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ABSTRACT: Radical covalent organic frameworks (RCOFs) have demonstrated significant potential in redox catalysis and energy conver-
sion applications. However, the synthesis of stable RCOFs with well-defined neutral carbon radical centers is challenging due to the inherent
radical instability, limited synthetic methods and characterization difficulties. Building upon the understanding of stable carbon radicals and
structural modulations for preparing crystalline COFs, herein we report the synthesis of a crystalline carbon-centered RCOF through a facile
post-oxidation process. Moreover, the RCOF demonstrated outstanding catalytic activity in the 4e oxygen reduction reaction (ORR) with a
half-wave potential of 0.82 V (vs. RHE), among the highest in reported COF-based electrocatalysts. The promoted 4e” and suppressed 2e’
ORR pathway (99.5% vs. 0.5%) can be attributed to facilitated reaction initiation and smoother transition steps at the carbon radical sites,
which is practically beneficial for minimizing peroxide formation, thus contributing to safer and more sustainable fuel cell and metal-air bat-
tery applications. Overall, our study not only provided a facile strategy for preparing stable RCOFs with well-defined neutral carbon radical
centers but also demonstrated their capability to fine-tune the redox catalytic activity of COF materials, which could be potentially useful in
electrocatalysis and energy conversion applications.
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TEMPO radicals were immobilized onto the frameworks, resulting
in materials with high-performance capacitive energy storage.’
Meanwhile, monomers were also designed to incorporate TEMPO
radicals for the direct synthesis, which exhibited excellent catalytic
activity in alcohol oxidation." In contrast to TEMPO-based oxy-
gen-centered RCOFs, carbon-centered RCOFs can be synthesized
through chemical redox reactions of pre-constructed COFs con-
taining redox-active moieties, resulting in the formation of carbon
radical jons.%'**"** However, the resulting radical ions are usually
sensitive to oxygen and moisture, which restricts their practical
applications. Therefore, it is highly desirable to construct RCOFs
with stable neutral radical centers.

Triphenylmethyl-based radicals are renowned for their excep-
tional persistence due to effective spin delocalization and steric
protection.>* Their stability and molecular symmetry make them
excellent candidates as building monomers for RCOFs. Based on
previous studies and ongoing experimental attempts (Figure S1),

unsubstituted triphenylmethane has emerged as a more reasonable

monomer due to several advantages. The absence of halogen sub-
stituents allows for more effective structural packing during COF
formation reaction. Besides, triphenylmethyl radicals can be easily
generated by organic oxidants without the necessity for strong ba-
ses, thereby preserving crystallinity. Although there is some com-
promise in radical stability, triphenylmethyl radicals are stable
enough under many practical conditions.**

With the above-mentioned considerations in mind, herein we
report the facile design and synthesis of a stable crystalline RCOF
with neutral carbon radical centers. The structures and properties
were thoroughly characterized by various techniques, assisted by in
situ experiments and theoretical calculations. Moreover, the pre-
pared RCOF demonstrated outstanding catalytic activity in 4e’
ORR with a half-wave potential of 0.82 V (vs. RHE), among the
highest in reported COF-based electrocatalysts. The promoted 4e’
and suppressed 2e° ORR pathway (99.5% vs. 0.5%) can be attribut-
ed to facilitated reaction initiation and smoother reaction transi-
tions at the carbon radical sites as compared to closed-shell COFs,
which is practically beneficial for minimizing peroxide formation,
thus contributing to safer and more sustainable fuel cell and metal-
air battery applications. Overall, our study not only provided a fac-
ile strategy for preparing stable RCOFs with well-defined carbon
radical centers but also demonstrated their capability to fine-tune
the redox catalytic activity of COF materials, which could be poten-

tially useful in electrocatalysis and energy conversion applications.

