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ABSTRACT: Photocatalytic water splitting is a promising solution to sustainable hydrogen production. Recently, conjugated covalent
organic frameworks (COFs) with highly designable skeleton and inherent pores have emerged as promising photocatalysts for water splitting.
However, structure-property relationships in COFs have not been established and the rational design of COFs with suitable electronic prop-
erties and chemical structures for water splitting is challenging. In this work, we proposed a facile strategy that is based on tailoring donor
(D) and acceptor (A) building blocks of COFs in Lieb lattice, to achieve visible light absorption, prompt exciton dissociation, and metal-free
hydrogen evolution. We constructed eight fully conjugated D-A COFs with a pyrene donor node and different acceptor edges linked by C=C
and demonstrated that as compared to the D-D COF, D-A design not only shifted optical absorption to the visible and near-infrared region,
but also modified band alignment to trigger overall water splitting. Moreover, the charge-transfer excitation in D-A COFs produced space-
separated electrons and holes, and the exciton binding energy was substantially reduced due to increased dielectric screening in D-A COFs.
Further, we found that the overpotential for hydrogen evolution reaction was suppressed by introducing hydrogen bond interactions in the
hydrogen adsorption intermediate to enable metal-free catalysis. Finally, we attained five D-A COFs capable of visible-light-driven hydrogen
production in neutral solution without the load of metal co-catalysts. These findings highlight a new route to design COF-photocatalysts and
offer tremendous opportunities for regulating COFs towards efficient photocatalytic water splitting and other chemical transformations.

INTRODUCTION

Photocatalytic water splitting is a clean and sustainable energy so-
lution that makes use of inexhaustible sunlight and earth-abundant
water to produce hydrogen.** Since the discovery of TiO2 pho-
toanode and Pt counter electrode for water oxidation and reduc-
tion,® this area has advanced significantly, but it still has a long way
to go for practical applications and the search for high-performance
photocatalysts continues.57 Inspired by natural photosynthesis, or-
ganic molecular and polymeric materials with tunable band gaps,
including g-C3N4,® conjugated microporous polymers (CMPs),°
linear conjugated polymers,%-2 and covalent organic frameworks
(COFs),1*20 have emerged as metal-free photocatalysts for hydro-
gen production. COFs are a class of porous materials that integrate
organic building blocks into periodic skeleton via reticular chemi-
cal reactions.?-?2 They have received intensive attention as photo-
catalysts because they combine features such as high crystallinity,
tunable pore size and environment of pore walls, large specific sur-
face area, and versatile chemical and topological structures.?2> Re-
cently, two-dimensional (2D) COFs with conjugated structures
have been reported to display impressive hydrogen evolution activ-
ity, such as azine-linked N3-COF exhibiting a hydrogen evolution
rate of 1.7 mmol g h"1,** and C=C-linked sp?c-COFs up to 2.1
mmol g h'1, both in the presence of sacrificial electron donor and
Pt co-catalyst.!®

Despite of the rapid progress in experiment,?6-2° the structure-
property relationships in photocatalytic COFs have not been estab-
lished. The rational design of COFs with suitable electronic prop-
erties and chemical structures to efficiently split water under visible
light is challenging due to the complexity of photocatalytic pro-
cesses.®0 A photocatalytic reaction usually involves a series of con-
secutive photoelectrochemical steps: (1) absorption of photons to
generate electron-hole pairs, namely excitons, (2) dissociation of

excitons into free charge carriers and charge transport to the cata-
lyst-electrolyte interface, and (3) redox reactions driven by elec-
trons and holes at the interfaces.® 3* Although strategies that com-
bine donor (D) and acceptor (A) building blocks have been used to
tune band gaps of COFs,%2-% it is not clear how band edge positions
of COFs and their alignment with the redox potentials of water will
be modified, and they should meet the thermodynamic requirement
for water splitting reactions. Moreover, photo-generated electron-
hole pairs are strongly bounded in organic materials due to the
weak Coulombic screening effect, so it is essential to reduce the
exciton binding energy and promote charge separation in COFs in
order to attain high quantum efficiency. Last but not least, since
metal co-catalysts are commonly loaded to accelerate the redox re-
actions due to lack of active sites on COFs, it is important yet chal-
lenging to introduce catalytic sites to COFs and achieve metal-free
photocatalysis.3!

