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Experimental Section

Materials Synthesis. In a typical synthesis, 0.5 mmol of Mn(CH;COO),-4H,0, 1 mmol of
Co(CH3C00), 4H,0, and 16 mmol of urea were added into a mixed solution of 15 mL deionized
water and 15 mL glycerol and stirred at room temperature for 15 mins. Then 1 mmol of STAB was
added and kept stirring at room temperature for another 15 mins to form a transparent solution. The
resulting solution was transferred into a 50 mL Teflon-lined stainless autoclave and kept at 140 °C
for 10 h. After cooling to room temperature, the pink precursor was collected and washed with
deionized water and ethanol for several times, and dried in a vacuum oven at 60 °C for 12 h. Then,
the as-prepared product was annealed at 600 °C in air for 10 h with a temperature ramp rate of 3
°C/min to obtain porous yolk-shelled MnCo,0,4 microrugbys (YSM-MCO). The pink precursor was
finally converted into the black powder. For comparison, MnCo,0,4 with twin notched morphologies
(denoted as TN-MCO) were prepared through a similar procedure without adding STAB. The
Co3;04 microcubes were synthesized under the same condition except that only
Co(CH3C0O0),"4H,0 was wused instead of the mixture of Co(CH;C0O0),4H,O and
Mn(CH;COO),-4H,0. The Mn,0; twin notched spheres were synthesized under the same condition
except that only Mn(CH3;COO),-4H,0 was used instead of the mixture of Co(CH;C0OO),-4H,0 and
Mn(CH;COO0),-4H,0.

Materials Characterization. X-ray diffraction (XRD) patterns were obtained in the 26 range
of 10-80° using a Philips X’Pert Pro X-ray diffractometer with Cu Ko radiation (1.5418 A). Field
emission scanning electron microscopy (FESEM) images were taken on a FESEM (Quanta 200
FEQG)) operated at an accelerating voltage of 10.0 kV. Transmission electron microscopy (TEM)

and high resolution transmission electron microscope (HRTEM) images were obtained on a JEOL
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JEM-2010 transmission electron microscope, equipped with X-ray energy dispersive spectroscopy
(EDS) capabilities working at an acceleration voltage of 200 kV. Thermogravimetric analysis was
conducted on a TGA-2050 (TA Corp.) thermal analysis system under a heating rate of 5 °C/min
from 20 to 800 °C with an air flow rate of 100 mL/min. Surface analysis of the samples was
performed using X-ray photoelectronic spectrometer (VGESCA-LABMKII, XPS). The nitrogen
adsorption-desorption isotherms and pore-size distributions of the as-synthesized samples were
measured by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods
(Micrometrics, ASAP2020M + C).

Lithium Storage Performance Measurement. The electrochemical performances of the as-
synthesized samples were tested by CR2016-type coin cells with high-purity lithium foil as the
counter/reference electrode. The working electrodes were prepared by blending 70 wt% active
material, 20 wt% Super P conductive carbon, and 10 wt% polyvinylidene difluoride binder onto
copper foil. The electrode sheets with a diameter of 12 mm were punched out and dried at 80 °C for
12 h in a vacuum oven. The loading amount of active material: ~1 mg cm 2. The Celgard 2400
membrane was used as the separator. The test electrolyte solution was formed by dissolving 1 M
LiPF¢ in a mixture solvent of ethylene carbonate (EC), ethyl methyl carbonate (EMC) and dimethyl
carbonate (DMC) (EC: EMC: DMC = 1: 1: 1, in volume ratio). The galvanostatic
charging/discharging cycles were measured by a LAND CT2001 cell tester between 0.01 and 3.0 V
at 25 °C. Cyclic voltammetry (CV, 0.1 mV/s) and electrochemical impedance spectroscopy (EIS,
0.01-100 kHz) measurements were both evaluated by a CHI760E electrochemical workstation. The

