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reaction (ORR/OER) is the key to improving Li-O, battery performance. Here, we report the construction of
ORR/OER bifunctional cathode catalysts in a covalent organic framework (COF) platform by simultaneously in-
corporating Ni-bis(dithiolene) and Co-porphyrin units. The resulting bimetallic Ni/Co-COF exhibits high surface
area, fairly good electrical conductivity, and excellent chemical stability. Li-O, batteries with the Ni/Co-COF-
based cathode show a low discharge/charge potential gap (1.0 V) and stable cycling (200 cycles) at a current
density of 500 mA g, rivaling that of PtAu nanocrystals. Density functional theory computations and control
experiments using nonmetal or single metal-based isostructural COFs reveal the critical role of Ni and Co sites in
reducing the discharge/charge overpotentials and regulating the Li,O, deposition. This work highlights the ad-
vantage of bimetallic COFs in the rational design of efficient and stable Li-O, batteries.

INTRODUCTION
Li-O, batteries are considered promising candidates for next-gener-
ation energy storage devices owing to their high theoretical energy
density (~3500 Wh kg™!) (1, 2). However, their practical applica-
tions are hindered by their large overpotential (3), low rate capabil-
ity (4), and poor cycling stability (5). The key to improving the
performance of Li-O, batteries is to find effective cathode catalysts
that increase the kinetics of the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) (6, 7). Many cathode catalysts
have been explored, including noble metals [Au (8), Ir (9),
Ru (10), Pt (11), and Pd (12)], metal oxides [RuQ, (13), MnO, (14),
Co304 (15), and TizO, (16)], perovskite oxides [LaFeO; (17),
LaNi;_,Mg,O; (18), and Lag 7551y ,sMnOj3 (19)], single-atom cata-
lysts (20), and carbon materials (21). Nevertheless, they often suffer
from low catalytic activity/selectivity during cell discharging and
charging (22). Moreover, the irregular precipitation of insoluble
Li,O, in the form of large toroid-like particles or thick films
tends to block the active sites and inferior Li,O,/cathode contact,
eventually leading to capacity decay during long-term cycling (23).
Metal-organic frameworks (MOFs) (24) and covalent organic
frameworks (COFs) (25) have been explored as cathode catalysts
to overcome the limitations of traditional cathode materials.
MOFs and COFs are porous crystalline materials with high BET
surface areas and tailorable functionalities, which allow the facile
diffusion of O, and rational design of ORR/OER catalytic sites. Fur-
thermore, uniform Li,O, deposition can be realized by engineering
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the surface environment of MOFs and COFs. For example, MOF-
based Li-O, batteries have shown promising discharge capacity and
moderate charge kinetics owing to the uniformly dispersed metal
catalytic sites (26-29). Unfortunately, the low chemical stability of
coordination bonds in MOFs often leads to poor cyclability of
MOF-based Li-O, batteries. COFs are built from robust covalent
bonds, which are more compatible with the stability requirement
of Li-O, batteries. However, COFs have not been applied in Li-O,
batteries to our knowledge, possibly due to the lack of suitable metal
sites for OER and ORR catalysis.

Metal-bis(dithiolene) and metalloporphyrin moieties are prom-
ising active sites for OER and ORR catalysis (30, 31). Metal-bis(di-
thiolene) units have m-conjugated electronic structures and rich
redox activity, which have been widely applied in the design of elec-
trode materials (32). For example, MOFs with Ni-bis(dithiolene)
moieties showed high conductivity (33) and bifunctional electroca-
talytic activity toward the OER and ORR (30). On the other hand,
M-N, centers in metalloporphyrins (34), metallophthalocyanines
(35), and N-coordinated single-atom catalysts on carbon materials
(20) were reported to accelerate the ORR/OER process and induce
uniform Li,O, deposition in Li-O, batteries. Therefore, we propose
that efficient bifunctional ORR/OER catalysts can be realized by in-
tegrating Ni-bis(dithiolene) and Co-porphyrin units in a COF ma-
terial. The bimetallic Ni/Co-COF will offer distinct advantages not
only by increasing the concentration of active centers for ORR/OER
catalysis but also by guiding uniform Li,O, nucleation on periodi-
cally arranged Ni/Co sites.