In this work, we proposed a general approach to tailor both
chemical and topological structures of COFs towards enhanced ab-
sorption in the visible and infrared region, reduced exciton binding
energy, and suppressed overpotential for the hydrogen evolution
reaction (HER). The main idea is to use donor (D) and acceptor (A)
building blocks as node and edge respectively to construct fully
conjugated D-A COFs in Lieb lattice. We demonstrated that by
choosing acceptor edges with deep frontier orbitals, D-A COFs
with narrow band gaps favorable for visible and near-infrared light
absorption were attained and they possessed suitable band edge po-
sitions for overall water splitting. We also found that D-A design
not only gave rise to space-separated electrons and holes, but also
increased the dielectric screening in COFs. Additionally, COFs in
Lieb lattice with C2 symmetry are lack of flat bands in contrast to
Kagome lattice with C3 symmetry, so the effective mass of elec-
trons, holes, and excitons was reduced. All these factors help to re-
duce the exciton binding energy and thereby promote charge sepa-
ration. Finally, we unraveled that active sites on COFs for HER



with low overpotentials can be generated by stabilizing the hydro-
gen adsorption intermediate via intramolecular hydrogen bond in-
teractions and five D-A COFs were capable of visible-light-driven
hydrogen production at neutral solution without the load of metal
co-catalysts. These findings offer immense opportunities for chem-
ists to fabricate COFs with desired photocatalytic activity, and will
tremendously boost their applications in overall water splitting,®
metal-free catalysis,3* and other photocatalytic chemical transfor-
mations.35-36

RESULTS AND DISCUSSION

Designing D-A COFs in Lieb lattice for photocatalytic
water splitting.

As mentioned above, in the consecutive photoelectrochemical pro-
cesses, four physical properties are crucial to the design of highly
efficient photocatalysts, and they include band gaps, exciton bind-
ing energies, band edge positions, and overpotentials for chemical
transformations. First, the overall photon energy collected by pho-
tocatalysts is determined by their band gaps and absorption spec-
tra.3! To enhance light harvest, a suitable band gap is needed to ab-
sorb visible and near-infrared light which accounts for over 80% of
the solar power.3” However, the band gaps of most COFs and inor-
ganic photocatalysts are above 2.5 eV so they mostly absorb ultra-
violet (UV) light (< 400 nm).1* One way to reduce the band gap is
to use alternating donor and acceptor units to build D-A COFs. Alt-
hough D-A design has been proved effective in modulating band
gaps of conjugated polymers®® and COFs for organic photovoltaic
applications,® it is unknown how this method will influence
other properties like the exciton dissociation and band edge posi-
tions that are of great importance for photocatalytic water splitting,
and will be explored in the following.

Next, light absorption by COFs generates excitons, i.e. bound
electron-hole pairs that can further dissociate into free charge car-
riers to motivate follow-up redox reactions, in which the exciton
binding energy has to be overcome. Although many researchers
have realized the importance of exciton dissociation in organic pho-
tocatalysts because of weak dielectric screening and strong Cou-
lombic attraction between electrons and holes,*-4! it remains to be
resolved how to reduce the exciton binding energy in COFs. In
principle, the exciton binding energy relies on the exciton mass,
static dielectric constant, and exciton radius,*? so flat bands and lo-
calized electronic states in COFs should be avoided. We noticed
that many 2D COFs with Cs symmetry form Kagome lattice, such
as N3-COF mentioned earlier, and they display flat bands near the
Fermi level arising from non-bonded states, which are adverse to
the in-plane charge transport and will increase the effective mass
of excitons as well.*3* Instead, COFs in Lieb lattice with C2 sym-
metry constructed by four-arm nodes are lack of flat bands near the
Fermi level (Figure S1), and the effective mass of charge carriers
and excitons is reduced and further modulated by tailoring chemi-
cal building blocks of COFs. Besides, D-A design usually leads to
space-separated electrons and holes, namely enlarged exciton ra-
dius, so we propose to design conjugated D-A COFs in Lieb lattice
utilizing donor unit as node and acceptor unit as edge, which will
reduce not only band gaps but also exciton binding energies of
COFs. As will be manifested below, such D-A design can also in-
crease the dielectric screening with the decrease of band gaps,
which will benefit exciton dissociation too.

