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Experimental

1. Materials Preparation

Synthesis of Mo,,3B1,T, MBene: The three-dimensional (3D) Mo,5Y,;3AIB; i-MAB
phase was purchased from the Beijing Beike New Material Technology Co., Ltd. 1 g
of the i-MAB precursor was slowly etched by 10 ml 40 wt% aqueous hydrofluoric (HF)
acid at room temperature, and then the above solution was stirred in an oil bath
maintaining a temperature of 35 °C for about 3.5 h. After etching, the slurry was diluted
and washed with deionized water three times to eliminate the reaction products. For
further delamination, the above solution was transferred to a beaker in an ice bath and
sonicated by a cell crusher for 5 h. The cell crusher was carried out in the intermittent
mode with pulse on 1s and pulse off 1s. The whole processing time is 1 hour. And the
ultrasound was carried out in mono-frequency mode (20 kHz) with a ®6 mm luffing

rod. Finally, the few-layer MBene powder can be obtained by freeze-drying the
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previous supernatant solution in a lyophilizer for 48 h.

MBene coated on carbon cloth (MBene): For fabrication of the MBene cathode, 5
mg MBene, 1 mg conductive carbon black, and 50 pL of a 5 wt% Nafion solution were
dispersed into 1 mL solution (the volume of isopropanol: water = 1:1), and then under
sonication for 30 minutes. Next, the homogenous dispersion was dropped onto the
cleaned carbon cloth using a doctor-blading method. The slurry was then dried in a
vacuum oven setting at 80 °C for 12 h to remove the isopropanol. The mass of the
MBene catalyst was controlled to achieve a mass loading amount of 1.0 mg cm2.
PtC+IrQ, coated on carbon cloth (PtC+IrQ,): The catalyst ink was prepared by
blending 5 mg PtC+IrO, and 50 pL of a 5 wt% Nafion solution intol mL solution (the
volume of isopropanol: water = 1:1) under sonication for 30 minutes. The dispersion
was transferred onto the cleaned carbon cloth via a controlled drop-casting method. The
slurry was then dried in a vacuum oven setting at 80 °C for 12 h to remove the
isopropanol. The mass of the Pt/C+IrO, was controlled to obtain a loading amount of
1.0 mg cm™.

Ketjen black coated on carbon cloth (Ketjen black): The catalyst ink was prepared
by blending 5 mg conductive ketjen black and 50 pL of a 5 wt% Nafion solution into 1
mL solution (the volume of isopropanol: water = 1:1) under sonication for 30 minutes.
The dispersion was transferred onto the cleaned carbon cloth via a controlled drop-
casting method. The slurry was then dried in a vacuum oven setting at 80 °C for 12 h
to remove the isopropanol. The mass of ketjen black was controlled to obtain a loading
amount of 1.0 mg cm™2.

Synthesis of polyacrylamide (PAM) hydrogel electrolyte

The PAM hydrogel with zinc trifluoromethanesulfonate (Zn(OTf),) is employed as the
quasi-solid electrolyte to fabricate the ZAB-MBene pouch cell. Firstly, 0.1 mol
Zn(OTY), is dissolved into 100 ml DI water. Then, we added 10 g acrylamide monomer
into the above solution with a stirring treatment at 40 °C. The above solution is added
by cross-linkers (2 mg N, N'-methylenebisacrylamide) and initiator (50 mg potassium
persulfate) with heat preservation of 40 °C for 2 hours. Then the mixture is degassed

under a nitrogen atmosphere to avoid the negative effect of remaining oxygen on the



free-radical polymerization. In the last step, the PAM hydrogel electrolyte is obtained
after 40 °C heat treatment for 2 hours.

