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Rational Design of 3D Space Connected Donor—Acceptor
System in Covalent Organic Frameworks for Enhanced

Photocatalytic Performance

Yinghui Xie, Fengyi Mao, Qiuyu Rong, Xiaolu Liu, Mengjie Hao, Zhongshan Chen,
Hui Yang,* Geoffrey I. N. Waterhouse, Shenggian Ma,* and Xiangke Wang*

Herein, a rational strategy is presented to reduce the energy barrier of singlet
ground state to singlet excited state transitions, whilst simultaneously
reducing energy losses in populating triplet excited states. The approach
relies on constructing 3D space connected donor-acceptor systems in COFs.
The 3D space connected D-A system in 8-connected 3D COFs (denoted as
COF-1 and COF-2) allows the efficient transfer of electrons, overcoming the
traditional electron transport limitations of 2D COFs and significantly
boosting the solar energy utilization efficiency under visible light irradiation.
COF-2, possessing an extended z-conjugated structure relative to COF-1,
demonstrated high selectivity for the photocatalytic generation of H,0,

(6.93 mmol g=' h=') in natural seawater without the need for sacrificial
reagents, exceeding the performance of most previously reported COF-based
photocatalysts. The 3D space connected D—A system reported in this work
offers a new approach for optimizing electron and energy transfer in
COF-based photocatalysts for H,O, production and other applications.

1. Introduction

As a new generation of organic porous crystal materials, cova-
lent organic frameworks (COFs) receive considerable attention
owing to their well-defined structure, high porosity, good stabil-
ity, low skeleton density, and customizable functionality.!l These
features make them ideal candidate for use in separation,?]
sensing,’] catalysis,!*! photoluminescence,® energy storage,®
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and environmental remediation.’} Re-
cently, COFs, particularly 2D COFs, have
found applications in photocatalysis, based
on their small electronic bandgaps, effective
exciton migration, and fast photogenerated
charge separation.®!l However, the rapid
charge (electron-hole) recombination,
energy losses during charge excitation
and migration, and operational instability
hamper the photocatalytic activity of COFs.
Furthermore, effective separation of pho-
togenerated charges generally relies on the
use of sacrificial reagents, which hinders
the practical applications of COFs-based
photocatalysts.’) Generally, electrons are
excited from the ground state (S,) to the
lowest singlet excited state (S,) or higher
singlet excited state (S,, S;, ...S,) in COFs
under visible light irradiation, thus creating
charges to drive photocatalytic processes
(Figure 1a,b)."% Afterward, most of the
singlet excited state (S;, S,, ...S,) electrons quickly decays back
to S, through fluorescence emission, which reduces the charge
carrier utilization efficiency. A portion of the electrons in S, (n =
1, 2, 3, etc.) may also migrates to the lowest triplet excited state
(T,) through the intersystem crossing (ISC) processes, which de-
creases electron-hole combination kinetics and energy losses.!'!]
These excited electrons in the T, state can catalyze reactant con-
version or convert O, to 10,, driving nonradiative processes such
as electron transfer, energy transfer, and atom transfer in pho-
tocatalysis. Since, the T,—S, transition is spin-forbidden, the
charge carrier lifetime of T, electrons can be very long.[?l Mini-
mizing the energy gap (AEg;) between S; and T, levels and en-
hancing the ISC efficiency is therefore a promising way to reduce
the energy losses during photocatalysis (Figure 1b).

Recently, researchers have made great efforts to improve the
electron utilization efficiency and charge transfer properties of
COF-based photocatalysts, using approaches such as introduc-
ing photosensitizers,!3 building donor—acceptor (D-A units),!*]
designing D-z—A units,!) optimizing bandgap energies,**! tun-
ing excited state electronic structures and charge transport,!1%21¢]
constructing molecular heterojunctions,'””] amongst others.['®]
Most of these studies have focused on the development of 2D
COFs for photocatalytic applications. Compared with 2D struc-
tures, 3D frameworks are expected to offer advantages in that
the photosensitive units should be able to more rapidly transfer

© 2024 Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of the light harvesting and energy transfer processes involved in triplet excited state-driven photocatalysis. b)
Schematic illustration of energy levels and electron transfer pathways. c) Schematic illustration of a traditional donor—acceptor system in 2D COFs,

and the 3D space connected D-A system in 3D COFs.

electrons to electron-deficient acceptors or alternatively ac-
cept electrons from electron-rich donors, thus achieving high
photocatalytic activity.'! However, it is a challenge to con-
struct 3D COF photocatalysts with high connectivity while en-
suring their spatial structure and photocatalytic performance
(Figure 1c).[192:20]