RESULTS AND DISCUSSION
The synthesis started with solvothermal condensation of two

carefully selected monomers, namely tris(4-aminophenyl)methane
(TAPM) and 1,3,5-tris(4-formylphenyl)benzene (TFPB) (pre-

pared according to reported literatures**'),

in a mixture of mesity-
lene, dioxane and acetic acid at 100 °C for 5 days to afford the pre-
cursor COF-H (yield: 89%, Figure la). Since 2,3-dichloro-S5,6-
dicyano-1,4-benzoquinone (DDQ) oxidation reaction can occur
rapidly (within several minutes) for triphenylmethane-type precur-
sors and prolonged post-treatment can cause not only radical
quenching but also deterioration in COF crystallinity, the subse-
quent oxidation reaction was carefully monitored by (electron spin

resonance) ESR technique. For the pristine COF-H sample, no

observable ESR signal was observed (Figure S2, at 0 min).
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Figure 1. a) Synthetic route of COF-H and COF-R; b) d) PXRD data of COF-H and COF-R: experimental (black), Pawley-refined (red), simulated

(purple), difference (blue), Bragg position (green); inset is an image of the materials; adjacent illustrates the simulated interlayer packing structure.

b) d) BET Na sorption isotherm curves of COF-H and COF-R measured at 77 K: inset is the corresponding pore-size distribution profile.

In contrast, a sharp ESR signal emerged after COF-H was treated
with DDQ for § mins. The ESR signal became more pronounced at
10 mins and was gradually steady after 20-30 mins. No significant
signal increase was observed with further increased reaction time.
The results suggested that 30-minute treatment of DDQ was suffi-
cient for oxidation to afford COF-R (yield: 98 %).

The optical image of COF-H shows a pale yellow solid while it is

purple for COF-R (the insets in Figure 1b and 1d), indicating suc-

cessful radical generation. The chemical identities of COF-H and
COF-R were analyzed by Fourier transform infrared spectroscopy
(FTIR) and “C cross-polarization magic angle spinning (CP-
MAS) NMR spectroscopy. In the solid-state *C NMR spectrum
(Figure S3), the characteristic peak at 157.7 ppm in the low-field
region indicated the formation of C=N bonds in COF-H and the
peak in the high-field region at 54.5 ppm corresponded to the sp*-

hybridized carbons that were ready for radical generation. The *C



NMR spectrum of COF-R was not obtained due to the paramag-
netic character of monoradicals.*”* Comparing the FTIR spectra
(Figure S4) of monomers, COF-H and COF-R, it was observed
that the characteristic sp* C-H stretch (2983 cm™ in TAPM and
2988 cm™ in COF-H) was significantly weakened in COF-R, im-
plying effective oxidation reaction for radical generation.

Comparison of powder X-ray diffraction (PXRD) patterns be-
tween the pristine COF-H and COF-R illustrated that the crystal-
linity was largely preserved after DDQ_oxidation (Figure SS),
though a noticeable bump appeared in the region of high reflection
angles, which implies the structural packing (mostly n-stacking)
could be disrupted by the oxidation process. The first reflection
peak of COF-R appeared at a slightly lower reflection angle as
compared with that of COF-H (4.50° vs 4.56°). As the sp*-
hybridized C-H was converted to sp>-hybridized carbon radical, the
triphenylmethyl radical moieties needed to adapt to a more planar
conformation, inevitably inducing a small expansion to the original
crystal cell and resulting in a slight PXRD peak shift to lower reflec-
tion angles. A more detailed crystallographic analysis was per-
formed by comparing the experimental and simulated PXRD pat-
terns (Figure 1b and 1d). The reflection at 4.56°, 7.86°, and 12.08°
for COF-H can be attributed to (100), (110) and (210) plane,
respectively. Good agreement was found between the simulated
PXRD pattern and experimentally measured pattern. Pawley re-
finement was performed, resulting in the unit cell parameters of a =
2252 A b =22.65A, c =423 A, a=90°, f =90°, y =120°, with
agreement factors of Ruwp = 3.12%, R, = 2.27%. The reflection at
4.50°, 7.81° 12.04° and 16.42° for COF-R can be attributed to
(100), (110), (210) and (410) plane, respectively. Good agree-
ment was observed between the simulated PXRD pattern and ex-
perimentally measured pattern. Pawley refinement resulted unit
cell parameters of a = 23.01 A, b=23.01 4, c=3.95A, a=90°, B
=90°, ¥ =120°, with agreement factors of Ry, = 3.85%, R, = 2.63%.
The interlayer packing structure of COF-H appeared slightly wavy
due to the presence of sp*>-hybridized carbons while it became more
planar for COF-R because of the conversion of sp>-hybridized C-H
to sp>-hybridized carbon radical (Figure 1b and 1d: the insets at
right).