diffusion coefficient (D) of Li-ions is calculated by utilized the Eqgs. 1-3:

o =2nf (1)
Z=R+ow " (2)
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D =05R YA F'C2> (3)

where R is the gas constant, f'is the frequency, o is the Warburg coefficient, T is Kelvin temperature,
A is the contact area of electrodes, n is the electronic transfer number per molecule during the
intercalation, F'is the Faraday constant and C is the molar concentration of Li-ions. In order to test
the electronic conductivity of active material bonded to copper foil, we replaced the lithium sheet of
counter electrode with copper foil (denoted as Cu/active material/Cu). The electronic conductivities
of YSM-MCO and TN-MCO on the Cu/YSM-MCO/Cu and Cu/TN-MCO/Cu were measured by
applying a 0.1 V direct current (DC)/Cu cells.

OER Performance Measurement. Electrocatalyst powder (5 mg) was dispersed in a mixture of
0.6 mL of water and 0.4 mL of ethanol with 30 puL of Nafion solution, and then the mixture was
under continuously mixed ultrasonically for 0.5 h to obtain a homogenous ink. For the fabrication
of working electrodes, the YSM-MCO were deposited on nickel (Ni) foam (NF). In a typical
experiment, the NF (about 1 cm x 2 cm) was cleaned using 3 M hydrochloric acid solution for 5
min in an ultrasound bath. Then, the NFs were alternately washed with deionized water and ethanol
for 10 min. The catalyst ink (10 pL) was sucked, released (10 times) and then dropped on the NF by
using a pipette (loading amount: ~0.5 mg cm™2). 1 M potassium hydroxide (KOH) solution was
used as the electrolyte. A silver/silver chloride (Ag/AgCl) electrode and platinum sheet were used
as the reference and the counter electrodes, respectively. The linear sweep voltammetry (LSV) was
measured from 0 to 0.8 V with a sweep rate of 5 mV s7!. All polarization curves were corrected
with iR-compensation. The electrochemical impedance spectroscopy (EIS) measurements were
carried out at open circuit potential, and the frequency scan range was from 1000 kHz to 0.01 Hz.
The pH value of the 1 M KOH was ~14. The potentials were converted to values referred to the

reversible hydrogen electrode (RHE) using the formula: Eryg = Eagiagar + 0.197 + 0.059 x pH,
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where Eagaqci 1s the experimentally measured potential against the Ag/AgCl reference electrode.
The overpotential () was calculated using the following equation: # = Eryg — 1.23. The Tafel plots
are derived from the polarization curves via the Tafel equation (y = b x log j + a, where 7 is the

overpotential, j is the current density, and b is the Tafel slope).

S5



MnCO,/CoCO,

(104)

(012)

Intensity (a.u.)

MnCO, JCPDF Card No.86-0172

. ’ . ‘ | . | | 1L i il L
10 20 30 40 50 60 70 80
2-Theta (degree.)

Fig. S1 XRD pattern of the MnCO3;/CoCO3 microrugby precursor

Fig. S2 (a,b) SEM and (c-e) TEM images of the MnCO3;/CoCOj; microrugby precursor
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Fig. S3 TGA curve of the MnCO3/CoCO; microrugby precursor in air with an increasing
temperature rate of 5 °C /min. The TGA curve of the MnCO;/CoCOj; precursor displays two major
weight loss steps. The first weight loss (2.98%) below 400 °C is attributed to the loss of adsorbed
water, while the second one (34.52%) is due to the thermal decomposition of MnCQO3/CoCOj; to

MHCOZO4
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Fig. S4 (a,b) XRD patterns, (c,d) SEM images, and (e,f) TEM images of the products obtained at

