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Materials Characterization

Field emission scanning electron microscopy (SEM, Hitachi, S-4800) with energy
dispersive spectrometer (EDS, Bruker Quantax-400) and transmission electron
microscope (TEM, JEM-2100F, JEOL) were used to examine the morphology,
structure, and element distribution of the materials. Measurements of the sample's
microstructure was made using an X-ray diffractometer (XRD, Rigaku Smart Lab, TM
9kW, Cu-K, = 1.5418A, 30 kV, 25 mA, scanning range 5-90°). Measurements of the
sample's specific surface area and pore distribution were made using a physical
adsorption instrument (Micrometric, ASAP2020). In order to suit the XPS test results,
XPS Peak 4.1 software was used to assess the material element composition and
valence states using X-ray photoelectron spectroscopy (XPS, Esca lab 250Xi).
Electrochemical Measurements.

The electrochemical characteristics of the samples were measured using an
apparatus with three electrodes. The working electrodes were prepared by coating a
homogenous slurry of active material (AC, MnO,, MnO,-Mn;04, Mn;0,4 power),
carbon black (Super-P) and polyvinylidene fluoride (adhesive agent) in N-methyl
pyrrolidone solvent with a weight ratio of 80: 10: 10 onto graphite substrates, and then
dried at 60 °C for 24 h in a constant temperature oven. A saturated calomel electrode
served as the reference electrode, and a Pt sheet served as the counter electrode.
Typically, each working electrode has an exposed area of 1 x 1 ¢m? and an active
material mass loading of 1 mg. As the electrolyte solution, we utilized 1.0 M MgSO,
solution. An electrochemical workstation was used to measure cyclic voltammetry
(CV), galvanostatic charge-discharge curves (GCD), and electrochemical impedance
spectroscopy (EIS) (Autolab PGSTA302N). The voltage range for CVis -0.5t0 1.2V
(versus Hg/HgO), and the scan rates range from 2 to 10 mV s-!. The voltage range for
GCD is -0.5 to 1.2 V (versus Hg/HgO), and the current density ranges from 0.2 to 5 A
g'!. The frequency range used for the electrochemical impedance spectroscopy was 1
MHz to 0.1 Hz. A two-electrode system (MHS) was assembled using the AC electrode
as the anode and the MnO,-Mn;0, electrode as the cathode in a 1 M MgSO, aqueous

electrolyte. Similarly, the electrochemical performance of MHS was tested using an
2
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electrochemical workstation (Autolab PGSTA302N). The cycling stability
measurement of aqueous magnesium-ion hybrid supercapacitors (MHS) was carried
out on a LAND battery-testing instrument with a current density at 10 A g! for 5000
cycles. The two-electrode test employed the principle of excess negative mass for
electrode matching. A single negative electrode was coated with approximately 9 mg
of active material, while a single positive electrode was coated with approximately 3
mg of active material. This ensured maximum capacity of the positive material. The

active substance mass was used to compute all working current densities.

Related calculations. For the three-electrode and two-electrode systems, the specific
capacitance (Cg;, F g'!; Cpp, F g'!) was calculated from the GCD curves according to

the following equation[1, 2]:

I X At
FLT < AV
I X At
F2 = I X AV

where I, AV, m and t refer to the current (A), potential window (V), mass of active
material (g) and discharge time (s), respectively.
For the two-electrode system, the energy density (E, Wh Kg!) and power density

(P, W Kg!) were calculated according to the following equations[3, 4]:
Cp x AV?
© 2x36
3600 X E
p=——_"_""
At

where Cg, AV, and At refer to the specific capacitance (F g!), potential window (V),
and discharge time (s), respectively.

The ratio of diffusion and capacitance contributions in the capacity contribution
is calculated as follows based on the ratio of diffusion-controlled and capacitance-

controlled currents[5]:
i=kv+ kzvl/2
k; and k, are fitting constants, vary with the scan rate of v (mV s), k;v being the faster

capacitance control current and k,v!2 being the slow diffusion control current.

