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ABSTRACT: Covalent organic frameworks (COFs) are promising photocatalysts
for water splitting, but their efficiency lags behind that of inorganic counterparts
partly due to the limited charge transport and optical absorption properties. To
overcome this limitation, we proposed to employ three-dimensional (3D) fully
conjugated (FC) COFs with a topological assembly of cyclooctatetraene derivatives
for photocatalytic water splitting. On the basis of first-principles calculations, we
demonstrated that these 3D FC-COFs are semiconductors with exceptional charge
transport and optical absorption properties. The carrier mobilities are comparable to
those of inorganic semiconductors and superior to the record mobility observed in
two-dimensional COFs. Additionally, the 3D FC-COFs exhibit broad visible light
absorption with direct band gaps and high optical absorption coefficients. Among
them, two 3D FC-COFs are identified for overall water splitting, while three others HiO
can facilitate the hydrogen evolution half-reaction. This study pioneers the design of
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3D FC-COF photocatalysts, potentially advancing their applications in photocatalysis and optoelectronics.

hotocatalytic water splitting for hydrogen production is a

highly appealing technology for sustainable and environ-
mentally friendly energy sources.'~* Recently, covalent organic
frameworks (COFs) have emerged as a promising class of
photocatalysts for water splitting, owing to their unique
structural and physicochemical properties.” "> In particular,
COFs can be designed using a bottom-up approach, and their
rich molecular building blocks provide versatile properties such
as a large surface area, abundant active sites, and high
crystallinity and stability, making them ideal candidates for
water splitting. To date, most of the COF photocatalysts for
water splitting are based on two-dimensional (2D) conjugated
structures,”'>~>° with very few based on three-dimensional
(3D) non-fully conjugated structures.”"”** It has been reported
that the hydrogen production rate exceeds 40 mmol g~' h™" for
a few of the COF photocatalysts.””**

However, despite the promising results obtained thus far, the
solar-to-hydrogen and/or quantum efficiency of COF photo-
catalysts for water splitting still lags behind those of other well-
established photocatalytic materials, particularly inorganic
ones."””*"> This is partly due to the structural characteristics
of 2D COFs and 3D non-fully conjugated COFs imposing
limitations on the complete delocalization and transportation
of charge carriers. More specifically, conjugated orbitals form
within the plane in 2D COFs, while weak van der Waals
interactions (7—7 stacking) form in the direction perpendic-
ular to the plane, resulting in the slow interplane transition of
charge carriers. Similarly, in 3D non-fully conjugated
structures, the extension of the conjugation across the 3D
skeleton is interrupted due to the inclusion of sp* carbon-based
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tetrahedral building blocks.”>*® The reported values of carrier
mobility in 2D COFs typically fall within the range of 0.1-20
cm? s7' V7! for both electrons and holes,””~>° which are
significantly lower than those observed in inorganic materi-
als.’>*" Although various strategies for enhancing the mobility
of 2D COFs through structural and component engineering
exist, the inherent non-fully conjugated nature hampers further
improvements in the photocatalytic performance of these COF
photocatalysts.

In recent years, a new type of COF called 3D fully
conjugated COFs (FC-COFs) has emerged as a promising
class of materials for applications. These FC-COFs are
synthesized using cyclooctatetraene (COT) and its derivatives
as building blocks with a saddle-shaped 3D architec-
ture.”**>"*> Unlike the 2D and 3D non-fully conjugated
COFs, these materials possess a fully conjugated structure in a
three-dimensional framework, with all building blocks
connected by alternating single and double bonds and
delocalized #-electrons extending in all three dimensions.
This unique structure gives rise to exceptional electronic and
optical properties, including high carrier mobility and broad
light absorption. As a result, FC-COFs hold great potential to
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Figure 1. (a) Chemical structures of heteroarene-fused COT derivatives (COT-X-Y, where X = N, O, or S and Y = C or N). The dihedral angles
between adjacent thiophene molecules are represented by Ay (X—C—C—X dihedral angle) and Ay (Y—C—C—-Y dihedral angle). (b) Schematic
structures of the cyclooctatetrathiophene (COTh, COT-S-C) molecule. The gray, yellow, and white spheres represent carbon, sulfur, and hydrogen
atoms, respectively. (c) Highest occupied molecular orbital (HOMO) and first orbital below the HOMO (HOMO-1) of COTh. (d) Schematic

diagram of building a 3D FC-COF from a COT molecule (Node).

