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Figure S1. ICP-OES results for HESes



Figure S2. SEM images of a) (FeCoNi)Se,, b) (FeCoNiMn)Se,, c) HESe-1 and d) HESe-3



100
=~ 801
o
E —a— HESe-1: 20.7724 m*/g
T 60 — HESe-2: 13.4680 m’/g
2 —o— HESe-3: 26.4446 m*/g
&
=
< 40-
]
E
=
<
> 204

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/Po)
Figure S3. N, adsorption-desorption isotherms and pore size distribution profiles of HESe-1, HESe-2 and HESe-

3.
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Figure S4. XPS survey spectra of the HESe samples with calculated metal atomic ratio
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Figure S5. The XPS spectra of a) Mn b) Se in HESe-2.
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Figure S6. Cycling performances of HESe-2 cathode with selected typical discharge/charge profiles under a
limited capacity of 500 mA h g! at 500 mA g in LABs.
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Figure S7. CV curves of the HESe cathodes under a scan rate of 0.1 mV s™! with a voltage window of 2.35 ~ 4.5

V in ambient air
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Figure S8. Rate performance of a) HESe-1 cathode and b) HESe-3 cathode at different current densities (100 to

1000 mA g ') with a limited specific capacity 500 mAh g™! in O, and air.
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Figure S9. a) Rate performance of HESe-2 cathodes with different mass loadings at current densities (200 to
1000 mA g ') with a limited specific capacity 500 mAh g™!; b) The initial discharge/charge profiles of HESe-
2 cathodes with different mass loadings at 100 mA g! with a voltage range from 2 to 4.5 V; ¢) Rate
performance of HESe-2 cathodes with selected typical discharge/charge profiles under mass loadings of ¢)
0.5 mg cm?, d) 1.0 mg cm™ and e) 2.0 mg cm™2.

As shown in Figure S9a and S9c-¢, the HESe-2 cathode with the mass loading of 1.0 mg cm? exhibited
almost the same discharge potentials and higher charge potentials at the currents 200-1000 mA g~ and 500
mA h g"! when compared to those of the cathode with 0.5 mg cm2. Meanwhile, the cathode with 2.0 mg cm™
exhibited higher discharge/charge overpotentials at the same test conditions. With a cutoff voltage window
of 2-4.5 V at 100 mA g'!, HESe-2 cathode with 1.0 mg cm delivered larger discharge capacity of 4173.3
mA h g”! with a coulombic efficiency of 86.97% compared to the cathode with 0.5 mg cm (Figure 3c). For
the cathode with 2.0 mg cm™, the discharge capacity decreased to 2284.9 mA h g! with the coulombic

efficiency of 83.46% (Figure S9b).
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Figure S10. a) Cycling performances of HESe cathodes with terminal voltages at different current densities and
fixed capacity 500 mAh g in LOBs; b) Cycling performances of HESe-2 cathode with selected typical
discharge/charge profiles under a limited capacity of 500 mA h g at 500 mA g! in LOBs.
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Figure S11. CV curve of the HESe cathode under a scan rate of 0.1 mV s~ ! with a voltage window of 2.0 ~ 4.5
V in CO, atmosphere
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Figure S12. FTIR spectra of discharging to different capacities in ambient air
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Figure S13. XPS spectra of a) Li 1s and b) C 1s of HESe electrode at different discharge/charge stages in

ambient air.
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Figure S15. a) The discharge/charge profiles of HESe cathodes in LCBs; XPS spectra of C 1s in b) HESe-1, c)
HESe-2 and d) HESe-3 in LCBs after full discharge and recharge at 500 mA g'.
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Figure S16. Li anode pictures at different cycles of a) low humidity (RH<30%) and b) high humidity (RH
30-50%); ¢) XRD patterns of Li anode during cycling under ¢) low humidity and d) high humidity.
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Figure S17. a) Cycling performance of HESe cathode with terminal voltages at 500 mA g! and fixed
capacity 500 mAh g! in LABs at high humidity (RH 30-50%); b) Cycling performance of HESe cathode
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Figure S18. Density of states (DOS) of pristine, after adsorption of Li,O, groups and after adsorption of Li4;O4
groups.
The electronic states of the (210) facet at the Fermi level increased after the adsorption of discharge products
(Li,0; and Li40,), indicating the improved conductivity of the adsorbed system, in which the O 2p, Se 3d, and
TM 3d orbitals contributed to the electronic states near the Fermi level to the growth of Li,0,, improving charge