Followed by exciton dissociation, free electrons and holes will
transport to the interfaces and trigger the reduction and oxidation
of water, namely, hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). These reactions require that not only
band edge positions of photocatalysts match the electric potentials

of corresponding half reactions, but also photo-generated electrons
and holes gain enough energy to overcome the overpotential and
drive the reactions.®® Unlike inorganic catalysts with partially filled
d or f orbitals in transition metals, metal-free organic catalysis of
low overpotentials is not easily attainable, and design of active sites
on organic photocatalysts has attracted increasing attention, espe-
cially for HER.2 We will demonstrate below that formation of in-
tramolecular hydrogen bonds in the intermediate H* of hydrogen
adsorption on designed D-A COFs (*) helps to stabilize its structure
and reduce the overpotential for HER, so metal-free photocatalytic
HER in neutral solution is completely feasible.

Modulating band gaps and band edge positions in
COFs for overall water splitting under visible light.

The total energy gathered from sunlight is regulated by the absorp-
tion spectroscopy of COFs, and it could be simply indicated by the
band gap.3! Generally, broad absorption in the visible region of
sunlight requires the band gap of ~ 2 eV, and decreased band gap
indicates red-shift of spectroscopy and more sunlight harvest. Fur-
ther, conduction and valence band edge positions of COFs must
meet the requirement posed by the electric potentials of half-reac-
tions. 3" For example, under standard conditions, the conduction
band minimum (CBM) of COFs should be sufficiently higher than
the water reduction potential of -4.44 eV (vs. vacuum) to enable
electron transfer to water and HER, while the valence band maxi-
mum (VBM) should be sufficiently lower than that of the water
oxidation potential of -5.67 eV (vs. vacuum) to enable transfer of
hole to water and OER. Although D-A units have been utilized to
decrease the band gap in conjugated polymers and COFs,* their
impact on the band edge positions, which are essential for photo-
catalytic reactions, remains to be explored.

COFs are built with nodes and edges as well as linkages between
them. In order to attain suitable band gaps and optimal band posi-
tions for visible-light-driven water splitting, we constructed D-A
COFs by donor nodes, acceptor edges, and conjugated linkages
(Scheme 1a). As illustrated in Figure la, D-A COFs possess
smaller band gaps than D-D COFs due to the small energy offset
between the highest occupied molecular orbital (HOMO) of donor
node and the lowest unoccupied molecular orbital (LUMO) of ac-
ceptor edge. Further, band gaps in D-A COFs exhibit the staggered
feature with VB and CB arise primarily from donor node and ac-
ceptor edge respectively, while those in D-D COFs are straddling
where VB and CB are both contributed predominantly by node unit.

Based on the above strategy, eight D-A COFs with pyrene donor
as node and different acceptors as edge and -C=C- linkages have
been designed, and they are denoted as PPy-BT, PPy-BT(F), PPy-
PT, PPy-PT(F), PPy-TDQ, PPy-TzBI, PPy-Q, PPy-Q(F) as
sketched in Scheme 1. Herein, PPy represents the pyrene node and
it is short for tetrakis(4-formylphenyl)phenyl; BT, PT, TDQ, TzBI,
and Q represent the edges, which are short for benzothiadiazole,
pyridal[2,1,3]thiadiazole, thiadiazoloquinoxaline, pyrrolo[3,4-
flbenzotriazole-5,7-dione, and quinoxaline; F represents peripheral
fluorine substitution. And we take PPy-Ph as contrast where Ph
stands for phenyl.

PPy-Ph, namely sp’c-COF, are composed of two donor units:
PPy as node and Ph as edge, linked by -C=C- to form a D-D COF
with fully n-conjugated structure. As reported by Jiang and co-
workers,® it exhibited highly active hydrogen production of about
2.1 mmol ht g under visible light irradiation in the presence of
triethanolamine (TEOA) sacrificial agent and Pt co-catalyst. As
shown in Figure 1c and Figure 2a, PPy-Ph is semiconductor with
an indirect band gap of 1.72 eV (calculated by HSEO06 method),
which is consistent with the experimental result of 1.9 eV.!® From



a molecular perspective, the band gap in PPy-Ph shows the strad-
dling feature where the HOMO of PPy is higher than that of Ph and
the LUMO of PPy lower than Ph, as illustrated by the energy level
alignment in Figure 1b. This straddling gap gives rise to the rela-
tively large band gap in D-D COFs. As for the band edge positions
(Figure 1c), energies of VBM and CBM in PPy-Ph relative to the
vacuum level are -5.23 eV and -3.51 eV, indicating its capability of
photocatalytic HER at pH = 7 whereas prohibited OER. These re-
sults are in line with the superior HER activity (2.1 mmol g h'1)
and very small OER rate (0.022 mmol g h'?) of sp?c-COF.18