The permanent porosity and pore size distribution of COF-H
and COF-R were investigated by nitrogen physisorption analysis at
77 K. The Brunauer-Emmett-Teller (BET) surface areas were de-
termined to be 996 m*/g and 147 m’/g, respectively for COF-H
and COF-R (Figure lc, le, and S6). Both isotherms displayed a
rise in the low-pressure range, generating a typical type-I nitrogen-
sorption isotherm. The pore size distribution determined by non-
local density function theory showed a size distribution profile
centered at 2.14 nm and 2.24 nm, respectively for COF-H and
COF-R, which agreed well with the pore sizes calculated from op-
timized geometries (Figure la, 2.18 nm and 2.26 nm, respectively
for COF-H and COF-R). Comparing these results, COF-R dis-
played a significant decrease in BET surface area and its pore size
distribution also appeared wider than that of the COF-H, which
could be due to the disrupted structural packing during radical

generation.

i i

Figure 2. a) c) TEM and HR-TEM images of COF-H; b) d) TEM and

HR-TEM images of COF-R; Insets in HR-TEM images show the en-
larged images of the red-marked area with lattice fringes corresponding

to the interlayer distances.

The scanning electron microscopy (SEM) images (Figure S7)
revealed a plate-like morphology for COF-H while COF-R looked
fluffier (or more swollen). Similar morphologies were also ob-
served in their transmission electron microscopy (TEM) images
(Figure 2a and 2b) in which COF-H displayed a densely packed

layered structure while COF-R appeared more loosely packed (or



more exfoliated), which could explain the bump in its PXRD pat-
tern and decreased BET surface area. High resolution TEM (HR-
TEM) images (Figure 2c and 2d) confirmed the good crystallinity
of COF-H and COF-R as indicated by the clear lattice fringes
which correspond to the interlayer distances (0.42 nm for COF-H
and 0.39 nm for COF-R).

The electron spin resonance (ESR) spectra of COF-R showed
an intense resonance signal with a g value of 2.0027 (Figure 3a),
indicating the presence of carbon radicals. The spin density distri-
bution of carbon radicals in COF-R (Figure S8) showed the un-
paired electrons mainly reside on the tertiary carbon and are par-
tially delocalized into the nearby phenyl rings. To further confirm
and quantify the generated carbon radicals, a superconducting
quantum interference device (SQUID) technique was employed.
The field-dependent magnetization (M vs. applied field B) curves
of COF-H and COF-R were measured at 2 K (Figure S9). As the
magnitude of applied field (B) was increasing, COF-R demonstrat-
ed substantial increase of the magnetization as compared to that of
COF-H, indicating presence of stable spins in COF-R due to the
unpaired electrons. The temperature-dependent magnetization of
COF-R was measured to further investigate its magnetic behavior.
As temperature was decreasing, the magnetization steeply in-
creased, indicating a typical behavior of paramagnetic materials
(Figure S10). As the saturation behavior can be observed at high
magnetic field at 2 K for paramagnetic COF-R (Figure S9), it is
feasible to quantify the spin concentration by field-dependent
magnetization curves at different temperatures from 300 K to 2 K
(Figure S11). The obtained Brillouin function fit using scaling
parameter of upB/k,T (Equation S1) indicated a magnetization
saturation of 5.85 emu/g (Figure S12). Therefore, the molar mag-
netization was calculated to be 3686 emu/mol based on the unit
cell of COF-R (C4sHasNs, molecular weight of 630g/mol). In prin-
ciple, the magnetization of § = % spin is 5586 emu/mol,® thus it
can be estimated that at least 66% of COF-H was successfully con-
verted to COF-R with a spin concentration of 3.97 X 10%3
spins/mol, which is a high radical content.