transfer efficiency and resulting in good catalytic durability.
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Figure S19. The d-band centers of FeSe,, CoSe,, HESe, NiSe,, MnSe, and ZnSe;.
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Figure S20. Electron localization function plots of FeSe,, CoSe,, NiSe, and ZnSe,, respectively
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Figure S22. Adsorption energy of different reaction species on Fe, Co, Ni, Zn and Se sites.
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Figure S23. FTIR spectra of the HESe electrode at different capacities during discharge in LCB.
Figure S17 shows the FT-IR spectra tested in CO,. No intermediate Li,C,04 is observed in the discharge
products of Li-CO; batteries (1318, 1642 cm™).! The LiTFSI/TEGDME electrolyte typical peaks were found
at 1040 to 1350 cm™'.2 Besides, the peaks at 1441, 1500 cm! can be attributed to Li,CO;.3
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Figure S25. Calculated different configurations
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Figure S26. Calculated 28 configurations and corresponding surface energies

Figure S27. The structure model of configl

We constructed the HESe (210) plane model with a metal atom ratio of 1:1:1:1:1 for /Fe/Co/Ni/Mn/Zn. Due to the large number
of possible configurations and limited computational resources, 28 representative configurations were selected for optimization.
Elements in configurations 1-16 are relatively evenly distributed, resulting in lower calculated energies. Among them,
configuration 1 has the lowest energy and is characterized by a slight surface excess of Co and no surface-exposed Mn. It can
also be observed that the clustering of Co atoms seems to be beneficial for energy reduction and Mn plays an important role in

stabilizing the HESe structure. Configurations 18-28 exhibit segregation of multiple elements, making the structures unstable

and resulting in higher energies.
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Table S1. Comparison of the electrochemical performance of different electrodes using in Lithium-air

battery*-20

Assistance Strategy

Cycle Performance

Materi Mass(mg/c Specific
Tonic liquid or Oxygen- circumstance b Capacity Current density Ref
s Electrolyte Redox Li Anode selective ") (mAh g (mA g) Cycle Number
y mediators membran /Limited Capacity ¥
additive es (mAh g)
. . 309
LiTFSI in .
- 12,020 (500
CNT Zeolite X [C,Cim] Ambient air 0.05 ¢ 500/500 162(with ionic 4
S8 [NTE] mA g') liquid
2 electrolytes)
dry air (21%
MCNTs . I ) 300
@wno  Commercial Co O3, 78% No) 0.3-0.5 13050300 mA 500/1000 60(only with 5
electrolyte -salen without CO, gh
2 and H,0 catalyst)
79%N,, 21%0 350
i i - 02, 02, 11 (without
MoS, LITESU EMIM-BF4  2C0¥C 500ppm. CO, 0.1 500/500 ( . 6
DMSO coated — anode-protection
RH=45% )
ayer )
Commercial DBBQ and PSS- Ambient air 0.2 mA cm?/ 486
CNT Li/GO- o 0.45+0.1 : 5 100 (single- 7
electrolyte TEMPO Li/GF RH=25% 0.2mAh cm cathode )
LiTFSI
TEGDME
gel polymer rGO . . . .
. SiO,—Lil- Ambient air 100
rGO elegtrplyte ' Lil prlotected GPE RH=15% 0.8-1.0 100/500 50(without Lil ) 8
containing Lil Li anode
and 4 wt%
SiO,
LiEDA Ambient air 2~35 PR
MnO gel electrolyte protected — 0.4-0.5 200/500 134 (with liquid 9
. RH=10-40%
Li anode electrolyte )
78%N,
Mo;P/ . EMIM-BF4/ . o i’ 1200
TEMP LITFSI/ TEMPO Li,CO/C- 21%0,, 500 0.1 500/500 150 (without 10
o) DMSO DBBQ coated ppm. CO,, rotection)
RH=45% p
3DOS- . .
Co@M  Gel Electrolyte Ambient air 0.63 6500(500 mA 500/500 100 1
n@CC RH=50% gl
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LiPF6 in