overcome the challenges that the 2D and 3D non-fully
conjugated COFs meet in photocatalytic water splitting and
optoelectronics. However, the current understanding of the
structural and optoelectronic properties of FC-COFs is still
limited. In particular, the possibility that the FC-COFs yield
efficient photocatalytic water splitting is unknown. Answers to
these fascinating questions could have substantial impacts on
the applications of 3D FC-COFs in the fields of photocatalysis
and optoelectronics.

In this study, we proposed six 3D FC-COFs with a
topological assembly of COT derivatives (COF-COT-X-Y,
where X =N, O, or S and Y = C or N) and strived to establish
the structure—property relationship in these 3D FC-COFs for
photocatalytic water splitting by performing first-principles
calculations. We focus on transportation of photogenerated
carriers and optical absorption, which are critical factors that
determine the solar-to-hydrogen efficiency in COF photo-
catalysts.’® It is demonstrated that these 3D FC-COFs are
semiconductors with desirable carrier transport and optical
absorption properties. The materials exhibit tunable direct
band gaps ranging from 1.75 to 2.68 eV and high optical
absorption coefficients exceeding 2 X 10° cm™ in the visible
light range. In addition, the 3D FC-COFs have a quasi-
isotropic character of carrier transport, with mobilities reaching
480 and 1400 cm? s™' V7! for the hole and electron,
respectively. These values are comparable to those of inorganic
semiconductors (e.g, SiC,*° 400—900 cm? s™! V7! for the
electron; CsPbI3,*” 1399 cm? s™! V7! for the electron and 140
cm? s7! V7! for the hole; GaAs,*' 3000 cm? s™' V7! for the
electron) and T-carbon™ (2360 cm? s™! V™! for the electron
and 270 cm® s™! V™! for the hole) and superior to the recorded
mobility of 2D COFs (165 cm?® s™' V1).”” Notably, two of the
3D FC-COFs have demonstrated potential as overall water
splitting photocatalysts, while three others can be used as
photocatalysts for hydrogen evolution half-reactions. This
study is an attempt to design 3D FC-COFs as photocatalysts
for water splitting and could accelerate photocatalytic and
optoelectronic applications of 3D FC-COFs.

The 3D FC-COFs were constructed using fragments based
on heteroarene-fused COT derivatives, as shown in Figure la.
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These molecules have inherently nonplanar, saddle-shaped
configurations and are experimentally feasible.”**" The
molecules can be modified with heteroatoms on the X and Y
sites and are denoted as COT-X-Y (where X = N, O, or S and
Y = C or N) in the following. The dihedral angles between
adjacent thiophene molecules are represented by Ay (X—C—
C—X dihedral angle) and Ay (Y—C—C-Y dihedral angle).
Using COF-S-C as an example, whose chemical structure is
shown in Figure 1b, the fragment results in the cyclo-
octatetrathiophene (COTh) molecule. The Ay and Ay values
in COTh are approximately 45°, and the dihedral angle
between para thiophene molecules is ~120°, making it
approximately a tetrahedral building block. Figure lc displays
the highest occupied molecular orbital (HOMO) and the first
orbital below the HOMO (HOMO-1) of COTh. The orbitals
are distributed throughout the entire molecular structure with
significant overlap, indicating a strong z-conjugation nature
within the 3D saddle-shaped configuration. FC-COFs based on
COT molecules can be synthesized through two conceptual
steps: (1) the synthesis of COT molecules and (2) the
coupling of these COT molecules to form FC-COFs.”® In the
latter step, a linear molecule with C, symmetry is commonly
employed as the linker for the coupling of COT molecules,”***
as depicted in Figure 1d. The orthotetrahedrally shaped node
and linear linker result in a 3D FC-COF with a diamond-like
structure, similar to previously reported T-carbon.*' In this
work, to simplify the theoretical model and save computational
costs, the 3D FC-COFs are constructed by directly linking with
COT building blocks, namely, without linear molecular linkers.
As this method is experimentally feasible and represents the
smallest 3D FC-COFs based on COT building blocks, the
general trends observed in this work could be extrapolated to
other 3D FC-COFs. Six 3D FC-COFs were investigated with
various combinations of X and Y atoms on COT and are
denoted as COF-COT-X-Y (where X =N, O,or Sand Y = C
or N) in the following.