In this work, a bimetallic COF was synthesized by the assembly
of Ni(bded), (bded = bis[1,2-di(4-formylphenyl)ethylene-1,2-di-
tholate]) and 5,10,15,20-tetrakis(4-aminophenyl)-porphinatoco-
balt. Meanwhile, the nonmetallic or single metallic isostructural
COFs were also synthesized by replacing Ni(bded), with its
organic analog 2,3,6,7-tetra (4-formylphenyl)-tetrathiafulvalene
(TTF-TBA) or using free-based porphyrin linkers 5,10,15,20-tetra-
kis (4-aminophenyl) porphinato. The combination of Ni-
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bis(dithiolene) and Co-porphyrin resulted in a bimetallic Ni/Co-
COF with a high BET surface area (116 m? g™!), fairly good electri-
cal conductivity (1.18 x 107* S m™!), excellent chemical stability,
and bifunctional ORR/OER activity as the Li-O, battery cathode.
Li-O, batteries with Ni/Co-COF cathodes have low discharge/
charge potential gap (1.0 V) and stable cycling for 200 cycles at a
current density of 500 mA g~!, which is much better than that of
nonmetal or single metal-based isostructural COFs. Furthermore,
the important role of Ni and Co centers in promoting the ORR/
OER and inducing uniform Li,O, deposition was supported by
control experiments and density functional theory (DFT) calcula-
tions. This work will open up an avenue for designing advanced
electrocatalysts for aprotic Li-O, batteries and beyond.

RESULTS AND DISCUSSION

Design and synthesis of bimetallic co/Ni-COF
Ni-bis(dithiolene) can be regarded as an inorganic analog of TTF
(32). Therefore, the structures of TTF-COFs provide a blueprint
for the design of bimetallic Co/Ni-COFs. For example, the Lan
group has constructed a series of stable and highly crystalline metal-
loporphyrin-TTF-based COFs through the assembly of metallated
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5,10,15,20-tetrakis (4-aminophenyl) porphinato (M-TAPP, M= Co,
Ni, Cu, Zn, and Mn) and TTF-TBA (Fig. 1, A, B, D, and F) (36-38).
Theoretically, replacing TTF-TBA with Ni(bded), to connect with
M-TAPP will lead to COFs that are isostructural to M-TTCOFs
(Fig. 1, C, E, and G). As expected, the solvothermal reaction of
Ni(bded), with M-TAPP at 120°C gave rise to two isostructural
COFs, namely, Ni-TAPP-2H and Ni-TAPP-Co.

Structure and characterization

The structure of Ni-TAPP-Co was confirmed by Pawley refinements
against the powder x-ray diffraction (PXRD) pattern, while the
structural simulation was performed by Materials Studio
(Fig. 2A). For Ni-TAPP-Co, Pawley refinement based on the P1
space group gave lattice parameters of a = 31.70 A, b =2047 A,
c=517 A, a = = 70° and y = 90°. The diffraction peaks at
5.17°, 5.84°, 10.36°, 11.69°, and 21.77° were assigned to the (110),
(110), (220), (220), and (011) facets, respectively. The simulated dif-
fraction pattern of Ni-TAPP-Co matches well with the experimental
data (Rp = 1.21% and Rwp = 1.52%). This structure of Ni-TAPP-Co
shows a two-dimensional (2D) sql net with Ni-bis(dithiolene) and
Co-porphyrin units alternately arranged in the layer. The layers
adopt an eclipsed AA-stacking mode, forming 1D channels along
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Fig. 1. Schematic representation for the design of COFs. (A to C) Molecular structures of M-TAPP (M = 2H, Co), TTF-TBA, and Ni(bded),. Molecular structures of COFs,
denoted as TTF-TAPP-M (D) and Ni-TAPP-M (E). Extended structures of mesoporous 2D TTF-TAPP-M (F) and Ni-TAPP-M (G).
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Fig. 2. Structural characterization of Ni-TAPP-Co. (A) Experimental (black dot) and simulated (red line) PXRD patterns of Ni-TAPP-Co. (B) Top and (C) side views of Ni-
TAPP-Co. (D) HR-TEM image of Ni-TAPP-Co. (E) SEM and element mapping of Ni-TAPP-Co (scale bar, 500 nm). (F) N, adsorption-desorption isotherms of Ni-TAPP-Co (inset
pore-size distribution profile). (G) PXRD patterns showing the stability of Ni-TAPP-Co.