ethylene
Gr- carbonate (EC) S
Co30,4 and dicthyl Ambient air 0.325 160/200 50 12
carbonate
(DEC)
SWNT/  Li[NTf] and
L [CCiim][NTH Ambient air 0.6 10730 (200) 20071000 10 13
CNG ] solution
NiCo,0  LiPF6/EC/DE o 0.5 mA cm?
@Ni C Ambient air 1.0 | mAh om? 100 14
< 8000 (500
Fe;Mo;  Commercial Ambient air 1.0 $ 500/600 157 15
0, electrolyte mAg!)
CoMoO Commercial Ambient air 10 12000 (100 500/600 247 16
4 electrolyte RH<30% ) mA g!) 1000/600 270
RuO/N  C ial Ambient ai 3465
uLy, ommercia; mbient air 250 mA o
o clectrolyte RH=65% 0.075 ( ! g 250/500 200 17
Sn0,@  C ial 8339 75/1000 31
nv, ommercial . . 75 Ao
C electrolyte Ambient air 0.158 ( lgn & 200/1000 25 18
Fe@La
0.6510.4C
00sFeos  LITFS/DMSO Ambient air 1.0 14093;330 mA 400/500 156 19
3
. . Ambient air
NiCo,0 i‘l’e“;'r‘slr "t‘:] (25°C CO, 0.8 8019 300/1000 40 20
4 Y 0.03%)
i 3650 (100 i
HESe ~ Commercial No No No Ambient air 0.5 (,1 500/500 480 This
electrolyte mA g!) work
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Table S2. Comparison of the electrochemical performance of different electrodes using in Lithium-

CO, battery?!-?
Specific Capacity Cm{;‘x g_ell)lsny
. -2 1
Materials Electrolyte Mass(mg/cm2) (mA)h g /Limited Capacity Cycle Number ref
(mAh g7)
RuP,-NPCF LiTFSUTEGDME 0.15-0.25 11951(100 mA g) 200/1000 200 21
RuCo/CNFs LiTFSI in DMSO 0.25 17 270(300 mA g) 500/1000 90 22
IrO,-N/CNT LiTFSI in TEGDME 0.2-0.3 4634(100 mA g') 100/400 316 23
NiS,/FeS,-NSGA LiTFSI in DMSO 0.25 21,178(300 mA g') 1000/1000 127 24
ZnCo,04@CNTs  LiTFSI in TEGDME 0.2 4275(100 mA g 100/500 200 25
Co-N-CNTs LiTFSI in TEGDME 6042(200 mA g 400/500 92 26
Ir NSs-CNFs LiTFSI in TEGDME 0.3 7666.7(166.7 mA g 1) 500/1000 400 27
MnO@NC-G LiTFSI in TEGDME 0.27-0.45 25021(50 mA g 1000/1000 200 28
ZnS QDs/N-rGO  LiTFSI in TEGDME 0.2-0.5 10310(100 mA g!) 400/1000 400 29
Co-Doped MnO,  LiTFSI in TEGDME 0.5-0.8 8203(100 mA g!) 100/1000 500 30
Oy-TiOy/MXene  LiTFSI in TEGDME 18042.5(200 mA g 200/1000 158 31
N-CNTs@Ti LiTFSI in TEGDME 0.45 9292.3(50 mA g!) 250/1000 45 32
0.1 M LiTFSI in
MoS, NFs (EMIM-BF4)/DMSO 0.1 +0.002 60000(100 mA g™!) 500/500 500 33
(25%/75%)
MoS,/CNT LiTFSI in TEGDME 8551(100 mA g ') 100/500 142 34
1 M LiTFSI 0.3 M
; 5 23174(1 Ag!
Fe-ISA/N,S-HG LiNOyDMSO 0.21 3174(100 mA g1) 1000/1000 210 35
Cu-NG LiTFSI/TEGDME 0.27-0.44 200/1000 50 36
U ! 13676(200 mA g1)
BN-hG LiTFSI in TEGDME 0.3 1000/1000 200 37
Hstn 16033300 mA g )
B-NCNT LiTFSI in TEGDME 0.2 1000/1000 360 38
23328(50mA g 1)
Ir-Te NWs LiNO3-DMSO 0.4-0.6 13,247.1(200 mA g 1000/500 350 39
)
LiTFSI in .
HESe TEGDME 0.5 500/500 1050 This work
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Table S3. d-band center (eV) of each metal site in MSe, and HESe

Fe Co Ni Mn Zn
MSe, -1.17 -2.57 -4.41 -3.98 -8.54
HESe -2.34 -2.46 -4.46 -4.84 -8.43
Table S4. LiO, adsorption energy (eV) on metal sites in MSe, and HESe
Fe Co Ni Mn Zn
MSe, -1.26 -0.56 -0.87 -1.26 -0.61
HESe -1.07 -0.68 -0.69 -1.07 -0.91
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Table SS. Structure models and corresponding adsorption energies of different adsorbed species on
different adsorption sites of HESe (210) facet

Adsorption
Sites

sub- Li*
(eV)

sub- O,*
(eV)

sub- LiO,*
(eV)

sub- LizOz*
(eV)

Sub- H,0*
(eV)
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