Hydrogen peroxide (H,0,), as a strong oxidant, bleach, and
bactericide, is widely used in the chemical and paper industries,
energy sector and environmental remediation.?!] The traditional
anthraquinone method used industrially to produce H,O, has
many drawbacks, such as high energy consumption, high capital
cost, and the generation of harmful waste.??] Single-step photo-
catalytic production of H, O, using oxygen dissolved in water pro-
vides a green, environmental friendly and sustainable method
toward H,O,. In recent years, photocatalysts such as graphitic
carbon nitride (g-C;N,), metal oxides, resins, COFs, conjugated
polymers, and metal-organic frameworks (MOFs) have been ex-
plored for H,0, production.[”)} However, most of these photo-
catalysts require the use of sacrificial oxidants, which hinders
their widespread practical application. With a view toward im-
proving process economics, H,O, production from seawater is
very promising.[?*] However, developing photocatalytic technolo-
gies for hydrogen peroxide production from seawater remains a
huge challenge because corrosion and biofouling issues can dam-
age the photocatalyst under practical conditions, reducing its ac-
tivity and lifetime. 2D COFs can address many of these issues
relating to photocatalytic synthesis of H,0,, but performance
needs to be improved.!3>1#>17225] Compared to 2D COFs, pho-
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tosensitive units in 3D COFs can more quickly transfer electrons
to electron-deficient acceptors or accept electrons from electron-
rich donors.

To achieve the aforementioned objective, we herein designed
and synthesized two 8-connected 3D COFs with the bcu topol-
ogy via a [8 + 2] construction approach. The (2r,3s,5s,6s)-2,3,5,6-
tetrakis(3,6-bis(4-formylphenyl)-9H-carbazol-9-yl) terephthaloni-
trile (4CzTFPN) linker served as both donor and acceptor. Com-
pared to 2D D-A structures, such a 3D space connected D-A sys-
tem spatially separated the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO),
thus overcoming the limitations of electron transport in 2D
space and reducing the charge transfer energy losses from the
Soto S, (n =1, 2, 3, etc.) levels and subsequently the S, to
T, levels through the high connectivity of the 3D frameworks
(Figures 1c and 2a). Moreover, the planar conjugated structure of
the benzene (denoted as COF-1) and naphthyl linkers (denoted
as COF-2), together with the continuous delocalization channels,
afforded highly extended z-conjugated systems. These systems
enhance the photocatalytic activity of COFs and deliver high effi-
ciency and selectivity for photocatalytic H,O, production in nat-
ural seawater (4.42 and 6.93 mmol g~! h~! for COF-1 and COF-2,
respectively) without the need for sacrificial reagents. The solar-
chemical conversion efficiency of H,0, production was deter-
mined to be 0.26% for COF-2, which far exceeds the solar-to-
biomass efficiency by plants (global average 0.10%). These results
serve as a valuable platform for the construction of 3D COF pho-
tocatalysts for various photocatalytic applications.

© 2024 Wiley-VCH GmbH
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Figure 2. a) lllustration of the synthesis of 3D COFs. b) Topology representation of the bcu topology in 3D COF-1 and COF-2. c) FT-IR spectra for
4CzTFPN, PDA, NDA, COF-1, and COF-2. d) Solid-state B¢ CP/MAS NMR spectra of COF-1 and COF-2. e) Experimental PXRD patterns of COF-1
with corresponding Pawley refinement (red), simulated results (blue), and Bragg positions (pink) showing good fit to the experimental data (gray) with
minimal differences (olive green). f) Crystal structure of COF-1. g) Experimental PXRD patterns of COF-2 with corresponding Pawley refinement (red),
simulated results (blue), and Bragg positions (pink) showing good fit to the experimental data (gray) with minimal differences (olive green). h) Crystal

structure of COF-2.

2. Results and Discussion

2.1. Synthesis and Characterization

As illustrated in Figure 2a,b, 8-connected aldehyde monomer
(21,3s,5s,6s)-2,3,5,6-tetrakis(3,6-bis(4-formylphenyl)-9H-

carbazol-9-yl) terephthalonitrile (4CzTFPN) was reacted
with liner linkers p-phenylenediamine (PDA) and 2,6-
diaminonaphthalene (NDA) to synthesize the COF-1 and COF-2,
respectively. Both COF-1 and COF-2 were obtained via an imine
condensation with acetic acid as the catalyst in a mixture of
1,2-dichlorobenzene (o-DCB)/n-butanol (n-BuOH) at 120 °C
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for 3 days. Fourier transform infrared (FT-IR) spectroscopy
and BC solid-state nuclear magnetic resonance (*C ssNMR)
spectroscopy were used to confirm the chemical structures of
COF-1 and COF-2. The appearance of a strong FT-IR bands at
~1625 cm™! in both COFs verified the formation of imine C=N
bonds in the frameworks (Figure 2¢).12°] Moreover, the -CHO
signals at ~1689 cm™' and -NH, signals at ~3321 cm™' char-
acteristic of the reagents disappeared, further confirming the
successful condensation reaction between the starting materials
(Figure 2¢). The presence of a C=N stretching peak at 2233 cm™!
verified the existence of cyano groups in both COF-1 and COF-2.
The C ssNMR spectra of COF-1 and COF-2 showed peaks at