the c-axis (Fig. 2, B and C). Notably, Ni-TAPP-Co is supported by
both Ni-dithiolene coordination bonds (along the 100 direction)
and imine covalent bonds (along the 110 and 110 directions),
which represents a bridge between MOFs and COFs. TTE-TAPP-
2H, TTF-TAPP-Co, and Ni-TAPP-2H are isostructural to Ni-
TAPP-Co, as revealed by their similar PXRD patterns (figs. S1
to S3).

The structures of Ni-TAPP-2H and Ni-TAPP-Co were further
supported by high-resolution transmission electron microscopy
(HRTEM; Fig. 2D and fig. S4). Taking Ni-TAPP-Co as an
example, the rectangular lattice and the 1D channels were clearly
observed in the HRTEM images. The d-spacings of 1.78 nm corre-
spond to the (010) crystal planes. In addition, Fourier transform in-
frared spectroscopy was conducted to confirm the successful
synthesis of Ni-TAPP-2H and Ni-TAPP-Co (fig. S5). The formation
of C=N bonds in Ni-TAPP-2H and Ni-TAPP-Co was indicated by
the emergence of peaks at 1621 cm™! accompanied by a decrease in
the C=0 (1701 cm™") stretching band of Ni(bded), and the N—H
(3200 to 3500 cm ™) stretching bands. Ni-TAPP-2H and Ni-TAPP-
Co show a broad absorption band with an edge at 1800 nm via ul-
traviolet-visible diffuse reflectance spectroscopy (fig. S6). Moreover,
the optical energy gaps of Ni-TAPP-2H and Ni-TAPP-Co were es-
timated to be 0.73 and 0.75 eV by the Tauc plot, respectively (fig.
S7). The morphology and elemental analysis of Ni-TAPP-Co and
Ni-TAPP-2H were characterized by scanning electron microscopy
(SEM) and energy-dispersive x-ray spectroscopy (EDS; Fig. 2E and
fig. S8). The SEM image of Ni-TAPP-Co shows the aggregation of
prism-shaped nanocrystals (~100 nm). EDS elemental mapping
analysis further reveals that Ni, S, and Co are uniformly distributed
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in Ni-TAPP-Co particles. The elemental ratios of Ni, S, and Co for
Ni-TAPP-Co estimated by inductively coupled plasma measure-
ments are consistent with the theoretical values (table S1).