The structural stability of the COFs is verified with the
calculated phonon spectrum and first-principles molecular
dynamics (MD) simulations. As shown in Figure S1, the
phonon spectrum does not reveal any imaginary vibration
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Figure 2. (a) Optimized structure of COF-COT-S-N with a side view. Gray, yellow, and blue spheres represent carbon, sulfur, and nitrogen atoms,
respectively. (b) Double and single bond lengths in COF-COT-S-N. (c) Largely overlooked localized orbital locator (LOL) with an isosurface of
0.5. (d) Two-dimensional display of LOL, where the plane intersects the carbon atoms labeled with the red circles in panel c.

Table 1. Summary of Lattice Constants (a, b, and c in angstroms) and Angles (@, f, and 7 in degrees), Cell Volumes (V in cubic
angstroms), Diameters of the Largest Included Sphere (LSD in angstroms), Dihedral Angles (Ax and Ay in degrees), Average
Double and Single Bond Lengths (L and Lgg in angstroms), and Differences between Ly and Lgg (AL)

COF-COT- a b c a, By v
N-C 23.83 21.85 16.02 90 8344
O-C 22.04 21.30 17.19 920 8069
S—-C 24.52 20.87 17.74 920 9078
N-N 21.89 21.63 15.93 90 7542
O—-N 21.29 21.44 15.69 920 7161
S—N 24.87 19.68 16.62 20 8134

LSD Ax Ay Lpg Ly AL
10.5 43.82 42.97 1.392 1.430 0.038
11.3 50.16 50.24 1.375 1.428 0.053
11.7 45.76 42.59 1.387 1.435 0.048
10.8 48.44 48.60 1.349 1.416 0.067
9.9 42.16 42.60 1.341 1.408 0.067
10.6 45.93 44.56 1.339 1.423 0.084

modes, indicating the lattice stability of the COFs. MD
simulations were conducted at a temperature of 300 K by using
the NVT ensemble. Figure SI illustrates the structural
snapshots taken at 6 ps during the MD simulations. It is
apparent that the COFs maintain their lattice structures
without any cleavage of chemical bonds or formation of new
chemical bonds, thus confirming their structural stability at
room temperature. Figure 2a depicts the optimized structure of
COF-COT-S-N with a side view. Due to the imperfect
orthotetrahedral shape of the COT-S-N molecule, the
symmetry of the optimized COF is reduced to FDDD (space
group 70). Other 3D FC-COFs exhibit similar structures and
the same space group as those of COF-COT-S-N, with their
detailed structural information presented in Table 1. Generally,
COFs with larger atomic radius combinations of X and Y
atoms exhibit larger lattice constants (g, b, and c), cell volumes
(V), and diameters of the largest included sphere (LSD). For
instance, in COF-COT-X-C (X = N, O, or S) systems with
carbon atoms at site Y, both V and LSD increase as X atoms
change from O to N and S. Similarly, in COF-COT-S-Y (Y =
C or N) systems with sulfur atoms at site X, both V and LSD
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increase as Y atoms change from N to C. As a result, COF-
COT-S-C has the largest V of 9078 A® and the largest LSD of
11.7 A. In addition, a slight change in the dihedral angle (A
and Ay) relative to the isolated COT molecule (Ay and Ay ~
45°) is observed on the COT building blocks of 3D FC-COFs,
as summarized in Table 1.