© 2024 Wiley-VCH GmbH

85U80|7 SUOWILIOD 8AIID) 3|edl[dde 8y Aq peusenob ke sejoie VO ‘@S JO'S3|NJ 10} A%eid1T8ulUO 48] 1M UO (SUORIPUCD-pUe-SLUBIALI0D A8 1M AeIq U1 |UO//SANY) SUORIPUOD PUe SWIB L 38Ul 88S " [7202/TT/ZT] uo AriqiTaulluo Ae|IM ‘'Sexe L YLON JO AisieAlun Aq LL0TTZ0Z Wipe/z00T OT/I0p/woo" A3 1M Are.d 1 pul|uo//sdny Wwoiy papeojumoq ‘0 ‘8Z0E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

152 ppm, verifying the formation of imine groups, with addi-
tional peaks at ~114 ppm attributed to the C=N group of the
4CzTFPN linkers (Figure 2d).1?”] The peaks at ~165, 181, and 192
ppm in COF-2 are assigned to the carbon atoms on naphthalene
rings (Figure 2d).

Next, we performed powder X-ray diffraction (PXRD) mea-
surements and structural simulations to determine the 3D crys-
tal structures of COF-1 and COF-2. The diffraction pattern of
COF-1 showed peaks of 26 angles ~3.2°, 4.7°, 6.2°, 9.5", and
13.3°, which were assigned to the (011), (101), (102), (212), and
(331) planes, respectively (Figure 2e). The raw unit cell deter-
mined by Pawley refinement was suggested a PMM2 space group
with parameters of a = 22.2169 A, b = 48.0347 A; ¢ = 35.5372
A, @ = p =y =90° for COF-1 (Table S1, Supporting Infor-
mation). The refined patterns based on the simulated struc-
tures of COF-1 revealed good consistency with the experimen-
tally measured PXRD pattern (R, = 3.15%, R, = 1.97%). Each
4CzTFPN linker in COF-1 bonds eight PDA linkers, forming an
8-connected open framework with the bcu topology (Figure 2b).
The pore size is 2.5 nm (Figure 2f). The crystalline struc-
ture of COF-2 was also determined using experimental PXRD
data, structure modeling, and Pawley refinement (Figure 2g,h).
The results revealed that COF-2 crystalized in an IMM2 space
group with unit cell parameters of a = 10.5634 A, b = 32.7451
A; ¢ = 604926 A, @ = p =y = 90° with R, = 547%, R,
= 3.18%. Results confirmed that COF-2 possessed high crys-
tallinity and the same topology as COF-1 (Figure 2b; Table S2,
Supporting Information). Scanning electron microscopy (SEM)
images showed that COF-1 and COF-2 crystallized with a lamel-
lar nanosheet morphology (Figure S1, Supporting Information).
The high-resolution transmission electron microscopy (HRTEM)
image of COF-1 revealed lattice fringes with a spacing ~2.2 nm,
close to the window size viewed along the ¢ direction (Figure 2f;
Figure S2, Supporting Information). Honeycomb-like porous
structures were observed for COF-2, which is in accordance with
the structural model viewed along the a/c direction (Figures 2h
and 3a). These structures demonstrate an ordered alignment
with high degrees of crystallinity. These data suggested the suc-
cessful construction of 3D COF-1 and COF-2 with the desired
structures.

The porosity of COF-1 and COF-2 were determined by mea-
suring nitrogen sorption isotherms on fully activated samples
at 77 K. The adsorption—desorption isotherms displayed type IV
curves, indicating the presence of mesopore in both structures
(Figure 3Db). The Brunauer-Emmett—Teller (BET) surface areas
were calculated to be 489.2 and 868.8 m? g~! for COF-1 and COF-
2, respectively. Density functional theory (DFT) pore distribution
analysis showed that the average pore diameters were 2.5 and 2.7
nm, respectively, in good general agreement with the predicted
apertures in the simulated structures (Figure 3c). Thermal gravi-
metric analysis (TGA) revealed that both COF-1 and COF-2 were
stable up to ~400 °C under a N, atmosphere, suggesting good
thermal stability (Figure S3, Supporting Information). We next
examined the chemical stability of COF-1 and COF-2 by soaking
the samples in organic solvents, natural seawater, HNO; (pH 1),
or NaOH (pH 13) solutions. PXRD patterns revealed that the 3D
frameworks retained their crystalline structures after 24 h treat-
ment under all tested conditions (Figure S4, Supporting Infor-
mation).
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2.2. Photophysical and Electrochemical Properties

