000 cycles 10
. n 4
2 M ZnSO4 +
MnO, 0.005 M 10 mAcm? | 100% after 16000 cycles | 11
MnSOg4
KAVSC@MNO 2 M ZnSO4 + 0.3Ag? 87% after 180 cycles 1
- n
? ? 0.25MMnSOs | 2.0Ag? 82% after 5000 cycles
MnOy/Co0.CN 3 M 7150 02Ag! 81.6% after 300 cycles | This
n 00x- n
’ ! 20Ag? 83.1% after 25000 cycles | work
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