In contrast to the D-D COF, D-A COFs possess smaller band
gaps (Figure 1c). Taking PPy-BT as an example, it is semiconduc-
tor with an indirect band gap of 1.57 eV (Figure 1c and Figure 2¢
calculated by HSE06 method), which is smaller than PPy-Ph of
1.72 eV. From the perspective of building blocks, the LUMO of BT
edge is lower than that of PPy node (Figure 1b), which results in
the reduced and staggered band gap in PPy-BT. As for the band
edge positions (Figure 1c), the energies of VBM and CBM in PPy-
BT relative to the vacuum levels are -5.20 eV and -3.63 eV, indi-
cating that it is capable of photocatalytic HER at pH = 7. Although
PPy-BT is inactive of OER in neutral solution, PPy-BT(F) with
electron-withdrawing F-substitution meets the energy requirement
for OER at pH =7, as indicated by the lower VBM energy of -5.45
eV in PPy-BT(F) (Figure 1c). These results imply that PPy-BT(F)
is capable of overall water splitting under visible light. Since the F-
substitution with strong electron-withdrawing effect lowered the
HOMO energy of BT edge, the VBM of COFs is lowered corre-
spondingly as a result of orbital hybridization between node and
edge units. This functional group engineering could be a simple and
effective approach not only to control the electronic structure of
COFs to meet the thermodynamic prerequisite for photocatalytic
overall water splitting, but also to modify the microenvironment of
pore surfaces.*

In addition to PPy-BT and PPy-BT(F), all other D-A COFs pos-
sess smaller band gaps than PPy-Ph (Table 1, Figure 1c and Figures
S2-S15). Among them, PPy-TDQ has the narrowest band gap of
1.00 eV ascribed to the low-lying LUMO of TDQ edge and its
strong electron-accepting ability. A positive correlation is noticed
between LUMO energies of acceptor edges and band gaps of D-A
COFs: the lower the LUMO energy is in the stronger acceptor, the
narrower the band gap, due to the staggered feature of band gaps in
D-A COFs. Moreover, the narrowed band gap will give rise to the
red-shift in the absorption spectra. As shown in Figure 1d, PPy-Ph
exhibits a wide absorption from 300 to 650 nm covering the visible
light region of the solar spectrum and peaks at about 500 nm. These
results are in good agreement with the experimental absorption
spectrum of PPy-Ph which spans from 360 to 620 nm with a maxi-
mum absorption at 497 nm.*8 In comparison, the absorption spectra
of D-A COFs are broadened and extend to over 700 nm when the
acceptor becomes stronger and its LUMO gets deeper (Figure 1d
and Figure S16). Among them, PPy-TDQ has the broadest absorp-
tion spanning from 300 to 900 nm and could harvest a wide range
of visible and near-infrared light. Further, both VBM and CBM po-
sitions of COFs were efficiently modified by choosing acceptor
edge units with suitable HOMO and LUMO energies to meet the
energy requirement for HER and OER. Meanwhile, F-substitution
of edge units could simultaneously lower VBM and CBM positions
in COFs. As shown in Figure 1c and Figure S17, all these D-A
COFs could trigger HER under standard conditions (pH = 0). Four
of them, namely PPy-BT(F), PPy-PT, PPy-TzBI, and PPy-Q(F),
could serve as photocatalysts for overall water splitting in neutral
solution (pH = 7), while PPy-BT and PPy-Q could only trigger
HER, and PPy-TDQ and PPy-PT(F) are designed for OER. For
those COFs that can only activate half reactions in photocatalytic

water splitting, electron donating or accepting sacrificial agents like
TEOA or AgNOs are needed.'® Another solution is to combine
these COFs to form a Z-scheme heterostructure where a high en-
ergy conversion efficiency has also been observed.*®

We noticed that the D-A design also increased the distance of
electron-hole pair. D-D COFs like PPy-Ph possess a straddling gap
where VBM and CBM are both distributed on node units and elec-
tron and hole are not spatially separated. As illustrated by the par-
tial density of states (pDOS) in Figure 2a, both CBM and VBM are
essentially comprised by C-2p; orbitals, confirming the formation
of extended m-conjugation. Further, the charge density at VBM is
mainly localized on the pyrene node, while at the CBM it is delo-
calized over node and edge (Figure 2b). While for PPy-BT, the D-
A COF, its band gap is a staggered one where VBM is dominantly
contributed by the PPy node while CBM is mainly localized on the
BT edge (Figure 2c and Figure 2d). Such spatial separation of elec-
tron-hole pair favors exciton dissociation. Staggered band gap and
spatial separation of VBM and CBM were similarly observed in
other D-A COFs (Figures S2-S15). What’s more, D-A COFs other
thanr PPy-PT, PPy-PT(F), and PPy-Q possess indirect band gaps
where VBM and CBM appear at different K points and electron
and hole have different momenta. Since the transition from CBM
to VBM requires the change of electron wave vectors, an indirect
band gap tends to inhibit the exciton annihilation and thus prolong
its lifetime.

