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1. Experimental section
1.1 Preparation of G-OH, M3(HHTP),, M\M;_(HHTP), and their composites
G-OH: The preparation of G-OH follows the method described in a previous
work [1]. 100 mL of graphene dispersion with a concentration of 1 mg mL! and 0.98
g ferrous chloride was added to a flask, 0.1 mol L-!' dilute HCI solution was used to
adjust the pH acidity to 4. Then, heated to 35 °C and stirred for 2 h, with H,O, and
deionized water were diluted at a volume ratio of 1:3 and subsequently added to the
reaction system using a micro-injection pump at an injection rate of 50 mL h''. The
reaction product was filtered and washed with 0.1 mol L-!' HCI to remove residual
ions, and potassium thiocyanate was used to check whether the iron ions were
removed. The product was then washed with deionized water until neutral. Finally,
the product was dispersed in water for later use.

Cu3;(HHTP),: 0.3mmol Cu(CH;COO),"H,0, 0.2 mmol 2, 3, 6, 7, 10, 11-
hexahydroxytriphenylene (HHTP), 15 mL of deionized water in a 20 mL glass bottle
and sonicated for 30 minutes until the solid dissolved. The bottle was then vigorously
swirled and shortly sonicated resulting in a dark solution. The reaction mixture was
heated in an isothermal oven at 85 °C for 24 h resulting in dark blue crystals and
cooled naturally to room temperature. Finally, the crystals were washed first with
deionized water (3x15mL), and then with acetone (6x15mL). After centrifugation,
placed it in a vacuum drying box and heated at 80 °C for 12h. The preparation method
of Ni3(HHTP);, is the same as Cuz(HHTP), except replacing Cu(CH3COO),-H,O with

Ni(CH;COO0),-4H,0.



Cu; sNi; s(HHTP),: The preparation method is consistent with Cu;(HHTP),, and
the molar ratio between the bimetallic salts is 1:1. 0.15mmol Cu(CH;COO), H,0,
0.15mmol Ni(CH;COO),-4H,0, 0.2mmol 2, 3, 6, 7, 10, 11-hexahydroxytriphenylene
(HHTP), 15 mL of deionized water in a 20 mL glass bottle and sonicated for 30
minutes until the solid dissolved. The reaction mixture was heated in an isothermal
oven at 85 °C for 24 h and cooled naturally to room temperature. Finally, the crystals
were washed first with deionized water (3x15mL), and then with acetone (6x15mL).
After centrifugation, placed it in a vacuum drying box and heated at 80 °C for 12h.

monometallic composites [Cu;(HHTP),/-(G-OH),: After ultrasonically treating
the G-OH aqueous dispersion for 1 h, Cu(CH;COO),-H,0 and G-OH were added to
the mixture at mass ratios of 3:1, 1:1, and 1:3, respectively. Added 20 mL deionized
water in a 100 mL glass bottle, and ultrasonically dispersed uniformly, and stirred for
1 h at room temperature to form solution A. HHTP (molar ratio to
Cu(CH;C0OO0),-H,0 is 2:3) was putted into a 20 mL bottle, added 10 mL of deionized
water, ultrasonically dispersed it evenly, poured it into solution A, continued to stir
until it was evenly mixed, and heated in an isothermal oven at 85 °C for 24 h. The
reaction mixture was naturally cooled to room temperature, and the crystals were
washed with deionized water (3x15mL), followed by acetone (6x15mL). After
centrifugation, placed it in a vacuum drying box and heated at 80 °C for 12h to obtain
[Cu3(HHTP),],-(G-OH),, [Cu3;(HHTP),],-(G-OH)3, and [Cus(HHTP),]3-(G-OH),. The
preparation method of [Ni;(HHTP),],-(G-OH)y is the same as [Cu3;(HHTP),],~(G-

OH),.



bimetallic composites [Cu;sNi;s(HHTP),/-(G-OH),: The preparation method
is consistent with [Cu3(HHTP),],-(G-OH)y, bimetallic salts and G-OH were added to
the mixture at mass ratios of 3:1, 1:1, and 1:3, respectively. The molar ratio between
the bimetallic salts is 1:1. Added 20 mL deionized water in a 100 mL glass bottle, and
ultrasonically dispersed uniformly, and stirred for 1 h at room temperature to form
solution A. HHTP (molar ratio to bimetallic salts is 2:3) was putted into a 20 mL
bottle, added 10 mL of deionized water, ultrasonically dispersed it evenly, poured it
into solution A, continued to stir until it was evenly mixed, and heated in an
isothermal oven at 85 °C for 24 h. The reaction mixture was naturally cooled to room
temperature, and the crystals were washed with deionized water (3x15mL), followed
by acetone (6x15mL). After centrifugation, placed it in a vacuum drying box and
heated at 80 °C for 12h to obtain [Cu;;sNi;s(HHTP),];-(G-OH),,

[Cuy sNi; s(HHTP),];-(G-OH);, and [Cu, sNi; s(HHTP),]5-(G-OH),.