The solid-state diffuse reflectance UV-vis spectra of COF-H dis-
played a single absorption peak at 390 nm while COF-R showed a

new broad absorption band peaked at 563 nm and a long tail ex-

tending beyond 800 nm (Figure 3b), which can be attributed to the
SOMO-to-LUMO transitions of radical species (SOMO: singly
occupied molecular orbital; LUMO: lowest unoccupied molecular
orbital). The cyclic voltammogram of COF-R in the solid state
showed an irreversible reduction wave with onset at -0.75 V and a
quasi-reversible oxidation wave with onset at 0.19 V, with respect
to Fc/Fc* (Figure S13b; Fc: ferrocene). Therefore, the LUMO and
HOMO (highest occupied molecular orbital) of COF-R was de-
termined to be -4.05 eV and -4.99 eV, respectively, with a small
energy gap of 0.94 eV. Similarly, the LUMO and HOMO of COF-
H was determined to be -2.24 eV and -5.06 eV, respectively, with a

large energy gap of 2.82 eV (Figure S13a).
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Figure 3. a) ESR spectrum of the solid sample of COF-R; b) Solid-

state diffuse reflectance UV-vis spectra of COF-H and COF-R.

Carbon radical species have been discovered to spontaneously
reduce O..** The low-lying LUMO energy level of COF-R can be
energetically favorable in accepting and transferring electrons in
electrocatalysis. Moreover, the small energy gap could facilitate
kinetic stability and electrochemical reactivity.* Therefore, COF-R

could be a promising ORR electrocatalyst. The stability of COF-R
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Figure 4. a) The LSV curves (at 1600 rpm) of carbon black, COF-H, COF-R and Pt/C in Oa-saturated 0.1 M KOH electrolyte; b) c) The Kou-

tecky—Levich (K-L) plots of COF-H and COF-R at 0.3, 0.4 and 0.5 V; d) The comparison of half-wave and onset potentials between COF-R and

reported COFs as metal-free ORR electrocatalysts; e) The discharge curve (at a current density of 10 mA cm?) of a Zn-air battery using COF-R as

the cathode electrocatalyst; f) The charge polarization and power density curves of the Zn-air battery using COF-R as the electrocatalyst layer.

was evaluated in 0.1 M KOH aqueous solution. After 3 days, it can
be observed that both the crystallinity and radical concentration of
COF-R largely remained (Figure S14 and S15), indicating its excel-
lent stability in practical alkaline condition. The good stability of
COF-R in alkaline condition can be attributed to both the inherent
stability of triphenylmethyl radicals and the hydrophobic frame-
work backbones. Besides, thermogravimetric analysis (TGA)
demonstrated good thermal stability of COF-R with 5% weight loss
at 285 °C (Figure S16).

20 wt% of carbon black was added to COF-H and COF-R to
improve both their conductivity and compatibility with aqueous
electrolyte during the investigation of their ORR activities. Subse-
quently, their linear sweep voltammetry (LSV) curves were ob-
tained at different rotation rates (400 to 2500 rpm) in oxygen-
saturated 0.1 M KOH aqueous electrolyte (Figure S17 and S18).
Besides, LSV of carbon black and commercial 20 wt% Pt/C cata-
lysts were also measured for comparison. The half-wave potentials
of carbon black, COF-H, COF-R and Pt/C were determined to be
0.60, 0.69, 0.82 and 0.85 V (vs. RHE), respectively, from their LSV