It should be mentioned that all the designed COFs are constituted
by D and A building blocks and share the same Lieb lattice as PPy-
Ph. And they could be synthesized in lab via Knoevenagel poly-
condensation reaction with chemicals commonly used to fabricate
organic conjugated polymers for photovoltaic applications (Figure
518).28.35.47

Reducing exciton binding energies to promote elec-
tron-hole separation.

After photon absorption, Coulomb-bound electron-hole pairs,
namely excitons, are generated and they further dissociate into free
charges to motivate the electrochemical reactions at the interfaces.
The exciton binding energy is an important physical quantity used
to gauge the electrostatic interaction between electrons and holes.
It is defined as Eb = Eelec - Eopt,*® Where Eelec represents the qua-
siparticle band gap corresponding to the lower-limit of inter-band
transitions, while Eopt represents the optical band gap estimated
from the onset of absorption spectra.*? Although the importance of
excitonic effect in photocatalysts has been well recognized, it re-
mains to be resolved how to reduce the exciton binding energy and
facilitate exciton dissociation via the rational design of COFs.%
Here, several criteria were proposed and followed which include:
(1) decreasing the effective mass of excitons, (2) increasing the
static dielectric constant, and (3) increasing the exciton radius and
D-A interface area.

In principle, electronic properties of COFs are determined by
both chemical building blocks and topological structures. When
node units with Cs symmetry are used to construct COFs in Ka-
gome lattice, flat bands typically appear at the VBM or CBM (Fig-
ure S1 and Figure $19).4* These flat bands are formed by non-
bonding orbitals of node and edge units and have very large effec-
tive mass of electron or hole, which could lead to intriguing mag-
netic phenomenon but is not desired for high-performance charge
transport.*® Since the effective mass of exciton could be defined as
1/m*=1/me"+1/mn”,*2 where me* and mn" stand for the effective mass
of electron and hole respectively, the flat band at VBM or CBM
could also give rise to large exciton mass and binding energy. In
contrast, COFs constructed by node units with C2 or C4 symmetry,



such as PPy, porphyrin, and phthalocyanine, will form Lieb lat-
tice.®3 In Lieb lattice, both valence and conduction bands are non-
flat bands arising from conjugated bonding/antibonding orbitals,
which give rise to the small effective mass of electron, hole, and
exciton. So, in order to avoid flat bands near the Fermi level and
reduce the exciton binding energy, we have chosen PPy node and
constructed COFs in Lieb lattice.

The static dielectric constant is used to measure Coulombic
screening effect in the solid lattice. With the increase of static die-
lectric constant, the electrostatic interaction between electron and
hole decreases, which will lead to small exciton binding energy. In
organic solids, the static dielectric constant is usually between 3-4,
which is significantly lower than inorganic crystals such as photo-
voltaic perovskite materials.*® Thus, to promote exciton dissocia-
tion, we need to enlarge the static dielectric constant of COFs. In
low-frequency or static electric fields, dielectric response comes
from two main sources, namely ionic and electronic contributions,
which can be written as &s = &sjion + &selec.’® The ionic response (es,
ion) arises from the motion of atoms which will generate oscillating
dipole as with infrared active lattice vibrations and is of particular
importance to inorganic solids. In addition to the ionic contribution,
the electronic response (eselec) accounts for change of the electronic
polarizability with the electric field, and it is the dominating mech-
anism in organic solids especially nonpolar materials. According to
Lorentz oscillator model, the electronic static dielectric (eselec) can
be related to the optical absorption frequency (we) by &s, elec = 1 +
Ne?/(meowe?), where m and N are the mass and number (per unit
volume) of oscillators, respectively and we represents the resonance
frequency of oscillation corresponding to the average electronic ex-
citation energy.>° So the static dielectric constant will increase with
the narrowing of band gap, bringing more effective screening of
electrostatic interactions between electron and hole. Such a trend
was observed in designed D-A COFs, as illustrated in Figure 3a and
Figure S20. Thereby the exciton binding energy Ep was substan-
tially reduced with narrowed band gap in D-A COFs as implied by
Figure 3b. PPy-Ph (sp?c-COF) is the D-D COF and it has an exciton
binding energy of about 1200 meV, while all D-A COFs have
smaller exciton binding energies and PPy-TDQ exhibits the small-
est one of 700 meV (Table 1). Thus, design of D-A COFs in Lieb
lattice with reduced optical band gaps has been demonstrated to ef-
fectively increase the dielectric screening effect and reduce the ex-
citon binding energy.

