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Material synthesis

1.1 MnO: Firstly, 735 mg of Mn(CH3;COO),-4H,0 and 150mg of PVP were
uniformly dissolved in ethanol/water (75/75mL), labeled as solution A. Then, 1350mg
of H;BTC was uniformly dissolved in ethanol/water (75/75mL), labeled as solution B.
Solution B was slowly added dropwise to solution A and stirred continuously for 30
minutes to obtain solution C. Solution C was left to stand for 24 hours at 60 °C,
centrifuged, washed, and dried to obtain Mn-BTC precursor. Mn-BTC was calcined at
700 °C in an argon atmosphere for 3 hours at a heating rate of 5 °C/min to obtain MnO
material.

1.2 Ni-MnO: When synthesizing Mn-BTC precursor, 186.5 mg of
Ni(CH;COO0),-4H,0 was added to solution A, and stirred continuously for 30 minutes
to obtain solution C. Solution C was left to stand for 24 hours at 60 °C, centrifuged,
washed, and dried to obtain Ni-Mn-BTC precursor. Ni-Mn-BTC was calcined at 700
°C in an argon atmosphere for 3 hours at a heating rate of 5 °C/min to obtain Ni-MnO
material.

1.3 Ni-MnO@rGO: When synthesizing Mn-BTC precursor, 186.5 mg of Ni
(CH3;C00),-4H,0 and 100 mg of GO were added to solution A, and stirred

continuously for 30 minutes to obtain solution C. Solution C was left to stand for 24



hours at 60 °C, centrifuged, washed, and dried to obtain Ni-Mn-BTC@GO precursor.
Ni-Mn-BTC@GO was calcined at 700 °C in an argon atmosphere for 3 hours at a
heating rate of 5 °C/min to obtain Ni-MnO@rGO material.

Characterization

Morphological and microstructural information of the samples were obtained
using a field emission scanning microscope (FESEM, JSM-IT800, Japan), and
transmission electron microscope (TEM, FEI Tecnai G2 F20, America). The elemental
distribution was recorded using an energy-dispersive spectrometer (EDS) connected to
a TEM (Hitachi HF5000, Japan). The crystal structure information of samples was
obtained by X-ray diffractometer (XRD, Bruker D8A A25, Germany) with a Cu Ka
source (A=1.5418 A). The chemical composition and electronic structure of the samples
were analyzed by X-ray photoelectron spectroscopy (XSP, Thermo Scientific
ESCALAB Xi*, America) with a monochromatic Al anode X-ray source. The elemental
content of the samples was measured by an elemental analyzer (Elementar Unicube,
Germany). Raman spectra were recorded by using Horiba LabRAM Evolution Laser
with the wavelength of 532nm (2.33eV). The nitrogen adsorption-desorption isotherm
curves of the samples were measured by Autosorb-iQ automatic specific surface and
pore size distribution analyzer (Quantachrome, America). The Quenched Solid Density
Functional Theory (QSDFT) mode was chosen to analyze the pore diameter, pore type,
and pore volume of the samples. Thermogravimetric analysis (TGA) was carried out
using a Mettler Toledo thermal analyzer at a heating rate of 5 °C min-! in the range of
32~800 °C in air. Electron paramagnetic resonance (EPR) was carried out using a

Bruker EMX spectrometer.
Electrochemical measurements

The active materials (MnO, N-MnO, or N-MnO@rGO), carbon black and
polyvinylidene fluoride (PVDF) with the mass ratio of 7:2:1, were mixed and ground
into a homogeneous slurry for 30 min in N-methyl-2-pyrrolidone (NMP). Then the

slurry was coated on titanium foils utilized as the cathode, and the metallic Zn sheet



was utilized as the anode. CR2025 coin cells were assembled by adding 75 mL of 3 M
Zn (CF;S05), as electrolyte and using glass fiber as separator. The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were conducted on the
electrochemical station of CHI 760E. The CV curves were recorded in the potential
range of 1.0 V-1.90 V vs. Zn?"/Zn at a scanning rate of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0
mV s7!, respectively. EIS tests were performed at the open circuit potential in a
frequency range of 10 kHz to 0.1 Hz. Galvanostatic charge-discharge (GCD) and
galvanostatic intermittent titration technique (GITT) were performed on LANHE
CT3002A battery test systems (Wuhan, China). GCD were measured within the
potential window of 1.0-1.90 V vs. Zn?>*/Zn. All the electrochemical tests were carried

at room temperature.