We then systematically tested the photophysical and electrochem-
ical properties of COF-1 and COF-2. The UV-vis diffuse re-
flectance spectra (UV-vis DRS) for both COFs showed intense
absorption over a wide wavelength range (200-800 nm), indicat-
ing their strong visible light harvesting ability (Figure 3d). COF-
1 and COF-2 each have two absorption edges. The orange-red
COF-1 showed two absorption edges at 568 and 637 nm, and cor-
responding optical bandgap energies calculated from Kubelka—
Munk function transformed spectra were 2.41 and 2.03 eV, re-
spectively. The reddish-brown COF-2 absorption edges at 576 and
642 nm, corresponding to bandgaps at 2.38 and 2.05 eV, respec-
tively. (Figure 3d). Next, Mott-Schottky tests were carried out to
estimate the conduction band (CB) positions of COF-1 and COF-
2, which were determined to be —0.82 and —0.37 V versus nor-
mal hydrogen electrode (NHE), respectively (Figure S5, Support-
ing Information, equal to —1.02 and —0.57 V vs Ag/AgCl). The
valence band (VB) positions were calculated as 1.15 and 1.53
eV for COF-1, 1.62 and 1.95 eV for COF-2, respectively, as de-
termined from X-ray photoelectron spectroscopy valence band
spectra (Figure S6, Supporting Information). Figure 3e compares
the energy levels of the two COFs, as well as selected redox cou-
ples relevant to the current study: O,/-O, (=0.33 V vs NHE),
and O,/H,0, (+0.68 V vs NHE).[2%28] [t suggests that suitable
bandgap structures of both COF-1 and COF-2 are suitable for
photoelectron transfer to support the photocatalytic reduction
of O, to H,0,. Electrochemical impedance spectroscopy (EIS)
was carried out to probe the electronic conductivity of COF-1
and COF-2. Compared to COF-1, COF-2 exhibited a relatively
smaller semicircle radius in the Nyquist plot, implying a faster
charge transfer rate and more efficient charge carrier separa-
tion ability (Figure 3f). COF-2 also exhibited a stronger pho-
tocurrent response than COF-1, indicating that it has a better
charge separation efficiency due to the planar extended conju-
gation system of the naphthalene units in COF-2, which en-
hanced electron-hole separation (Figure 3g). Electron paramag-
netic resonance (EPR) spectroscopy was used to investigate the
light-induced charge carrier generation properties of COF-1 and
COF-2. In contrast to spectra collected under dark conditions,
both COF-1 and COF-2 showed strong signals at g = 2.003 under
visible light, indicating that electrons were excited from the va-
lence band to the conduction band (Figure 3h).[?) COF-2 showed
a stronger EPR signal, consistent with better charge carrier gener-
ation efficiency. Time-resolved photoluminescence emission de-
cay spectra (TRPL) showed that the average fluorescent lifetimes
of COF-1 (0.86 ns) and COF-2 (0.85 ns) were approximately equal,
while the PL intensity of COF-2 was lower than that of COF-1
(Figure 3i; Figure S7, Supporting Information). This suggested
suppressed recombination of the photogenerated electron-hole
pairs in COF-2. These results combined indicate that 3D COF-1
and COF-2 possessed high crystallinity, large porosity, good light
harvesting ability, excellent electron conductivity, efficient charge
separation, and transport properties, suggesting good potential
for photocatalytic H,0, production. As a proof of concept, we
next conducted a series of photocatalytic experiments to evaluate
the feasibility of 3D COFs for the synthesis of H,0, from sea-
water. In particular, we aimed to investigate the effect of the 3D
space-connected D—A system on the photocatalytic properties.

© 2024 Wiley-VCH GmbH
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Figure 3. a) TEM image of COF-2 (insets highlight the honeycomb-like pores). b) N, adsorption—desorption isotherms measured at 77 K and c) corre-
sponding pore size distributions for COF-1 and COF-2. d) UV—visible diffuse reflectance spectra for COF-1 and COF-2 (inset: Tauc plots for bandgap

calculation). e) Band alignment of COF-1 and COF-2. f) Electrochemical i
of COF-1 and COF-2. h) EPR spectra of COF-1 and COF-2 in the dark and
spectra of COF-1 and COF-2 (excitation at 375 nm).