A well-designed D-A interface can help avoid the recombination
of electrons and holes, and large boundary area profits charge sep-
aration. As demonstrated above, D-A COFs have staggered band
gaps in which the VBM is mainly localized on donor node while
the CBM on acceptor edge. These conjugated donor or acceptor
units will further stack in the out-of-plane direction to form a one-
dimensional channel for hole or electron transport. These divided
channels represent one of unique features of 2D conjugated COFs
and will enlarge the D-A interface area to boost charge separation
and inhibit recombination of electrons and holes (Figure 3c). Mean-
while, in D-A COFs with indirect band gaps, the transition from
CBM to VBM is inhibited due to the momentum change of elec-
trons, and thus the quenching of electron-hole pairs through radia-
tive or non-radiative pathways is suppressed, which will enhance
the quantum efficiency.®° Further, the inherent pores in 2D COFs
provide predesigned chemical environment for water splitting re-
actions so that the migration distance for charge carriers is short-
ened, while the large surface area also provides adequate space for
high-load co-catalysts as well as for engineering active sites to
achieve metal-free catalysis (Figure 3d and Figures S21-S22).

Suppressing overpotentials via intramolecular hydro-
gen bonds towards metal-free hydrogen production.

After photo-generated excitons dissociate into electrons and holes,
these free charge carriers at CBM and VBM will be transferred to
water and trigger the redox reaction. To enable photocatalytic hy-
drogen production, CBM in COFs must be sufficiently higher than
the reduction potential of water in neutral solution, namely -4.03
eV (vs. vacuum), so adequate driving force can be exerted to sur-
pass the overpotential arising from the reaction mechanism of HER.
However, high CBM often means the wide band gap and may cause
the blue-shift in absorption spectroscopy which is not favored for
sunlight harvesting. So, we should design active sites on pore walls
of COFs to lower the overpotential of reaction and boost the hydro-
gen evolution rate driven by visible light. In contrast to inorganic
metal co-catalysts with partially filled d orbitals, such as Pt and
Co(NOs)2, organic semiconductors lack of active sites often show
high overpotentials for HER. A very recent work showed that N-
site on the linkage of COFs, including imine, azine, and azo groups,
could serve as active catalytic sites for metal-free HER.% The over-
potential for HER can be estimated from the Gibbs free energy
change of hydrogen adsorption on the catalyst (AG(H*)),%! so it is
essential to reduce AG(H*), especially the hydrogen adsorption en-
ergy by stabilizing the intermediate H*. However, except for highly
reactive organic radicals with unpaired electrons, the adsorption of
hydrogen on closed-shell organic semiconductors needs to break a
chemical bond and produce unstable radical intermediate, which
gives rise to high overpotentials AG(H*). Based on the above argu-
ment, we proposed to design active sites on weak chemical bonds
and introduce non-covalent intramolecular interactions such as hy-
drogen bonds to stabilize H* and thereby reduce the overpotential
for HER.