curves measured at 1600 rpm (Figure 4a). In general, both COF-H

and COF-R displayed more positive halfwave potentials (0.69 and
0.82 V) than that of carbon black (0.60 V). More importantly, both
the halfwave potential and limiting current density of COF-R (0.82
Vand 5.63 mA/cm?) is very close to that of commercial Pt/C (0.85
V and 6.19 mA/cm?), illustrating its excellent ORR activity as a
metal free electrocatalyst. Comparing to various reported COFs for
ORR electrocatalysis, COF-R dementated enhanced ORR activity
with respect to both half-wave and onset potentials (Figure 4d and
Table S2), suggesting that the presence of radical species can large-
ly fine-tune catalytic activity of COF materials. Furthermore, the
smaller Tafel slope of COF-R (65.6 mV/dec) compared to that of
COF-H (79.5 mV/dec) indicated the faster reaction kinetics of
COF-R in catalyzing ORR (Figure S19). The electrochemical im-
pedance measurements revealed that COF-R exhibited smaller
charge-transporting resistance (Figure $20), which is beneficial for
the ORR process. The lower impedance of COF-R could be at-
tributed to the stacking of neutral carbon radicals. The correspond-
ing electron transfer numbers (n) of COF-H and COF-R extracted
from Koutecky-Levich (K-L) plots (at 0.3, 0.4 and 0.5 V) were 2.72

and 3.98 (Figure 4b and 4c), respectively, indicating the promoted



4e” ORR pathway for COF-R. The electron transfer number and
ORR selectivity were further investigated by RRDE LSV curves
(Figure S21 and S22). The results confirmed the electron transfer
number for COF-R was nearly 4 while it was about 3 for COF-H.
Besides, the peroxide selectivity for COF-R was only 0.5 % while it
was rather high for COF-H (about 65 %). These results, again,
evidenced the presence of carbon radical species in COFs can
largely promote 4e” ORR and suppress peroxide generation.

The durability of COF-R was evaluated at 0.7 V vs. RHE for
50000 s (Figure S23). The current density was steady and retained
upon addition of methanol into the electrolyte solution at 20000 s,
indicating the excellent stability and tolerance towards small organ-
ic molecules. Considering the excellent catalytic performance and
stability of COF-R in ORR process, its application potential was
further investigated in an aqueous zinc-air battery (Figure $24). It
can be observed that approximately 98% of the initial voltage was
maintained after being discharged for 24 h (Figure 4e). The battery
demonstrated an open circuit voltage of 1.34 V and a peak power
density of 194 mW cm™ (Figure 4f), indicating its excellent perfor-
mance as a cathode electrocatalytic material and great potential in
energy conversion applications.

The active sites in typical Schiff base COFs (mostly identified to be
the carbon atoms in C=N bonds) typically adapt to a 2e” or mixed
ORR pathway.* However, COF-R demonstrated high electrocata-
Iytic activity in promoting the 4e” ORR pathway, which can be at-
tributed to the presence of carbon radicals. Comprehensive in situ
experiments and DFT calculations were performed for a thorough
investigation to understand the promoted 4e" ORR catalytic activi-
ty and selectivity for COF-R. The in situ attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-FTIR) was
employed to elucidate the reaction pathway. Analysis of the spec-
trum evolution for COF-H under open circuit potential (OCP)
and a range of applied potentials (1.0 to 0.2 V vs. RHE) revealed
prominent peaks at 1025 and 1213 cm™ (Figure Sa), which can be
attributed to the *OO" anion and *HOO intermediates, respective-
ly.¥ In contrast, several key ORR intermediates were observed in
the case of COF-R (Figure 5b). A small peak at 1045 cm™ corre-
sponding to *OO"® radical intermediate,” was located, suggesting

the C® radical sites readily reduced O: to form *OO® intermediate.