Porosity, stability, and conductivity measurements
The porosity and surface area of Ni-TAPP-Co and Ni-TAPP-2H
were evaluated by N, adsorption measurements at 77 K (Fig. 2F
and fig. S9). Both materials show a sharp uptake at a low pressure
of ~0.05 P/Py, which is a typical characteristic of microporous ma-
terials. The inclination of isotherms and slight hysteresis at ~0.8 P/
P, is attributed to the mesopores and macropores from the packing
of COF nanoparticles. The BET surface areas of Ni-TAPP-Co and
Ni-TAPP-2H were estimated to be 116 and 168 m? g, respectively.
The slightly lower BET surface area of Ni-TAPP-Co than Ni-TAPP-
2H is related to the higher material density caused by Co atoms. The
DFT pore size distribution analysis from the N, adsorption branch
gives pore sizes of 1.00 nm for Ni-TAPP-Co and 1.18 nm for Ni-
TAPP-2H, which are in good agreement with the structural models.
To investigate the chemical stability of Ni-TAPP-Co and Ni-
TAPP-2H, two samples were exposed to different chemical environ-
ments for 24 hours, including dichloromethane, tetrahydrofuran
(THEF), ethanol (EtOH), N,N-dimethylformamide (DMF), petro-
leum ether (PE), water (pH 7), 0.1 M HCI (pH 1), and 1 M KOH
(pH 14). Ni-TAPP-Co and Ni-TAPP-2H maintained their crystal-
line structure after the stability tests, as demonstrated by the unal-
tered PXRD peaks and the retained imine bond peaks in the
infrared spectra (Fig. 2G and figs. S10 and S11). Thermogravimetric
analysis reveals that both COFs have high thermal stability up to
350°C in air (fig. S12). Using a two-point measurement at 298 K,
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the average electrical conductivity values of the pressed pellets were
determined to be 2.07 x 107>, 9.34 x 107>, 8.46 x 107, and
1.18 x 107* S m™! for TTF-TAPP-2H, TTF-TAPP-Co, Ni-TAPP-
2H, and Ni-TAPP-Co, respectively (fig. S13 and table S2). The
high electrical conductivity of TTF-TAPP-M and Ni-TAPP-M can
be attributed to the conducting pathways formed by S---S interac-
tions between m-stacked TTF moieties and Ni-bis(dithiolene) moi-
eties. In addition, the electron hopping between adjacent porphyrin
units may also contribute to the conductivity, where the Co center
in the porphyrin has been known to facilitate the electron transfer
(39). Notably, the bimetallic Ni-TAPP-Co exhibit the highest con-
ductivity, which can be attributed to the existence of both S---S elec-
tron transfer chains and Co-centered electron hopping pathways
highlighting the advantage of bimetallic COFs. The high porosity,
chemical stability, and electrical conductivity promised Ni-TAPP-
Co to be a suitable cathode material for Li-O, batteries.

Li-O, cell performance

To evaluate the electrocatalytic property of the Ni-TAPP-Co
cathode, particularly the bifunctional ORR and OER catalytic activ-
ity, aprotic Li-O, batteries were assembled. In addition, nonmetallic
or single metallic COFs (TTF-TAPP-2H, TTF-TAPP-Co, and Ni-
TAPP-2H) were used as control groups (Fig. 3, A to D). Li-O, bat-
teries with Ni-TAPP-Co and other control cathodes are tested under
the galvanostatic mode with a discharge/charge capacity of 1000
mAh g™! at a constant current density of 200 mA g~'. As shown
in Fig. 3E, the discharge terminal voltage of TTF-TAPP-2H
rapidly dropped to 1.5 V with a high charging potential of ~4.5 V
after 60 charge/discharge cycles, demonstrating the poor ORR/OER
catalytic performance of the nonmetallic COF-based cathode. Spe-
cifically, the TTF-TAPP-Co-based Li-O, battery showed decreased
charging potential (4.0 V), although the discharging potential
dropped to 2.3 V after 40 cycles (Fig. 3F). This result indicates
that Co-porphyrin centers in TTF-TAPP-Co effectively accelerated
the OER process during charging. The Ni-TAPP-2H-based Li-O,
battery shows a similar charging potential (4.0 V) similar to that
of TTE-TAPP-Co, suggesting that Co and Ni sites are both active
for OER. On the other hand, Ni-TAPP-2H exhibits stable discharg-
ing profiles (2.75 V after 60 cycles), which were tentatively attribut-
ed to the enhanced ORR kinetics and more uniform Li,O,
deposition on Ni sites (Fig. 3G). Notably, the Ni-TAPP-Co
cathode with bimetallic active sites (Co and Ni) provides a remark-
ably low overpotential and outstanding cyclic stability compared to
monometallic materials (Fig. 3H). The first-cycle discharge-charge
curves are compared in fig. S14. The Ni-TAPP-Co cathode shows
the lowest discharge/charge potential gap (0.61 V) and highest
round-trip efficiency (78.5%) compared to TTF-TAPP-Co (0.72
V, 72.1%), Ni-TAPP-2H (0.81 V, 73.5%), and TTF-TAPP-2H
(1.25'V, 64.1%), respectively. In addition, monomer-based cathodes
[TTF-TBA, Ni(bded),, 2H-TAPP, and Co-TAPP], following the
same way as COF-cathodes, assembled the corresponding Li-O,
batteries. However, the discharge terminal voltages of monomer
[TTE-TBA, Ni(bded),, 2H-TAPP, and Co-TAPP] rapidly
dropped, and the high charging potential after 10 charge/discharge
cycles demonstrates the poor ORR/OER catalytic performance and
the low stability of the monomer-based cathode (fig. S15). The im-
pressive electrochemical performances of Ni/Co COF-based cata-
lysts are attributed to their uniform porosity, high surface areas,
and enhanced chemical stability.
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The ORR/OER activities of TTE-TAPP-2H, TTF-TAPP-Co, Ni-
TAPP-2H, and Ni-TAPP-Co were further evaluated by cyclic vol-
tammetry (CV) profiles at a scan rate of 0.1 mV s™' (fig. S16).
The Ni-TAPP-Co cathode displays a higher ORR onset potential
(~2.90 V), lower OER potential (~3.2 V), and larger redox peak
areas, demonstrating its superior ORR/OER activity and high spe-
cific capacity in Li-O, batteries. In addition, electrochemical imped-
ance spectroscopy (EIS) was conducted before and after cycling
tests, and the corresponding equivalent circuit is shown in fig.
S17, where R,, CPE, R, and W, represent the solution resistance,
double-layer capacitance, charge-transfer resistance, and Warburg
impedance, respectively. The fitted R, of Ni-TAPP-Co cathode ex-
hibits a minimal increase from 22.2 to 33.6 ohms, while TTF-TAPP-
2H (from 46.5 to 150.9 ohms), TTE-TAPP-Co (from 26.6 to
55.3 ohms), and Ni-TAPP-2H (from 28.2 to 58.5 ohms) show a pro-
nounced increase in impedance (R.). This is consistent with the
stable discharging-charging profile of the Ni-TAPP-Co cathode,
signifying the important role of both Ni and Co centers in acceler-
ating the ORR/OER kinetics and inducing uniform Li,0,
deposition.