DFT Calculations

DFT calculations were performed by using Vienna Ab initio Simulation Package
(VASP) with the Hubbard model (DFT+U).[12] The value of the correlation energy (U)
was fixed at 5.5 and 4.5 eV for the 3d orbitals of Ni and Mn, respectively.[># Projector
augmented plane wave (PAW) method was adopted. The cutoff energy of 450 eV was
used to expand the plane wave basis and the generalized gradient approximation (GGA)
was applied for the electron exchange correlations. The unit cell of MnO was used for
calculations. For the Ni-doped MnO (Ni-MnO), Ni(1)-MnO represents Ni atom
substituting the Mn atom at face center, while Ni(2)-MnO means Ni atom occupying
the sites of Mn atom at the vertex. The content of Ni doping is 25% at.% (1/4) by
chance, very close to the experimental composition. To achieve geometric
optimization, we employed the integrations over the Brillouin zone with gamma K-
points. The geometric structures of all samples were relaxed until total energy

converged to 10-5 eV and force on each atom converged to less than 0.01 eV A,



Fig. S2 SEM image and element mapping images of Ni-MnO.
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Fig. S3 (a) SEM and (b) TEM images of Ni-MnO@rGO.
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Fig. S4 Thermogravimetric analysis of MnO, Ni-MnO and Ni-MnO@rGO in O,

atmosphere.
The carbon content in MnO or Ni-MnO is derived from the pyrolysis of Mn-BTC or
Ni doped Mn-BTC. The weight loss from 100 to 300 °C can be mostly attributed to
the carbon content.[’]
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Fig. S5 Nitrogen sorption isotherms and pore size distribution of MnO, Ni-MnO
and Ni-MnO@rGO.

The specific surface area (SSA) of MnO, Ni-MnO, and Ni-MnO@rGO is
about146.894, 206.449 and 235.772 m? g! (Fig. S5a). The decrease of SSA could be
caused by by the wrap of rGO, because the bare MnO has porous structure. All the three
samples show mesopore characteristics as shon in Fig. S5b.
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Fig. S6 XPS survey spectra of (a) MnO, (b) Ni-MnO and (c) Ni-MnO@rGO.
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Fig. S7 EPR spectra of MnO, Ni-MnO and Ni-MnO@rGO.
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Fig. S8 CV curves of MnO at the scan rate of 0.1 mV s
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Fig. S9 CV curves of Ni-MnO at the scan rate of 0.1 mV s,
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Fig. S10 Cycling performance at a current density of 2 A g-! for the Ni-MnO
electrodes.
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Fig. S11 Cycling performance at a current density of 0.5 A g'! for the Ni-
MnO@rGO electrodes.
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Fig. S12 Cycling performance at a current density of 0.5 A g! for the Ni-MnO
electrodes.



Fig. S13 Cycling performance at the current density of 0.5 A g*! for the MnO
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Fig. S14 Pseudocapacitance contribution of Ni-MnO@rGO at different scanning
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Fig. S15 (a) Ni-MnO curves measured at different scan rates from 0.2 to 0.8 mV s™;
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b

(b) b value according to the relationship of log(i) and log(v) at different peaks; (c-f)
Pseudocapacitance contribution at different scanning speeds.
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Fig. S16 (a) MnO curves measured at different scan rates from 0.2 to 0.8 mV s™!; (b) b
value according to the relationship of log(i) and log(v) at different peaks; (c-f)
Pseudocapacitance contribution at different scanning speeds.
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Fig. S17 (a) Charge/discharge profiles of MnO electrode in GITT test and (b) the Zn**

Fig. S18 SEM images of MnO, Ni-MnO and Ni-MnO@rGO after the cycling test.

diffusivity coefficient (10-13-10-12 cm? s1).

Ni-MnO

The morphology of electrode materials after the cycling test was observed by SEM.
Due to the strong binder, some fibers from the separator are observed. The Ni-MnO
particles are still observed, especially for Ni-MnO@rGO, which suggests the good

stability caused by the rGO wrap.



Table S1 Statistics of Mn-based cathode materials electrochemical

measurements.
Sample Current density Cycle Capacity retention Ref.
(mA g) number (mAh g

MnO@NGS 500 300 112.308 [6]
MnO@N-C 500 200 100.5 [7]
MnOx@N-C 2000 1600 100 [8]
CNTs@Mn;04 1000 500 123 [9]
D- Mn;04 300 200 284 [10]
B-MnO,@CC 100 700 326 [11]
a-MnO, 200 1000 322 [12]
a-MnO,/rGO 500 100 248.8 [13]
B-MnO, 100 200 270 [14]
8-MnO, 100 500 335 [15]
8-MnO, 100 700 398.2 [16]
a-MnO, 1000 5000 100 [17]
A-MnO,_5 100 1000 301 [18]
8-MnO, 1200 600 280 [19]
a-MnO, 300 3000 362.2 [20]

This work 2000 800 112 /
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