In conjugated systems, the s-electrons are delocalized over
the entire system, resulting in a longer double bond length and
a shorter single bond length than those of isolated double and
single bonds, respectively. Therefore, we analyzed the bond
lengths of single and double bonds in 3D FC-COFs. With
COF-COT-S-N as an example, as illustrated in Figure 2b, the
single and double bond lengths vary from 1.389 to 1.465 A and
from 1.316 to 1.361 A, respectively. The detailed bond lengths
and bond indices of COF-COT-S-N can be found in Figure S2.
The average double and single bond lengths (Lpg and Lgg,
respectively) in COF-COT-S-N are determined to be 1.339
and 1.423 A, respectively. The Lpy is larger than that of the
double bond in ethylene (1.332 A), while the Ly is shorter
than that of the single bond in ethane (1.470 A), suggesting a
conjugated nature in COF-COT-S-N. Similar trends are

https://doi.org/10.1021/acs.jpclett.3c01850
J. Phys. Chem. Lett. 2023, 14, 74117420
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Figure 3. Electronic band structures along with high-symmetry k-points M (0.5, 0.5, 0.5), I" (0, 0, 0), X (0, 0.5, 0.5), and Z (0, 0, 0.5) as well as the
partial charge densities of the valence band maximum (VBM) and conduction band minimum (CBM) in COF-COT-N-C. All COFs have direct
band gaps (E,) represented by the yellow arrows. The effective mass (m*/m,) from T to X of the hole and electron is also displayed.

Table 2. Summary of Effective Masses (m*/m,) for Electrons and Holes in the I to X Direction, Deformation Potential
Constants (E;), 3D Elastic Constants (C;p,), and Carrier Mobilities (1) at 300 K

u (em? s v

COF-COT- m*/my, (hole/electron) E,; (eV) (hole/electron) Cyp (10° N m™2) hole | electron
N-C 0.69/1.17 —7.21/-2.43 94.2 282.5 663.2
Oo-C 0.70/0.95 —5.89/-2.34 110.9 480.5 1418.3
S-C 0.72/1.10 —6.79/-2.84 79.7 242.6 479.8
N-N 0.73/1.54 -7.70/-2.97 106.3 243.1 252.8
O—-N 0.72/1.04 —5.89/-2.74 104.7 4229 779.0
S—N 0.77/1.31 —9.75/-5.88 86.7 107.9 78.8

observed in other 3D FC-COFs, as summarized in Table 1 and
Figure S3. Lgy and Lp range from 1.408 to 1.435 A and from
1.339 to 1.392 A, respectively. The difference between Lgg and
Lpg (AL) ranges from 0.038 to 0.084 A, which is smaller than
the bond difference (0.138 A) between the single bond in
ethane (1.470 A) and the double bond in ethylene (1.332 A),
suggesting the fully conjugated nature of the 3D FC-COFs’
backbones. The fully conjugated nature can also be
represented by the largely overlooked localized orbital locator
(LOL).** As shown in Figure 2¢ for COF-COT-S-N, the LOL
with an isosurface of 0.5, which typically represents a uniform
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electron gas, spreads throughout the entire 3D framework. The
2D display of LOL also confirms the fully conjugated nature, as
depicted in Figure 2d.

The electronic and optical properties of 3D FC-COFs could
benefit from their fully conjugated nature, such as a high carrier
mobility and broad light absorption. To investigate their
optoelectronic properties, we calculated the electronic band
structures using the HSE06 method at first. Figure 3 illustrates
the band structures along high-symmetry k-points from M
(0.5, 0.5, 0.5), T (0, 0, 0), and X (0, 0.5, 0.5) to Z (0, 0, 0.5).
All COFs have direct band gaps (E,) at the I' k-point, ranging

https://doi.org/10.1021/acs.jpclett.3c01850
J. Phys. Chem. Lett. 2023, 14, 74117420
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Figure 4. Optical absorption coefficients and exciton binding energies (E,) of the low-energy (<4.0 eV) excitons of 3D FC-COFs calculated with
TDDEFT on top of HSE06. The oscillator strength of the bright excitons is represented by green spheres, with larger spheres indicating higher

oscillator strengths.

from 1.75 to 2.68 eV, indicating the rich tunability of electronic
properties and broad optical absorption in the 3D FC-COFs.
The valence band maximum (VBM) and conduction band
minimum (CBM) of COF-COT-N-C are illustrated with the
partial charge density at the I" k-point, as shown in the bottom
panels of Figure 3. The VBM and CBM are delocalized
throughout the whole 3D framework, consistent with the
conjugated nature, and the dispersive valence and conduction
bands also support this characteristic, suggesting good
transport properties in the 3D FC-COFs.