Materials characterization

X-ray diffraction (XRD) patterns of the samples were carried out in an X-ray
diffractometer equipment (XRD; Bruker, D2 Advance) with Cu Ka radiation. The
microstructure and chemical composition were detected by a field emission scanning
electron microscopy, SEM (S-4700, Hitachi) with an energy dispersive spectrometer
(EDS), transmission electron microscopy (TEM; FEI Tecnai F20), and scanning
transmission electron microscope (STEM) combined with high angle-annular dark-
field (STEM-HAADF; Titan Cubed Themis G2300, 300 kV) imaging, and electron
energy loss spectroscopy (EELS) analysis. Nitrogen gas sorption measurements at 77
K were carried out with an automatic system (ASAP2460, Micromeritics Inc., USA).
The samples were outgassed under vacuum conditions at 473 K for 3 h before test.
Brunauere-Emmette-Teller (BET) method was used to calculate the BET-specific
surface area (BET-SSA) in the linear relative pressure range of 0.0-1.0. X-ray
photoelectron spectroscopy (XPS; ESCALAB 250) is employed to analyze the surface
composition details with C 1s peak calibration at 284.8 eV. XPS spectra were recorded
for O 1s, Mo 3d, Zn 2p, and B 1s. The discharged/charged air cathodes and Zn anodes
were gently washed with deionized water three times and then dried at room
temperature for 24h before measurements.

Electrochemical measurements

The CR2032 coin-type cell was assembled to measure the -electrochemical
performances of the ZAB with different samples. A multichannel electrochemical
workstation of CHI 760D was employed to carry out cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) results. The frequency of EIS ranges
from 10° to 0.1 Hz. The cyclic performances, rate performances, and gravimetric
capacity of the ZAB assembled with different active materials were tested on a LAND
CT3001A battery testing device. The zinc metal foil is directly used as the anode and
separated from the above cathode by commercial glass fiber to fabricate the final zinc-

air cells. The thickness of Zn foil is 80 pm, and the separator type is the Whatman glass



fiber 260 um. The electrolyte for this cell is 1M Zn(OTY),, prepared by dissolving 0.1
mol Zn(OTY), into 100 ml DI water. 100 pL electrolytes (1m Zn(OTf),) have been
added for each coin-cell NNZAB, which makes sure the full immersion of the glass
fiber separator to keep good contact between the electrolyte-electrode interface. All
electrochemical performances were calculated based on the mass of catalysts.

DFT Calculations

The first principles calculation in this work was conducted using the Castep code in the
Materials Studio software based on density functional theory (DFT), in which the
projector augmented wave (PAW) pseudopotentials are selected to analyze the ion-
electron interactions.! 23 The generalized gradient approximation in the Perdew-Burke-
Ernzerhof (GGA-PBE) form was selected to treat the exchange-correlation functional.
The cutoff energy for the plane-wave basis set was set as 489.80 eV. The model of
Moy;3Y,3AIB, was constructed with a hexagonal symmetry and a space group of R-3M
(#166) (the lattice parameter of a =b = 5.44577 A and ¢ = 22.69048 A). The model of
Moy3B; was built by removing the Y and Al atoms due to the etching. A 3x3x1
supercell of Moy;B, was employed, and a gamma-centered 3x3x1 Monkhorst-Pack k-
point mesh was set as the Brillouin zone. To achieve a reasonable structure, the
convergence criterion of the total energy was set to be within 1 x 103 eV within the &
points integration, and all the geometries were optimized until the maximum force was
less than 0.02 eV A-l. We also constructed a vacuum space of 20 A in z-direction to
eliminate interactions between the considered phase and the closest layers.

The following formula guided the adsorption energy (E.qs):

Eaas=Ean-Empene-Ezno:

in which E¢1, EvBene, and Ezyo, represent the energy of MBene nanosheets adsorbed

with ZnO, molecules, pure MBene, and pure ZnO, molecules, respectively.

The reaction free energy of each reaction coordinate was calculated by the equation:
AG = E- Eq + Angz, (uzy - eU) + Anopo, Q)
E and E, represent the total energy of the system at specific and initial steps. Anz, and

Ang are the adsorbed/desorbed numbers of Zn and O, for each step. pz, and o are the



chemical potentials of Zn and O,. U is the electromotive force corresponding to the
discharging, equilibrium, and charging voltage.
The calculated overpotential of ORR and OER processes was defined as

Norr/oer = |Upcic — Uol, (6)

and total potential was

Nrot = Norr t NOER- (7

Upc and U are the discharge and charge potential which drives all ORR or OER steps
energetically downhill, respectively. U, is the equilibrium potential, making the

ORR/OER process occur spontaneously (AG < 0).



Figure S1. SEM image of the i-MAB phase (Mo,3Y1/3),AlB,).

Figure S2. SEM image of the multilayer Moy;B, T, MBene.