3
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The preparation of samples.

4 mmol KMnO, and 6 mmol MnSO4-H,O were dissolved in 40 mL of DI,
respectively. Then, the above two were mixed and stirred magnetically at room
temperature for 30 min, and the mixed solution was transferred to a 100 ml
polytetrafluoroethylene autoclave and kept at 140 °C for 6 h. The sample obtained by
washing and drying is the precursor, and was denoted as MnO,. The MnO, was
transferred to a tube furnace and heated at 800 °C for 2 h under N, atmosphere at a rate
of 2 °C min-!. After natural cooling to room temperature, the sample was taken out and
the MnO,-Mn;04 was obtained. Samples obtained under the same conditions at 1000

°C were Mn;0;,.
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1 Table S1 Mn and O species content (at%) of MnO,, MnO,-Mn;04 and Mn3;0,4 based on
2 XPS results.

Sample Mn2+ Mn3+ MIIAH OMn-O-Mn OMn-OH OH-O-H

MnO, - - 100% 44.0% 35.2% 20.8%

MnO;- Mn;04 26.7% 36.5% 36.8% 55.8% 36.0% 8.2%

Mn;04 44.86% 55.14% - 64.1% 19.6% 16.3%

10
11
12
13

14 Table S2 Specific capacitance at varied current densities of MnO,, MnO,-Mn;0, and

15 Mn30q.
Sample 05A¢g! 1.0Ag! 20A ¢! 3.0A ¢! 50A ¢!
MnO, 132.1 108.8 76.4 55.6 324
MnO,- Mn;04 333.5 313.5 277.6 254.1 211.8
Mn;04 155.0 123.5 78.8 52.9 294
16
17



1 Table S3 Performance comparison of MnO,-Mn;0,4 with other Mn-based materials in

2 aqueous magnesium ion energy storage.

Energy density

Power density

Anode Cathode Electrolyte Cycling Ref.
(Whkg) (W kg")
AC K-MnO, 1.0 M MgSO, 85.2 360 96.7%, 20000 cycles [5]
AC Co-MnO, 1.0 M MgSO, 79.6 360 94.8%, 15000 cycles [6]
AC Mg-OMS-2/Graphene 0.5 M Mg (NOs), 46.9 - 75.7%, 300 cycles [7]
AC B-MnO, 1.0 M MgSO, 60.8 180 74.1%, 3500 cycles [8]
AC 8-MnO, 4.0 M Mg (ClOy), 103.9 3680 96.5%, 1000 cycles [9]
PCS CMO/G-N 1.0 M Mg (ClO,), 61.0 123 87%, 10000 cycles [10]
AC 8-MnO, 4 M Mg (ClO4),-PAAm 59.6 3450 96.7%, 1000 cycles [11]
a-Fe,0; B-MnO, 1.0 M MgSO, 82.1 6153 96.2%, 5000 cycles [12]
AC Mn;0, 2.0 M MgSO, 20.2 125 80%, 6000 cycles [13]
AC K- MnO,JHMC 1.0 M MgSO, 111.1 505 97.3%, 5000 cycles [14]
This
AC MnO,-Mn;04 1.0 M MgSO, 185.6 1299.9 98.5%, 5000 cycles
Work




Fig.S1 SEM of MnO; (a, b) and Mn304 (c, d).
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Fig.S2 CV curves at varied scan rates and GCD curves at varied current density of

MnO; (a, b), MnO,-Mn304 (¢, d) and Mn;0;, (e, f).



Fig.S3 EDS mapping of MnO; (a, ¢ and e) and MnO,-Mn;0y (b, d and f).
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Fig.S4 (a) N, adsorption/desorption isotherms and (b) pore size distribution of the
MnO;, MnO,-Mn;04 and Mn;04.
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Fig.S5 Repeat experiments CV and GCD for MnO,-Mn;0,4 samples.
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