The rate performance of Li-O, from 200 to 500 mA g~' under a
limited capacity (1000 mAh g~') was further evaluated (Fig. 31 and
fig. S18). The Ni-TAPP-Co cathode exhibits the highest discharge
potential (2.80, 2.78, and 2.75 V) and the smallest voltage gaps of
0.61, 0.75, and 0.92 V at 200, 300, and 500 mA g~*, respectively.
The deep discharge-charge process of the four Li-O, batteries was
measured in the range of 2.0 to 4.5 V under 500 mA g~'. The Ni-
TAPP-Co cathode exhibits the largest discharge capacity of 17,104
mAh g~!, which is higher than those of Ni-TAPP-2H (7519 mAh
g~ 1), TTF-TAPP-Co (4213 mAh g™ '), and TTF-TAPP-2H (2786
mAh g™'; Fig. 3]). The Ni-TAPP-Co cathode delivers a much
lower discharge/charge potential gap (1.38 V) than Ni-TAPP-2H
(1.75 V), TTE-TAPP-Co (1.95 V), and TTF-TAPP-2H (2.10 V),
suggesting faster Li,O, decomposition kinetics and higher revers-
ibility of the Ni-TAPP-Co cathode. Moreover, the cycling perfor-
mances of the four cathodes were compared with a constant
capacity of 1000 mAh g~' at a large current density of 500 mA
g~ '. The Ni-TAPP-Co cathode shows high cycling stability with
minimal change in charging/discharging voltage after 200 cycles
(Fig. 3K). For comparison, the TTF-TAPP-2H, TTF-TAPP-Co,
and Ni-TAPP-2H cathodes degraded quickly after 13, 57, and 120
cycles (fig. S19). The performance of the Ni-TAPP-Co cathode is
higher than most nonprecious metal-based cathode materials in
the literature and even comparable to noble metal-based catalysts
(Fig. 3L and table S3).