The peak at 1209 cm™ corresponding to *HOO intermediate sug-
gested the reduction and protonation of *OO® radical intermediate
to form *HOO. The peak at 1354 cm™ could be attributed to the
*O® radical intermediate (C-O° radical stretch),” implying the
*HOO intermediate underwent a reductive O-O bond cleavage.
The peak at 1165 cm™ indicated the presence of *HO intermediate,
which could be resulted from the reduction and protonation of *O*
radical. These results clearly illustrated the more pronounced 4e’
ORR pathway for COF-R. Therefore, a plausible 4e” pathway cata-
Iytic cycle was proposed based on the in situ experimental results
and the typical ORR steps in alkaline electrolyte where H,O acts as
the proton donor (Figure Sc, Table S1).*° Firstly, O. interacts with
the active carbon radical site and gets adsorbed, forming the*OO*®
radical intermediate. Subsequently, the first electron transfer oc-
curs, accompanied by protonation to form the *OOH intermediate.
The reductive O-O bond cleavage by the second electron transfer
produces *O° radical, which then undergoes the third electron
transfer and protonation to form the *OH intermediate. During the
fourth electron transfer, dissociative reduction occurs, regenerating
the active carbon radical site and allowing the initiation of the next
catalytic cycle.

Since both the radical carbons and carbons in C=N bonds can
serve as the potential active catalytic sites for ORR, their energy
diagrams were constructed based on these two different active sites
(Figure 5d). At the equilibrium potential (U = 1.23 V), it can be
observed at the C=N carbon site that the O, - HOO* and HOO*
> O* steps are endothermic while O* > HO* and HO* - OH
steps are exothermic, with O, > HOO* being the rate-determining
step composing an energy barrier of 1.29 eV. For the radical carbon
site, HOO* = O* and OH* - OH: steps are endothermic while
0, 2 HOO* and O* = HO* steps are exothermic, with HOO* -
O* being the rate-determining step composing an energy barrier of
1.20 eV. Comparing the energy diagrams at two sites, the O, 2>
HOO* step showed significant difference. O, = HOO* at the C=N
carbon site requires an activation energy to proceed, while it is
essentially spontaneous at the carbon radical site because the car-
bon radical centers more readily interact with O, due to the low-
lying LUMOs that are mainly distributed around the radical carbon

sites (Figure S25). This major difference reveals, on one side, that
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Figure S. a) b) The in situ ATR-FTIR spectra of COF-H and COF-R measured in 0.1 M KOH electrolyte from 1.0 to 0.2 V (vs RHE); c) Free energy

diagram constructed based on different active sites: Radical carbon sites (blue) and C=N carbon site (red) at U = 1.23 V; d) Proposed ORR mecha-

nism and catalytic cycle; * denotes the active site of catalyst;

the radical carbon sites can largely facilitate the ORR initiation step.
One the other side, it has subsequently caused the following HOO*
reduction step to adapt to distinct reaction pathways. At the C=N
carbon site, an energy barrier (0.27 eV) needs to be overcome for
HOO* = O* step while it is more spontaneous to yield H.O,,
thereby it favors a 2e transfer pathway. In contrast, there is a rather
significant energy barrier (2.12 eV) for HOO* = H.O: step at the

radical carbon site, thus it goes through a smoother HOO* - O*

step in a 4e” transfer pathway.

CONCLUSION

In summary, we have demonstrated the facile design and synthe-

sis of a highly crystalline RCOF with stable neutral carbon radical

centers through post-oxidation of a pre-constructed closed-shell
precursor COF. COF-R has been thoroughly characterized by
various techniques, including UV-vis, PXRD, ESR, and SQUID,
assisted by in situ experiments and theoretical calculations, confirm-
ing the presence of stable neutral carbon radicals with a spin con-
centration of 3.97 x 10%3 spins/mol. Besides, COF-R demon-
strated outstanding catalytic activity in 4e’ ORR with a half-wave
potential of 0.82 V (vs. RHE), among the highest in reported COF-
based electrocatalysts. The promoted 4e- and suppressed 2e- ORR
pathway (99.5% vs 0.5%) can be attributed to facilitated reaction
initiation and smoother reaction transitions at carbon radical sites
as compared to closed-shell COFs. Further investigation of COF-R

as cathode catalyst layer in an aqueous zinc-air battery showed an



open circuit voltage of 1.34 V and a peak power density of 194 mW
cm™. Overall, our study not only provided a facile strategy to pre-
pare stable RCOFs with well-defined neutral carbon radical centers
but also demonstrated their great potential for electrocatalysis and

energy conversion applications.
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