We took PPy-BT as an example to illustrate the catalytic activity
of designed D-A COFs for hydrogen evolution. As shown above,
the photo-generated electron at CBM in all D-A COFs is mainly
located at the edge unit. So, we investigated the Gibbs free energy
change of HER on all potential sites at the BT edge under standard
conditions, as shown in Figure 4a. We noticed that hydrogen ad-
sorption onto the S site is most unfavored in energy because S atom
tends to form only two ¢ bonds. The C site on -CN group attached
to the C=C linkage also showed relatively high overpotential be-
cause hydrogen adsorption on it would break the strong C=N bond.
Whereas the C site on the BT edge possessed moderate AG(H*),
since adsorption of H atom on aromatic C would break a = bond
and change the hybridization of C from sp? to sp3. The N2 site on
the BT edge showed the smallest overpotential of only 0.26 eV,
which could be attributed to the formation of an intramolecular hy-
drogen bond with the adjacent N on -CN group (Figure 4b). This
hydrogen bond stabilized the H* structure, but such interaction is
lacking on the N1 site of BT edge. These results manifested that the
overpotential for HER could be substantially reduced by introduc-
ing intramolecular hydrogen bond interactions, and active sites for
HER were available on COFs. By contrast, the absence of N-con-
taining active sites on PPy-Ph (sp?c-COF) raised the overpotential
t0 0.72 eV and inhibited metal-free HER with low-energy excitons
(Figure S23). Further, we would like to point out that the -CN group
participating in the hydrogen bond formation can be introduced to
COFs during the formation of -C=C- linkage via Knoevenagel pol-
ycondensation reaction,'8 5253 and it exists in other conjugated D-
A COFs designed here so we observed suppressed overpotentials
by hydrogen bond interactions in all of them (Figures S24-S30).
Therefore, introducing N-rich sites to COFs and establishing hy-
drogen bond interactions in H* could be a promising strategy to
achieve metal-free hydrogen evolution, and this method applies to



other organic photocatalysts as well, including linear polymers and
CMPs.

In order to further validate that the photo-induced electron could
drive the reduction of water in neutral solution (pH = 7), we calcu-
lated the Gibbs free energy change on the N2 site in the presence
and absence of light-induced bias potential (U) respectively. As
shown in Figure 4c, in the dark this bias potential is equal to zero
and the overall reaction is up-hill in energy therefore forbidden
thermodynamically. However, under the visible light irradiation the
bias potential is about 0.8 eV and the overall reaction turns down-
hill, which implies the N2 site of PPy-BT capable of metal-free ca-
talysis for HER in neutral solution. We also noticed that adsorption
of a H atom on the N2 site could reduce the overpotential of nearby
sites on the same edge unit such as C, S, and N1 sites, and even
activated the nearby N1 site under visible light which would accel-
erate the hydrogen production rate immensely (Figure 4d and Fig-
ure S31). This phenomenon can be explained by the formation of
stable closed-shell intermediate after two hydrogen atoms are sim-
ultaneously adsorbed on COFs, which is consistent with the previ-
ous observation of lower overpotential at high hydrogen cover-
age.5! Altogether five D-A COFs out of eight showed promising
metal-free photocatalytic activity for HER in neutral solution under
visible light and they are PPy-BT, PPy-BT(F), PPy-PT, PPy-TzBI,
and PPy-Q, while PPy-Q(F) requires the load of Pt co-catalyst be-
cause of the high overpotential in it.

CONCLUSIONS

To conclude, we proposed a facile strategy to attain efficient and
metal-free hydrogen production driven by visible light by tailoring
2D conjugated D-A COFs in Lieb lattice. Based on this strategy,
we designed eight D-A COFs with pyrene donor as node and dif-
ferent acceptors as edge linked by C=C. First of all, we demon-
strated the successful modulation of band gaps and band edge po-
sitions of D-A COFs towards visible light absorption and overall
water splitting by regulating the acceptor edge units with deep fron-
tier orbitals. Moreover, we found that D-A design led to space-sep-
arated electron-hole pairs and it increased the dielectric screening
as compared to the D-D COF, thereby giving rise to the reduction
of exciton binding energies. More importantly, we revealed the vi-
tal role of hydrogen bond interactions played in stabilizing the
structure of H* intermediate and suppressing the overpotential for
HER, which provides a new scenario for the rational design of ac-
tive sites on COFs for metal-free water splitting. We obtained five
D-A COFs capable of visible-light-driven hydrogen generation in
neutral solution and metal-free photocatalysis, which could be syn-
thesized in lab via Knoevenagel polycondensation reaction and are
promising candidates for future laboratory research. These findings
not only shed light on how to design new COFs for efficient visible-
light-driven water splitting, but also pave the way to develop metal-
free photocatalysts for other chemical transformations.