The compositional change of Ni-TAPP-Co cathodes during the
20th charging/discharging cycle (2000 mAh g~!, 200 mA g~ ') was
studied by PXRD, XPS, Raman spectroscopy, and SEM. As shown
in Fig. 4A, the peak at 5.17° was attributed to the (110) diffraction of
Ni-TAPP-Co, while the strong background peaks at 17.5° and 26.2°
were assigned to carbon paper. After discharging, the emerging
peaks at 23.3°, 33.8°, 35.2°, and 41.2° correspond to the (200),
(201), (110), and (111) diffraction peaks of Li,O, (marked as *).
Raman spectra of discharged cathodes show a new peak at 793
cm™?, which disappears after recharging, corresponding to the for-
mation and decomposition of Li,O, (Fig. 4B). In contrast, the dis-
charged and recharged TTF-TAPP-2H electrode shows an obvious
Li,CO; peak (fig. S20). This is attributed to the decomposition of
the electrolyte at high charging voltage, which ultimately induces
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Fig. 3. Electrochemical performance of Li-O, batteries using different COF cathode catalysts. (A to D) Molecular structures of TTF-TAPP-2H, TTF-TAPP-Co, Ni-TAPP-
2H, and Ni-TAPP-Co. Charging/discharging curves of the COF cathodes with a limited capacity of 1000 mAh g~' at 200 mA g~', (E) TTF-TAPP-2H, (F) TTF-TAPP-Co, (G) Ni-
TAPP-2H, and (H) Ni-TAPP-Co. (I) Discharge/charge potential gap of different COF cathode catalysts under current densities of 200, 300, and 500 mA g~'. (J) The galva-
nostatic profiles for the four cathodes under full discharging and charging conditions at 500 mA g~ (2.0 to 4.5 V versus Li/Li*). (K) Long-term cycling performance of the
Ni-TAPP-Co cathode catalyst at a current density of 500 mA g~'. (L) Comparison of cyclic life and discharge/charge potential gap between the Ni-TAPP-Co cathode catalyst

and other solid catalysts in previous reports.

the formation of Li,COj; via side reactions. Meanwhile, the Ni-
TAPP-Co lattice diffractions are maintained after charging/dis-
charging, confirming the stability of Ni-TAPP-Co. [NiS,] units in
Ni-TAPP-2H and Ni-TAPP-Co undergo reversible redox processes
during discharge/charge as confirmed by XPS (fig. S21).

In situ differential electrochemical mass spectrometry (DEMS)
was further conducted to monitor the gas evolution of the Li-O,
batteries during the charging process (Fig. 4C and fig. $22). Only
O, was detected from the Ni-TAPP-Co cathode with a charge-to-
mass ratio of 1.95¢7/O,, which is close to the theoretical value of
2e7/0, based on the reversible reaction: 2Li* + O, + 2¢~ <
Li,O,. The nonmetallic TTF-TAPP-2H cathode releases CO,
during charging, which is attributed to the decomposition of the
by-product Li,CO; and the electrolyte at high charging potential
(40, 41). Therefore, the Ni-TAPP-Co catalyst not only enhanced
the formation and decomposition of Li,O, but also suppressed
the side reaction during charging/discharging.

To investigate the effect of Co and Ni centers on the morphology
of Li,O, on the cathode surface, TTF-TAPP-2H, Ni-TAPP-2H,
TTE-TAPP-Co, and Ni-TAPP-Co cathodes were analyzed by SEM
after discharging (2000 mAh g~!, 200 mA g~'). TTF-TAPP-2H, Ni-
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TAPP-2H, TTF-TAPP-Co, and Ni-TAPP-Co cathodes exhibit three
types of morphologies after a full discharge process. Li,O, on the
TTE-TAPP-2H cathode exhibits large toroid-shaped particles
(Fig. 4D), while compact film-like Li,O, is formed on the Ni-
TAPP-2H and TTF-TAPP-Co cathodes (Fig. 4, E and F). These
morphologies of Li,O, have been commonly observed in the liter-
ature. On the basis of the literature (42—-45), the morphology of
Li,0, is controlled by the adsorption energy of *LiO, species on
the surface. The toroid-like discharged product may follow the sol-
ution-mediated growing model due to the weak *LiO, binding and
low affinity with Li,O,. On the other hand, the thick films of Li,O,
obey the surface-dominated growing model. Li,O, formed wrinkled
nanosheets on the surface of the Ni-TAPP-Co cathode, which is
markedly different from the toroidal particles or films (Fig. 4G).
The nanosheet morphology can be related to the high concentration
of Co and Ni sites on Ni-TAPP-Co as *LiO, binding sites to induce
fast Li,O, nucleation. This observation is in accordance with the lit-
erature on the morphology of Li,O, growing on different cathodes
(46—48). Compared with traditional toroidal particles or thick films,
wrinkled nanosheets of Li,O, have higher surface areas and better
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Fig. 4. Product characterizations of battery reactions. (A) XRD patterns and (B) Raman of Ni-TAPP-Co cathode catalysts at different stages (Pristine, Discharge, and
Recharge). (C) DEMS test during charging of the Li-O, battery with the Ni-TAPP-Co cathode catalyst. SEM images (scale bars, 500 nm) of discharged TTF-TAPP-2H (D), TTF-