1.2 Materials characterization

Its morphology and element distribution were characterized by scanning electron
microscopy (SEM, Hitachi SU8100). The crystal phase of powders and electrodes
was examined by X-ray diffraction (XRD, Bruker AXS GmbH, Copper Ko,
A=1.54178 A) in the 20 range of 2.0-60.0° at the scan rate of 2.4° min’! in steps of
0.02°. Elemental content analysis of materials was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES) after appropriate dilution. Nitrogen

adsorption and desorption method (Micrometrics Corporation, ASAP 3020, 77K) was



used to obtain the specific surface area and pore size distribution of the samples by
BET and BJH methods, respectively. The AC electrochemical impedance of the

battery was determined by the electrochemical workstation (CHI604E).

1.3 Preparation of cathode material

The cathodes were prepared by casting a slurry of the material on a hydrophobic
carbon paper. The slurry consisted of 80 wt% synthesized materials as the catalyst and
20 wt% polyvinylidene fluoride dispersed in 1-methyl-2-pyrrolidone, and the catalyst
loading was maintained at approximately 2-3 mg. After casting, the cathodes were
dried in a vacuum oven at 80 °C for 24 h.

When assembled into lithium-oxygen batteries, the amount of active material
was recalculated based on the size difference between the battery mold diameter (10
mm) and the carbon paper substrate diameter (16 mm), using the following equation:

Amount of active material = catalyst loading x (52) / (8?).

1.4 Electrochemical measurements

The battery was assembled in a glove box filled with pure argon. Li / separator
(Celgard 2400) (dipped with electrolyte) / O, electrode was sealed into a Swagelok
cell with an air hole placed on the positive electrode side to allow the oxygen to flow
in. A Swagelok cell was assembled with three layer separator (Celgard 2400), a
lithium foil anode (thickness, 500 pum), and 400 pl of 1.0 M bis(trifluoromethane)

sulfonamide lithium salt (LiTFSI) in tetraethylene glycol dimethyl ether electrolyte.



After assembly, the batteries were stabilized in a pure oxygen atmosphere for 6 h at
room temperature. All the cell performance evaluations were based on the weight of
synthesized materials with a total loading of 0.7-1.2 mg. The full charge-discharge
profiles of Li-O, cells were tested in the voltage window from 2.0 to 4.5 V and at a
rate of 500 mA g in a LAND cycler (Wuhan Land Electronic Co. Ltd). The cycling
test was conducted at a specific capacity limit of 500 mAh g at a current density of
50 mA g'!. Electrochemical impedance spectroscopy (EIS) was measured at an AC

voltage of 5 mV amplitude in the frequency range between 0.01 Hz and 10° Hz.

2. Results and discussion
2.1 Catalyst characterizations
The peaks for Cu;sNi; s(HHTP), are consistent with those of monometallic

composites shown in Fig. S1, suggesting similar structural characteristics.
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Fig. S1. XRD patterns of M3;(HHTP),, G-OH and their composites.



(a) Cu3(HHTP)2. (b) Ni3(HHTP)2.

From the SEM patterns, it can be seen that the content of G-OH affects the
stability and morphology of the composite material: decreasing G-OH content leads to
the formation of spherical Cu;sNi;s(HHTP), aggregates due to the diminished
stability (Fig. S2), whereas increasing G-OH leads to smaller and slightly incomplete

crystal structures, resulting in a rough and wrinkled appearance on the surface (Fig.

S3).

Fig. S2. SEM pattern of [Clll.5Ni1.5(HHTP)2]3-(G-OH)1.

Fig. S3. SEM pattern of [Clll.5Ni1.5(HHTP)2] 1-(G-OH)3.

The presence of Cu, Ni, C, and O elements were confirmed in Fig. S4.
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Fig. S4. XPS survey spectra of [Cu, sNi; s(HHTP),];-(G-OH);.

2.2 Electrochemical performance of Li-O, batteries

Fig. S5 illustrates that the electrochemical performance of bimetallic composite
material [Cu;sNi; s(HHTP),];-(G-OH); (12542 mAh g, 1.5V) surpasses that of
bimetallic Cu;sNi; s(HHTP), (4107 mAh g, 1.85V), monometallic Cu;(HHTP),
(1695 mAh g, 2.05V) and Ni;(HHTP), (1428 mAh g'!, 2.1V), and monometallic
composite materials [Cuz(HHTP),];-(G-OH); (5707 mAh g! 1.8 V) and

[Ni3(HHTP),];-(G-OH); (6200 mAh g!, 1.7 V) versions.
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Fig. S5. Galvanostatic discharge—charge curves of Li-O, batteries with different

oxygen cathodes measured at a current density of 50 mAh g-1.



At current densities of 50, 100, and 200 mA g, the specific capacity of the
[Cu; sNi; s(HHTP),];-(G-OH); cathode is recorded at 12542, 6338, and 4289 mAh g'!,
respectively. In comparison, under identical conditions, bimetallic composite
outperforms the monometallic composite materials [Cu;(HHTP),];-(G-OH); (6536,

4744, and 2930 mAh g') (Fig. S6) and [Ni;(HHTP),],-(G-OH), (6200, 4804, and

2723 mAh g) (Fig. S7).