500 °C (denoted as MCO-500) (a,c,e) and 700 °C (denoted as MCO-700) (b,d,f)
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Fig. S5 X-ray photoelectron spectroscopy (XPS) spectra of the YSM-MCO: (a) Survey spectrum

and (b-d) high-resolution spectra of Mn 2p (b), Co 2p (¢), and O 1s (d)
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Fig. S6 (a,e,i) XRD patterns, (b,c,f,g,j,k) SEM images, and (d,h,]) TEM images of Co;0, (a-d),

Mn,03 (e-h), and TN-MCO (i-1)
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Fig. S7 Typical nitrogen gas adsorption-desorption isotherms and pore-size distribution curves

(inset) of Co304, Mn,03, and TN-MCO
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Fig. S8 CV curves for the initial five cycles at a scan rate of 0.1 mV s! in the voltage range of 0.01-
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Fig. S9 Galvanostatic discharge-charge curves of (a) Co3;0y, (b) Mn,0;, and (¢c) TN-MCO for the 1%,

2nd and 5t cycles at the current density of 0.1 A g’!
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Fig. S10 Cycling performances of (a) Co304, (b) Mn,0;, and (¢) TN-MCO in Li half cells at 0.5 A

g'! for 200 cycles
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Fig. S11 Long cycling performances of (a) Co3;04, (b) Mn,03, and (c) TN-MCO in Li half cells at 1

A g for 650 cycles

Fig. S12 (a) SEM and (b) TEM images of the YSM-MCO electrode for LIBs after 650 cycles
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Fig. S13 Electrochemical impedance spectra of the YSM-MCO (red circles), Coz04 (purple circles),

Mn,0; (black squares), and TN-MCO (blue triangles) electrodes after 150 charge-discharge cycles
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Fig. S14 (a) Relationship Z’ and w™'? at low frequency of YSM-MCO and TN-MCO; (b) Current-

time curves of Cu/YSM-MCO/Cu and Cu/TN-MCO/Cu
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Fig. S15 (a) CV curves of the YSM-MCO electrode at different scan rates. (b) log i vs.log v plots at

oxidation and reduction states
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Fig. S16 CV curves at different scan rates for the (a) YSM-MCO, (b) Mn,0s3, (¢) TN-MCO, and (d)

Co30, electrodes. (e) Current density (Aj = j,- j.) as a function of scan rate derived from (a-d) for

the four catalysts
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Table S1 Comparison of lithium storage properties of MnCo,04-based anodes

Fig. S17 (a) SEM and (b) TEM image of the YSM-MCO electrode after OER test for 80 h

Capacity (mAh g~ Current density
Anodes Ref.
N/cycle number (mA g)

MnCo,0, quasi-hollow spheres 610/100t 400 1
MnCo,0, nanoparticles 584.3/250th 2000 2
Flake-like MnCo,04 952/100% 100 3
Diamond-like MnCo0,04 720.4/200th 300 4
Core-shelled MnCo,0; ellipsoidal 620/50th 400 5
Multiporous core-shelled MnCo,0,4 700/50th 400 6
MnCo,0,4 nanowire 895.8/50th 100 7
Erythrocyte-like MnCo,04 960/100t 200 8
Porous yolk-shelled MnCo,04 742.2/200th 500 This
microrughbys 475.4/650 1000 work
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Table S2 Summary of the OER catalytic activity of different MnCo,04-based electrocatalysts

Catalyst materials overpotential at10 mA cm2 (V) Ref.
Porous yolk-shelled MnCo,0,

0.36 This work
microrugbys
Nano-MnCo,0y s 0.41 9
MnCo,04 nanofibers 0.45 10
MnCo,0,4 microspheres 0.49 11
MnCo,04 nanoparticles 0.49 12
Mn,Cos;_,O4 nanocrystals 0.47 13

Table S3 The Li" diffusion coefficient and electron conductivity of YSM-MCO and TN-MCO,

respectively
Materials Li* diffusion coefficient (cm?/s)  Electron conductivity (S/cm)
YSM-MCO 1.24x101! 6x10-11
TN-MCO 1.6x10712 2.85x10°12
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