2.3. Photocatalytic H,0, Production Performance

The 3D COF-1 and COF-2 photocatalysts reported herein provide
the opportunity to identify the key factors required for selective
and efficient photocatalytic production of H,O, from seawater
thereby establishing a valuable structure-photocatalytic activity
relationship. We first studied the photocatalytic H,0, produc-
tion performance of COF-1 and COF-2 in deionized water un-
der visible light (A > 420 nm) irradiation. No sacrificial agents
were used. The corresponding H, O, yield was detected by iodom-
etry (Figure S8, Supporting Information).3°! The optimal pho-
tocatalyst dosage of 5 mg of COF in 50 mL of deionized water
(solid/liquid ratio of 1/10, mg mL™!) for each COF were deter-
mined and used for subsequent studies (Figure S9, Supporting
Information). COF-2 displayed the significantly higher H, O, pro-
duction rate (7.86 mmol h ~'g~!) than COF-1 (3.87 mmol h~! g7!)
in deionized water (Figure 4a). After 120 min, the production ca-
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mpedance spectra (EIS) for COF-1 and COF-2. g) Photocurrent responses
under visible light irradiation. i) Time-resolved photoluminescence (TRPL)

pacities were 6.3 and 11.2 mmol g=! for COF-1 and COF-2, re-
spectively. The photocatalytic activity of COF-1 and COF-2 were
further evaluated by conducting H,0, production experiments
in tap water (Figure 4b). COF-2 efficiently produced H,0, in
spiked tap water, with a production rate of 7.59 mmol h ~'g~!.
COF-1 showed relatively low activity under similar conditions
(4.73 mmol h™! g!). We next carried out experiments to deter-
mine the ability of COF-1 and COF-2 to produce H,0, from nat-
ural seawater. The H,O, production yields of COF-1 and COF-2
in seawater were 4.42 and 6.93 mmol h™! g=!, with the corre-
sponding capacities being 7.80 and 11.0 mmol g=! in 120 min,
respectively (Figure 4c). The performance of both COFs in sea-
water was slightly lower than their performance in deionized
water and tap water, which can be attributed to the high salin-
ity of seawater. Marine microorganisms may also interfere with
H,0, formation or consume H,0O, in seawater. To our knowl-
edge, the photocatalytic H,O, production performance of COF-2

(50f11) © 2024 Wiley-VCH GmbH
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Figure 4. a) Photocatalytic H,0, production performance of COF-1 and COF-2 in deionized water. b) Photocatalytic H,O, production performance
of COF-1 and COF-2 in tap water. c) Photocatalytic H,0, production performance of COF-1 and COF-2 in seawater. d) Comparison of photocatalytic
H,0, production rates afforded by COF-1 and COF-2 with other recently reported photocatalysts. e) Apparent quantum efficiency (AQY) and electronic
absorption spectra of COF-1and COF-2. f) Long-term photocatalytic H,O, production performance of COF-1 and COF-2 in seawater. g) Photocatalytic

H,0, yield over COF-2 for 6-reuse cycles in seawater.

is superior to almost all reported COF photocatalysts under sim-
ilar conditions, including state-of-the-art COF-F2,!34 TD-COF!3!]
and TpMd!"*"! (Figure 4d; Table S3, Supporting Information).!?*]
In addition, photocatalytic H,0, decomposition tests revealed
that COF-1 and COF-2 did not decompose H, O, under light irra-
diation, which was favorable for continuous photocatalytic H,O,
generation (Figure S10, Supporting Information). COF-2 exhibits
an apparent quantum yield (AQY) of 2.5%, higher than COF-
1 (1.2%) at 420 nm (Figure 4e). The solar-to-chemical conver-
sion (SCC) efficiency of COF-1 and COF-2 were calculated to be
0.26% and 0.14% under visible-light irradiation, which is higher
than solar-to-biomass efficiency by plants (~0.1%).32 Moreover,
COF-1 and COF-2 maintained high H,0, production rates dur-
ing long-term photocatalytic tests in seawater (Figure 4f). In ad-
dition, COF-2 maintained good H,O, production performance
even after six repeated cycles (Figure 4g). COF-2 further displayed
negligible structural change after the photocatalytic H,O, pro-
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duction cycle tests in seawater, evidenced by the FT-IR and PXRD
measurements on the used photocatalyst (Figure S11, Support-
ing Information). To further explore the photocatalytic proper-
ties of synthesized COF-2, we conducted photocatalytic uranium
extraction studies in ~1 ppm and ~20 ppm uranium-spiked tap
water and groundwater. As expected, COF-2 demonstrated fast
uranium extraction kinetics and delivered a removal efficiency of
97% (in ~1 ppm spiked tap water) and 92% (in ~1 ppm spiked
groundwater) within 360 min, respectively (Figure S12, Support-
ing Information). Furthermore, COF-2 can also quickly remove
U(VI) from =20 ppm spiked tap water and groundwater. Accord-
ing to X-ray photoelectron spectroscopy (XPS) results (Figure
S13, Supporting Information), both U(VI) (U 4f, , = 384.1 eV and
U 4f; , = 394.8) and U(IV) (U 4f, , = 382.5 eV and U 4f; , = 393.3
eV) species were observed after the photocatalytic tests, indicat-
ing that U(VI) and U(IV) coexisted on the surface of COF-2 af-
ter the light irradiation. The surface species were likely adsorbed