TAPP-Co (E), Ni-TAPP-2H (F), and Ni-TAPP-Co (G).

Li,O,/Ni-TAPP-Co interfaces, which enhance electron transporta-
tion for predominant recovery capability (fig. S23).

Effect of bimetallic COF on ORR/OER catalysis and Li,O,
deposition

The bifunctional of the Ni-TAPP-Co cathode during the ORR/OER
process is rationalized by DFT calculations. The elementary steps of
Li,O, formation on Ni-TAPP-2H (Ni sites), TTF-TAPP-Co (Co
sites), and Ni-TAPP-Co (Ni sites, Co sites) are exothermal reactions
at an open circuit voltage (U = 0 V), manifesting a spontaneous dis-
charge process (Fig. 5, A to D, and fig. $24). In monometallic COFs,
the binding free energy (AG,4;) of *LiO, on the Ni site (—2.02 eV for
Ni-TAPP-2H) is slightly lower than that of the Co site (—1.98 eV for
TTE-TAPP-Co), suggesting a higher ORR activity of Ni-bis(dithio-
lene) than Co-porphyrin. In addition, the *LiO, binding free energy
on Ni (—2.05 eV) and Co sites (—2.01 eV) in bimetallic Ni-TAPP-Co
is comparable to those of Ni-TAPP-2H and TTE-TAPP-Co. The
slightly different *LiO, binding free energy of Co sites in monome-
tallic and bimetallic COFs is tentatively attributed to the electron-
withdrawing effect of Ni-bis(dithiolene) ligands covalently linked to
the Ni centers, which reduced the electron density on Ni centers and
enhanced the *LiO, binding. A similar argument can be made to
explain the slightly lower *LiO, binding free energy of Ni sites in
Ni-TAPP-Co than in Ni-TAPP-2H. However, the electronic inter-
action between Co and Ni centers is not pronounced considering
their long distances (1.8 nm). Therefore, the coexisting Ni
(AGaqs = —2.05 eV) and Co sites (AG,qs = —2.01 eV) in Ni-TAPP-
Co cathode acts as *LiO, binding sites to induce the nucleation and
formation of Li,O, nanosheets, which is in agreement with the SEM
experiment. The energy paths remain downhill until the applied
voltages reach 2.03, 1.78, 2.02, and 1.68 V for Ni-TAPP-Co (Ni
sites, Upc = 2.03 V), Ni-TAPP-Co (Co sites, Upc = 1.78 V), Ni-
TAPP-2H (Ni sites, Upc = 2.02 V), and TTE-TAPP-Co (Co sites,
Upc = 1.68 V), respectively. Subsequently, the calculated OER over-
potential of Ni-TAPP-Co (Ni sites: 0.74 V, Co sites: 1.23 V) is lower

Ke et al., Sci. Adv. 9, eadf2398 (2023) 1 February 2023

than that of TTF-TAPP-Co (Co sites: 1.32 V), which is in line with
the results in Fig. 3 (F to H). However, the OER/ORR process of the
active Ni sites is comparable in Ni-TAPP-Co and Ni-TAPP-2H.
Therefore, the higher performance of the Ni-TAPP-Co cathode is
mainly attributed to the morphology control of Li,O, nanosheets
by Ni/Co sites during discharge and charge. Inspired by the exper-
imental and theoretical calculation results, plausible routes are pro-
posed to elaborate the formation and decomposition process of
Li,O, on the above cathodes, as illustrated in Fig. 5 (E to H).