Element Weight % Atomic %
OK 41.72 74.65
FK 6.55 9.87
YL 2.03 0.65
MolL 4970 14.83
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Figure S3. (a) Optical image of the Tyndall effect of Mo4;B, T, MBene dispersed in
water; SEM image (b) of the Moy3B,.<T, MBene with a corresponding EDS mapping

pattern of Mo element (¢) and the EDS data (d). The scale bar in (b) and (¢) is 2 um.

Figure S4. (a) TEM and (b) HRTEM image of the fabricated Moy;B,.<T, MBene.



a 10 b 0.020
: 1 —=—Adsorption MAB MAB
MU’ g Desorption —

£ ™ 0.015 4

o E ] ©

g o -

5 1 g 0.010

w . L=y

o 44 ¥ O

© | ’ o

= / < 0.005

§ 2] o s

8 1 =0 .—.—III"

0 T I T T T 0000 T T T
00 O 04 06 08 1.0 1 10 100
Relative pressure (P/Po) Pore width (nm)
c d
25

< —=—Adsorption MBene MBene
> Desorption [ ~ 0.124

"’E 20 - » -

o 'y >

~ T F r")E

5 ]

g 15 4 ; % 0.08 4

o 1 o =

8 10+ i 5

j o

2 1 N T 0.04-

% 51 =g - %

3 | J— z

]

0 T T T T T T T T T T 0.00 T T T
00 02 04 06 08 1.0 1 10 100

Relative pressure (P/Po)

Pore width (nm)

Figure SS5. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distribution

of the i-MAB phase (Mo,;3Y3),AlB;). (¢) Nitrogen adsorption/desorption isotherms

and (d) pore size distribution of the fabricated Mo,;B,.<T, MBene.
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Figure S6. EIS pattern of the NNZAB-MBene and the NNZAB-PtC+IrO, at pristine



states.
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Figure S7. (a) The cycling performance of NNZAB-MBene at a current density of 1.0
mA cm? with a 10-min charge and discharge per cycle; (b) The cycling performance
of NNZAB-MBene at a current density of 3.0 mA c¢cm? with a 20-hour charge and
discharge per cycle; (¢) The cycling performance of NNZAB-MBene at a current

density of 5.0 mA ¢m with a 20-hour cycle period.



Figure S8. Demonstration of a NNZAB-MBene pouch cell powering an electric watch

before (a) and after bending (b).

250
| ==o=—initial
1.0d
200 0.5d
g 1.5¢
g 150 - 1.9c
e
= =3==3°
N 100 - a:
50 -
0 T

T T T T T T T T
0 50 100 150 200 250
Z' (ohm)

Figure S9. EIS pattern of the NNZAB-MBene obtained from the NNZABs at different

discharge and charge states.
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Figure S10. (a) XPS survey spectra of the Mo,;B, T, MBene cathodes obtained from
the NNZABs at pristine state, after the 1st discharged, and after 1st charged state; high-
resolution XPS spectra of the Mo 3d for the Mo,;3B,.T, MBene cathodes after the 1st

discharged (b), and after 1st charged (c) states.



Table S1. Cycle performances of this work, and reported other cathodes based on near

neutral and alkaline electrolytes of ZABs.

Catalyst | Electrolytes Loading Current Cycle Time | Ref.
2
mass (mg (mA cm") (h)
cm)
Co-NCNT | 6.0 M KOH with | 1 2/5 72/60 4
02M Zn(Ac)2
BFC 6.0 M KOH with | 1 2 105 5
02M Zn(Ac)2
FeN,-PNC | 6.0 M KOH with | 2 5 40 6
02M Zn(Ac)2
60% 6.0 M KOH with | 10 2 160 7
PtJrRuO2 02M Zn(Ac)2
CoPOF@ | 6 M KOH 2.0 2 110 8
CNT
NiFe@C | 6.0 M KOH with | 0.5 2 320 9
@Co CNF | 0.2 M Zn(Ac),
CCNF- 6.0 M KOH with | 0.5 2 240 10
PDIL 0.2 M Zn(Ac),
NGM-Co | 6.0 M KOH with | 1.5 2 60 11
02M Zn(Ac)2
(Zn)Co- 6.0 M KOH with | 1 2 277 12
NCF 02M Zn(Ac)2
M-N-C 6 M KOH 0.5 5 81 13




Carbon 1M Zn(OTf)2 8 0.4/1 300/160 14

black

This 1M Zn(OTf)2 1 1/2/3/5 390/380/340/ | This

Work 120 work
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