© 2024 Wiley-VCH GmbH

85U80|7 SUOWILIOD 8AIID) 3|edl[dde 8y Aq peusenob ke sejoie VO ‘@S JO'S3|NJ 10} A%eid1T8ulUO 48] 1M UO (SUORIPUCD-pUe-SLUBIALI0D A8 1M AeIq U1 |UO//SANY) SUORIPUOD PUe SWIB L 38Ul 88S " [7202/TT/ZT] uo AriqiTaulluo Ae|IM ‘'Sexe L YLON JO AisieAlun Aq LL0TTZ0Z Wipe/z00T OT/I0p/woo" A3 1M Are.d 1 pul|uo//sdny Wwoiy papeojumoq ‘0 ‘8Z0E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@)
(d)
corto, | | | [ g sarrer
3
i r V -o-p-BQ
= 1-9-AgNO,
& |COF-2"0, J j -~ N, purging
> r V 1-o-IPA
@ COF-1-0;
) v oSN 2
£
= |cOF-2-0;
3460 3480 3500 3520 3540 2 4 8 10 12 0 30 60 90 120 150
Magnetic field (G) pH Time (min)
i
N H/_ o C=N 0 ceNico 0% COHO0  eq min
—— S T
: : : e . _Daro min

3100 3000 2900 2800 2700
Wavenumber (cm™)

2400 2300 2200 2100 2000
Wavenumber (cm™)

1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 5. a,b) Photographs of Vibrio vulnificus and marine bacteria (mixture) colonies after treatment with COF-1and COF-2 in the dark and under visible
light conditions. c) Summary of anti-biofouling activity of COF-1and COF-2 under visible light conditions. d) EPR spectra of '0,-TEMP and -O,~-DMPO
adducts formed by light irradiation of COF-1 and COF-2. ) Zeta potentials of COF-1 and COF-2. f) Quenching experiments for photocatalytic H,0,
production. g—i) In situ FT-IR spectra of COF-2 for H,0, photocatalytic processes in the presence O,.

uranyl (UO,?*), UO,, and (UO,)0,-2H,0.3%! This revealed that
the 3D space connected D-A system facilitates energy transfer in
photocatalysis, which could be directly used for other applications
such as environmental remediation.

Biofouling in seawater can passivate the active sites and pre-
vent light from reaching the photocatalyst, which might seriously
affect the H,0, conversion efficiency.['®] Therefore, we evaluated
the anti-biofouling properties of COF-1 and COF-2 by testing
their inhibition of marine bacteria (mixture) and Vibrio vulnificus
under dark and visible light irradiation. As shown in Figure 5a—c,
COF-2 displayed 18.75% and 25.83% inhibition of the marine
bacteria(mixture) and Vibrio vulnificus, respectively, under dark
conditions. When exposed to visible light, the anti-biofouling per-
formance of COF-2 increased dramatically, showing high inhibi-
tion rates of 86.04% and 88.45% for marine bacteria(mixture) and
Vibrio vulnificus, respectively. Compared with COF-2, the anti-
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biofouling activity of COF-1 was slightly decreased, showing the
inhibition rates of 17.19%, 13.25% under dark conditions and
80.52%, 72.44% under visible light irradiation for marine bac-
teria(mixture) and Vibrio vulnificus, respectively.

It is well known that superoxide radicals (-O, ), singlet oxygen
(*0,), and hydroxyl radicals (-OH) produced by photocatalysts can
damage the cell walls of marine microorganisms under visible
light irradiation.!*®] EPR studies were thus carried out to identify
the radicals generated during photocatalytic processes in water
by COF-1 and COF-2 in the dark and under visible light irradia-
tion conditions (Figure 5d; Figure S14, Supporting Information).
No EPR signals were detected under dark conditions for either
COF. Conversely, under light irradiation, -O,~ and -OH were gen-
erated and trapped using 3,4-dihydro-2,3-dimethyl-2H-pyrrole
1-oxide (DMPO), whilst 'O, was also detected after adding
2,2,6,6-tetramethylpiperidine (TEMP) as the trapping agent.

© 2024 Wiley-VCH GmbH
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The evolution of these reactive oxygen species explained the ex-
cellent anti-biofouling activity of the 3D COFs under light irradi-
ation. The photogenerated electron-hole separation in the COFs
converted water and oxygen into oxygen-containing radicals un-
der visible light irradiation, which inhibits the growth of marine
microorganisms, thus ensuring the efficient photocatalytic pro-
duction of H, O, in seawater. The tetrazolium (NBT) quantitative
experiment shows that the amount of -O,~ generated by COF-
2 was higher than that of COF-1 (Figure S15, Supporting Infor-
mation), which indicates that the electron transfer efficiency in
COF-2 for the production of -O,~ species is higher than COF-1.