METHODS

We performed density functional theory (DFT) calculations to
obtain all the electronic structures of COFs in this work, including
optimization of both crystal structure parameters and atomic coor-
dinates, as implemented in the Vienna ab-initio simulation package
(VASP 5.3.5)% using the projector augmented wave (PAW)3®
method and Perdew—Burke—Ernzerhof (PBE)* exchange-correla-
tion functional. Grimme’s D3 approach was applied to include the
London dispersion correction,%” and Heyd—Scuseria—Ernzerhof
(HSE06)%® hybrid functional was used to obtain accurate band gaps.
Further, GW method at the level of GoWo was employed to calcu-

late the quasiparticle band gap and it was combined with Be-
the—Salpeter equation (BSE) to calculate the optical band gap and
exciton binding energy. In the lattice optimizations, a cut-off en-
ergy of 400 eV for plane-wave basis set was employed while in the
static calculations a cut-off energy of 600 eV was used. And the
convergence criterion of forces during atomic optimizations was
0.02 eVA™L. The energy convergence criterion in the self-consistent
field iteration was 10 eV in optimizations while 10 eV in static
calculations. The k-mesh of 1x1x5 was used in the structural relax-
ation of COFs while denser k-mesh of 1x1x8 was employed to cal-
culate the converged charge density. To model the hydrogen evo-
lution reaction, a 1x1x3 supercell of COFs was constructed, and
hydrogen atoms were adsorbed to different sites on the edge unit.
A k-mesh of 1x1x3 was used to optimize the structure. Computa-
tional hydrogen electrode model was applied and Gibbs free ener-
gies were obtained using the approach proposed by Narskov.5! The
spin-polarization effect was considered in the calculation of hydro-
gen-adsorbed intermediate H*. The long-range corrected func-
tional ®B97XD and the def2tzvp basis set were used to obtain the
frontier orbital energies of building blocks of COFs by the Gauss-
ian16 program package.>®
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Scheme 1. (a) Topological structure and building blocks of 2D
COFs with donor nodes (blue) and acceptor edges (orange). (b)
Chemical structures of PPy-Ph, PPy-BT, PPy-PT, PPy-TDQ,
PPy-TzBI and PPy-Q. PPy represents the pyrene node and it is
short for tetrakis(4-formylphenyl)phenyl. Ph, BT, PT, TDQ,
TzBI, and Q represent the edges, which are short for phenyl,
benzothiadiazole,  pyridal[2,1,3]thiadiazole, thiadiazolo-
quinoxaline, pyrrolo[3,4-f]lbenzotriazole-5,7-dione, and
quinoxaline, respectively. X = -H or -F.
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Figure 1. (a) Two types of band gap in COFs and corresponding
energy level alignment of frontier orbitals in building blocks.
(b) HOMO and LUMO energy level diagram for building
blocks of COFs. PPy represents the pyrene node, and Ph, BT,
BT(F), PT, PT(F), TDQ, TzBlI, Q, and Q(F) represent edges of
COFs. (c) Energies of VBM and CBM in COFs relative to the
vacuum level calculated with the HSEO6 functional. The
dashed lines represent redox potentials of water at pH = 7.
Band gaps are also shown in the figure. COFs capable of HER,
OER and overall water splitting are shown in blue, orange and



green, respectively. (d) Optical absorption spectra of PPy-Ph,
PPy-BT, PPy-PT, PPy-TDQ, and PPy-Q calculated with the
GoWo+BSE method.
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Figure 2. (a) Band structure and (b) partial density of states of
PPh-Ph, a D-D COF. (c) Band structure and (d) partial density

of states of PPy-BT, a D-A COF. The coordinates of high-sym-
metry points are Y: (0.5, 0, 0), I': (0, 0, 0), X: (0,0.5,0), L: (0.5,
0.5, 0), M: (0, 0 ,0.5). Charge density at VBM is shown on the
left panel and CBM on the right. Band structure was calculated
with the PBE-D3 functional, and band gap calculated with the
HSE functional was provided in the figure.
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Table 1. Electronic and optical properties of PPy-Ph and designed D-A COFs

(PPy-) Eg(eV) Eopt (eV) VBM (eV) CBM (eV) Mh"/me me”/me &s Eb (meV)
Ph 1.72 214 -5.23 -3.51 0.54 0.34 3.60 1200
BT 1.57 1.96 -5.20 -3.63 0.40 0.38 4.50 940
BT(F) 1.56 2.03 -5.45 -3.89 0.60 0.44 4.00 1090
PT 1.49 1.94 -5.36 -3.87 0.43 0.76 4.63 920
PT(F) 1.39 1.88 -5.48 -4.09 0.39 0.71 5.12 900
TDQ 1.00 1.72 -5.26 -4.26 0.39 1.09 6.05 700
TzBI 1.64 2.06 -5.36 -3.72 0.96 0.53 4.02 1060
Q 1.69 2.04 -5.18 -3.48 0.44 0.62 4.22 960
Q(F) 1.66 211 -5.42 -3.76 0.80 0.46 4.65 910
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