4

[Cu (HHTP), | (G-OH),

— 50mAg’
= gk — 100 mA g’
E‘:P 200 mA g
g -\
2 | .
L | L | L | L
0 2000 4000 6000 8000

Capacity (mAh g™)

Fig. S6. [Cuz(HHTP),];-(G-OH), rate performances of Li-O, batteries.
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Fig. S7. [Niz(HHTP),];-(G-OH), rate performances of Li-O, batteries.



The batteries with the [Cu; sNi; s(HHTP),];-(G-OH); cathode achieved 40 cycles
with a discharge terminal voltage maintained above 2 V and exhibited an initial
charge-discharge overpotential of 1.1 V. For comparison, [Cu;(HHTP),];-(G-OH),
achieved only 20 cycles with overpotentials between 2.5-2.7 V (Fig. S8), and

[Ni3(HHTP),];-(G-OH), lasted for 29 cycles with overpotentials between 2.4-2.7 V

(Fig. S9).
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Fig. S8. [Cuz(HHTP),];-(G-OH), cycle performance under

a specific capacity limit of 500 mAh g! at a current density of 50 mA g
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Fig. S9. [Niz(HHTP),];-(G-OH), cycle performance under

a specific capacity limit of 500 mAh g'! at a current density of 50 mA g



The EIS results reveal a lower impedance of 52.8Q for [Cu, sNi; s(HHTP),];-(G-
OH), compared to monometallic composite materials [Cu;(HHTP),];-(G-OH), (65.8Q)

and [Niz(HHTP),];-(G-OH), (69.11Q), as shown in Fig. S10.
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Fig. S10. EIS curves of Li-O, batteries with different oxygen cathodes.

(2) [Cuz(HHTP),];-(G-OH);. (b) [Niz(HHTP),];-(G-OH);.

The mass compositions of the components within the composite material were
quantified using inductively coupled plasma-optical emission spectrometer (ICP-
OES), with findings presented in Table S1.

Table S1 ICP results (The mass fractions of each component in the composites).

Sample Name M Cu Ni M;(HHTP), G-OH
1.392 0.4484
[Cul5N115(HHTP)2]1—(G—OH)1 23.60 8.229 15.37
(5.9%) (1.9%)
2.871 0.914
Cu15N115(HHTP)2 26.10 16.92 -

(11.0%) (3.5%)




Table S2 compares the specific discharge capacity and cycling performance of
the Li-O, battery cathode materials from this study with previously reported materials.
Notably, the specific discharge capacity of [Cu,; sNi; s(HHTP),];-(G-OH), synthesized
in this study reaches an impressive 12542 mAh g at a current density of 50 mA g,
surpassing several previously reported cathode materials.

Table S2. Performance comparison of Li-O, batteries with different oxygen

electrodes.
Catalysts Capacity (mAh g'!) Cycle number Ref.
Cuy 5Ni; s(HHTP),];- 40 les at 50 mA g'! Thi
[ConsNis(HATPR:]= ) AR ¢ at 50 mA g cyeles at M mA 8 '
(G-OH), and 500 mAh g’! work
28 cycles at 200 mA g!
Tz-Mg-MOF-74 7700 mAh g! at 50 mA g! [2]
and 600 mAh g!
42 cycles at 100 mA g'!
Co@N/S-CNF 9290.7 mAh g'! at 50 mA g’! [3]
and 500 mAh g!
76 cycles at 200 mA ¢!
Dy-BTC 7618 mAh g'! at 50 mA g! [4]
and 1000 mAh g!
. 100 cycles at 100 mA g!
ZrO,@NiCo0,04/GNS 9034 mAh g! at 50 mA g! [5]
and 1000 mAh g'!
. 170 cycles at 0.6 mA cm'!
Ni-MOFs 9000 mAh g at 0.12 mA cm! [6]
and 600 mAh g-!
200 cycles at 100 mA g!
2D Mn-MOF 9464 mAh g! at 100 mA g! [7]
and 1000 mAh g'!
8 cycles at 250 mA g!
Co-MOF-74 11350 mAh g! at 100 mA g! [8]
and 1000 mAh g!
44 cycles at 200 mA g!
MnCo-MOF-74 11150 mAh g at 200 mA g'! [9]

and 1000 mAh g!




187 cycles at 200 mA g!
CoP@PNCF-700  9630.5 mAh g at 100 mA g Y & o
and 500 mAh g’!

134 cycles at 200 mA gl
C0304/CT 6509 mAh g at 200 mA g cyeesatsmmAs  np
and 1000 mAh g!

Co;04@ NiCo0,04 11672.8 mAh g! 280 cycles [12]
174 cycles at 200 mA g!
RuO,/Co-N-C 16671 mAh g at 200 mA g! [13]
and 500 mAh g’!

205 cycles at 300 mA g!
Ru/Co@CoN,-C 17050 mAh g! at 300 mA g! [14]
and 1000 mAh g-!
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