These results revealed that 3D COFs developed in this work,
particularly COF-2, offer excellent photocatalytic H,O, produc-
tion activities and good durability. This may be due to the 3D
space connected D-A system and the planar conjugated structure
of the naphthyl linker forming a highly extended z-conjugated
system in COF-2, promoting the efficiency of electron-hole sep-
aration and electronic energy utilization. To obtain a deeper un-
derstanding of the relationship between the 3D structural frame-
work and the H, O, production properties, we then carried out a
series of experiments and theoretical calculations for COF-1 and
COF-2.

2.4. Photocatalytic Mechanism Studies

Zeta potential measurements were used to characterize the sur-
face affinity of COFs for H* (Figure 5e). COF-2 has a more
negative Zeta potential than COF-1, indicating that COF-2 has
a stronger electrostatic attraction toward H* which is valuable
for the generation of H,0,."¥®] To identify the intermediates
formed during H,0, production over COF-1 and COF-2 under
visible light irradiation, we subsequently performed free radi-
cal capture experiments using a range of scavengers, including
AgNO; (for electrons), methanol (for holes), p-benzoquinone (for
-0,7/-O0H), N, (for eliminating the presence if O,) and iso-
propyl alcohol (Figure 5f).["*?7] A significant decrease in the
H,O0, yield for both COFs was observed after purging with N,
and adding AgNO,, suggesting the production H,O, relied on
the reduction of dissolved O, by photogenerated electrons, con-
firming that photocatalytic oxygen reduction reaction (ORR) was
the key pathway for photocatalytic of H,O, production in the cur-
rent work. The H, O, production rates also decreased in the pres-
ence of p-benzoquinone, suggesting that -O,~/-OOH were also
involved in a stepped ORR pathway. Methanol caused the op-
posite trend, which is explained by its strong oxidisability as a
hole acceptor (including reaction with -OH generated via a wa-
ter oxidation reaction (WOR) pathway). Moreover, the H, O, pro-
duction rate reached 11.73 mmol g™' h™! by adding 10 vol.%
isopropyl alcohol, which is 1.6 times that of the system with-
out the addition of electron donors. These experiments revealed
that photogenerated electrons reduce oxygen to -O,~, which is
the rate-controlling step in photocatalytic H,O, production. Sub-
sequently, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) measurements was performed on COF-1
and COF-2 to analyze the dynamic changes of the reaction inter-
mediate species (Figure 5g—i; Figure S16, Supporting Informa-
tion). The DRIFTS spectra showed very weak vibrations over 30
min under dark reaction, indicating that the functional groups
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of both COF-1 and COF-2 could drive catalysis under dark condi-
tions. Upon light irradiation, a peak at 2815 cm™! emerged cor-
responded to the O—H stretching vibration of H,0,, with the
intensity of the peak gradually increasing with photoirradiation
time, suggesting that H,0, was being generated on the surface
of COFs (Figure 5g-i; Figure S16, Supporting Information).!'*"]
Signals belonging to N—H (3029 cm~!) and C=NH* (1558 cm™)
also showed changes with increasing irradiation time, suggesting
the photoinduced imine and carbazole N sites can facilitate H,0
adsorption.!?*d] Further, the intensity of C=N (2231 cm™!) stretch-
ing peak also changed with photoirradiation time (Figure 5h;
Figure S16, Supporting Information), indicating that the cyano
group was part of the active site in the reaction pathway. New sig-
nals at 1148 cm™ (-O,~) and 889 cm™! (O—O stretching) also ap-
peared as the irradiation time increased, indicating that adsorbed
0, was reduced to -O,~ by photogenerated electrons.[?1 A fur-
ther peaks at 1360 cm™! also increased in intensity with time,
indicating the formation of -OOH species.['**34] The observa-
tion of C—O stretching (1413 cm~') and C—OH stretching (1033
cm™!) peaks were attributed to the formation of surface -OH
species.[72]