In summary, a bimetallic COF with Ni-bis(dithiolene) and Co-
porphyrin centers has been synthesized as a bifunctional ORR/OER
catalyst for Li-O, batteries. The combination of Ni-bis(dithiolene)
and Co-porphyrin in a porous COF has led to a material with high
porosity, excellent stability, good conductivity, and electrocatalytic
activity toward the aprotic ORR/OER. The Li-O, battery with the
Ni-TAPP-Co cathode shows a low discharge/charge potential gap
(1.0 V) and stable cycling performance (200 cycles). In situ and
ex situ experiments along with DFT calculations reveal the impor-
tant role of Co and Ni sites in catalyzing the ORR/OER and induc-
ing uniform Li,O, deposition. These results highlight the great
promise of bimetallic COFs in the rational design of efficient
cathode materials for Li-O, batteries. Considering the unlimited
structural tunability and precisely controllable active sites of
COFs, advanced cathode materials can be expected to realize effi-
cient and stable Li-O, batteries.

MATERIALS AND METHODS

Synthesis of Ni-TAPP-2H

A Pyrex tube (18 x 9 mm outer diameter x inner diameter) was
charged with 2H-TAPP (0.02 mmol, 13.5 mg), Ni(bded), (0.02
mmol, 13.1 mg), 1,4-dioxane (0.75 ml), mesitylene (0.25 ml), and
aqueous acetic acid (6 M, 0.2 ml), and the mixture was sonicated
for 15 min. After three freeze-pump-thaw cycles, the Pyrex tube
was sealed under vacuum and heated at 120°C for 72 hours. The
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Fig. 5. DFT calculations and schematic illustration of the reaction pathway. Free energy diagrams of battery reactions on the surface of the (A) Co site in TTF-TAPP-Co,
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dark purple precipitate was isolated by filtration and washed with
CH;OH and THF. The dark solid was further washed with THF
via Soxhlet extraction for 24 hours. Last, the product was dried at
100°C under vacuum for 24 hours to obtain the activated sample.

Synthesis of Ni-TAPP-co

The synthesis of Ni-TAPP-Co is similar to that of Ni-TAPP-2H
except that Co-TAPP (0.02 mmol, 14.7 mg) was used instead of
2H-TAPP.

Electrochemical measurements

The electrochemical performance of Li-O, batteries was tested fol-
lowing the literature (49, 50) by 2032 coin-type cells with holes on
the cathode side. The battery consists of a lithium metal anode (®

Ke et al., Sci. Adv. 9, eadf2398 (2023) 1 February 2023

12 mm), a glass microfiber separator (Whatman, ® 14 mm), 0.2 ml
of electrolyte (1 M LiTFSI in TEGDME), and a preobtained cathode
(® 12 mm). All batteries were assembled in an argon-filled glovebox
with a pressure of 1 atm (O, and H,O levels <0.1 ppm) and were
lastly placed in a homemade battery testing device. All the battery
testing devices should be aerated with pure O, for 20 min and then
left to rest for 6 hours before testing. We used a LAND cycler
(CT2001A) and an electrochemical workstation (CHI740E; Shang-
hai Chenhua) to perform the electrochemical measurements. The
CV curves were measured with a voltage range of 2.0 to 4.5 V and
a scan rate of 10 mV s™! by an electrochemical station. The EIS
Nyquist plots were measured with a frequency range of 100 kHz
to 0.1 Hz by an electrochemical station. Raman spectroscopy was
carried out on aRenishaw inVia confocal Raman microscope with
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the excitation light of an air-cooled He-Ne laser at 633 nm through a
50x long working distance lens (Leica Microsystems Inc.). The
DEMS result was collected by a homemade Li-O, battery mold
with two poly(ether-ether-ketone) (PEEK) valves connected to a
quadrupole mass spectrometer with a turbomolecular pump
(Pfeiffer Vacuum). The remaining gas was purged to the mass spec-
trometer chamber (PrismaPro QMG 250 M2).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to 527

Tables S1 to S5
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