We next performed density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations to better understand the
structure-photocatalytic performance relationship of COF-1 and
COF-2. In the frameworks of COF-1 and COF-2, the HOMO
and LUMO can be isolated on the donor and acceptor seg-
ments, respectively (Figure 6a,b). The LUMO is distributed on
the diphenyl over the dicyanobenzene subunits in both COFs,
while the HOMO is located on the carbazolyl moieties, but part of
the HOMO of COF-2 is also scattered on the z-conjugate naph-
thalene linker. These spatially separated molecular orbitals can
facilitate efficient intramolecular charge transfer.’>! The calcu-
lated VB and CB energies of the COF fragment show that the
potential of COF-2 (—2.242 eV) was more positive than that of
COF-1 (—2.567 eV). The delocalized HOMO that extends over
the entire naphthalene plane in COF-2 can better transfer charge
and energy, thereby improving photocatalytic performance. The
density of states calculations shows that C and N atoms are
mainly involved in the HOMO of both COFs (Figure 6c¢). The
partial density of states (PDOS) of C and N orbitals indicate
that the bandgap of COF-2 was narrowed by 0.31 eV compared
with the COF-1 counterpart, suggesting more excited electrons
could be concentrated upon the electron acceptor unit in COF-
2, which is conducive to efficient charge transfer and light uti-
lization. In addition, TD-DFT calculation results of excited state
and electron-hole distribution show that the electrons of COF-
1 and COF-2 are mainly distributed on dicocyanobenzene, and
the holes are distributed along the carbazole junction, which
indicates that the photogenerated electrons can be transferred
along the D-A pathways after excitation (Figure 6d,e). The en-
ergy levels of S; and T, of COF-1 are 1.669 and 1.661 eV, respec-
tively, while for COF-2 the corresponding values are 1.400 and
1.400 eV, respectively (Figure S17, Tables S4 and S5, Support-
ing Information). The data indicates that COF-2 is more likely
to excite electrons to S, after absorbing light, with the narrower
energy level gap (AE¢;) in COF-2 allowing electrons to easily
transition from S, to T, through ISC, thus catalyzing the pho-
tocatalytic reaction (Figure S17, Tables S4 and S5, Supporting
Information).3¢]

© 2024 Wiley-VCH GmbH
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On the basis of the above experimental and theoretical calcu-
lations, we summarized the probable mechanism for photocat-
alytic H,O, production by COF-1 and COF-2. We established that
the 4CZTFPN linker in both COFs served as the active site, which
could complete the reduction of O, to H,0, and the oxidation of
H,0 to H,0,. In the oxygen reduction pathway, oxygen is first
adsorbed onto the dicyanobenzene group and reduced with pro-
tonation to form *OOH (Figure 6f,g). Charge difference density
maps also reveal this pathway (Figure 6f). The Gibbs free ener-
gies (AG) of O, adsorption (*O,) are 0.27 and 0.15 eV for COF-
1 and COF-2, respectively, indicating O, adsorption proceeded
more readily on COF-2. The rate-determining steps (*O, + H*

Adv. Funct. Mater. 2024, 2411077

2411077 (9 of 11)

+e~ — *OOH) for COF-1 exhibited a high energy barrier of 0.48
eV, compared with 0.37 eV for COF-2 in the overall ORR pathway.
Afterward, those of the subsequent steps involving the reaction
of *OOH with one electron and one H* to generate *HOOH, fol-
lowed by the desorption of H,O,, have similar energy barriers on
both COF-1 and COF-2. In the water oxidation reaction pathway,
the H,0 molecule is adsorbed on a carbazole site, then dehydro-
genated to *OH. COF-2 exhibits a smaller AG value (2.20 eV)
compared to COF-1 (AG = 2.42 eV), whilst the energy barrier of
COF-2 is close to that of COF-1 for the subsequent conversion of
*OH to *HOOH, which then desorbs to give H,0, (Figure 6g,h).
Notably, the charge density difference between the pivotal

© 2024 Wiley-VCH GmbH
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intermediate *OH and active site near carbazolyl, together with
charge redistribution of carbazole unit interacting with *OH, de-
termines the selective formation of *OH at the active site through
a stereoscopic donor-acceptor mechanism. These results indi-
cate that H,O, generation is more energetically favorable on the
surface of COF-2.

Taken together, the 3D COFs described herein demonstrated
excellent photocatalytic H,O, production performance. The ex-
cellent photocatalytic activity of these photocatalysts can be at-
tributed to: 1) 3D framework and porosity which allowed for
effective mass transport and facilitated easy access of O, and
H, O molecules to the catalytic active sites. 2) The 3D space con-
nected D-A system allowed the transferring of electrons through
high connectivity of the 3D frameworks, reducing the energy
loss for S, to S, transitions and minimizing AEg; for efficient
ISC, thus improving the photocatalytic energy utilization effi-
ciency. 3) The conjugates structure of the naphthalene linker
promotes charge transfer between the donor—acceptor, which
is conducive to photogenerated electron-hole separation, boost-
ing photocatalytic H,0, production activity. 4) Excellent resis-
tance to marine biofouling makes the COFs durable under visible
light.

3. Conclusion

In summary, we have designed and successfully synthesized two
3D COF photocatalysts, which possess [8+2] connectivity and a
bcu topology. Benefiting from the 3D space donor—acceptor sys-
tem that aided transfer of electrons through the 3D frameworks,
both COF-1 and COF-2 showed excellent activity for photocat-
alytic H,O, production in natural seawater. The conjugated struc-
ture of the naphthalene linker in COF-2 enhanced the charge
transfer ability of the framework, dramatically promoting the
photoactive activity. COF-2 shows excellent photocatalytic perfor-
mance for H,0, production in natural seawater, which is supe-
rior to most of the top-performing COF photocatalysts. This work
offers new vistas for the design of robust 3D COFs for photocat-
alytic H,0, production and other applications.
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