Then, we calculated the carrier mobility in these 3D FC-
COFs using the deformation potential theory proposed by
Bardeen and Shockley (see the computational details in
Methods). As shown in eq 1, the effective mass (m*) plays a
crucial role in determining the carrier mobility. The effective
masses along the I' to M, I to X, and I to Z directions are
summarized in Table S1 and Table 2. On the basis of the
effective mass values along the three directions, it was found
that the 3D FC-COFs exhibit a quasi-isotropic transport
character. The effective mass of holes is generally lower than
that of electrons, which is consistent with a valence band that is
more dispersive than the conduction band. Apart from the
effective mass, the carrier mobility is also strongly correlated
with the elastic constant (C;p) and deformation potential (E,),
as shown in eq 1. C;p and E, were then obtained with tensile
and compression strains. The total energies and energy
positions of the VBM and CBM relative to the vacuum as a
function of strain are summarized in Figures S4 and SS. Cip
was obtained by fitting the curve of total energy with strain,
and E; was calculated from the slope of the fitted lines of the
VBM and CBM with strain. All of the C; and E,; values are
summarized in Table 2. On the basis of the obtained effective
mass, Csp, and E,, the carrier mobilities of the electron and
hole are found to be hundreds of square centimeters per
second per volt, except for the electron mobility of COF-COT-
S-N (78.8 cm® s7' V7'). The highest carrier mobility is
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obtained in COF-COT-O-C, with values of 480 and 1418 cm?
s™! V7! for the hole and electron, respectively. These values are
comparable to those of inorganic semiconductors (e.g., SiC,*
400—900 cm? s~! V! for the electron; CsPbI3,*” 1399 cm? s~*
V! for the electron and 140 cm® s™! V™! for the hole; GaAs,”’
3000 cm? s™! V7! for the electron) and T-carbon® (2360 cm?
s™! V7! for the electron and 270 cm?* s™! V™ for the hole) and
super;?r to the recorded mobility of 2D COFs (165 cm® s~
v1).#

Because of the 7—z* transition in the conjugated system, 3D
FC-COFs are expected to exhibit good optical absorption at
ultraviolet and visible light wavelengths. Next, we employ
TDDFT with HSE06 to determine the optical properties,
which are shown in Figure 4. The optical band gaps (the first
bright exciton) for COF-COT-N-C, COF-COT-O-C, COF-
COT-S-C, COF-COT-N-N, COF-COT-O-N, and COF-
COT-S-N are 2.16, 1.73, 1.88, 2.66, 2.01, and 2.13 €V,
respectively, demonstrating their ability to harvest broad visible
light. The lower excitons are all bright, and the optical
transitions associated with these excitons exhibit higher
oscillator strengths, which are primarily due to the transition
of electrons from the 7 to z* orbitals. Therefore, these 3D FC-
COPFs exhibit broad and high absorption coefficients (~2 X
10° cm™") at visible light wavelengths. Additionally, the exciton
binding energies (E,) of the first bright exciton are
approximately 15—25 meV and can spontaneously dissociate
at room temperature, noting that the thermal fluctuation
energy kyT at room temperature is ~25 meV.

Encouraged by the high optical absorbance and carrier
mobility of all 3D FC-COFs, we further investigated their
potential applications in photocatalytic water splitting. For the
thermodynamic feasibility of overall photocatalytic water
splitting, the energy positions of the CBM and VBM must
straddle the redox potentials of water, meaning the energy
position of CBM should be higher than the proton reduction
potential (H"/H,, —4.44 eV) and the energy position of VBM
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Figure S. (a) Summary of the band alignment of 3D FC-COFs with respect to the vacuum level as well as the E using the HSE06 method. The
dashed orange lines are the proton reduction potential (H*/H,, —4.44 eV) and water oxidation potential (H,0/0,, —5.67 eV). (b) Band structures
of COF-COT-O-N and COF-COT-S-N with high-symmetry k-points of M (0.5, 0.5, 0.5), " (0, 0, 0), X (0, 0.5, 0.5), and Z (0, 0, 0.5) relative to
the vacuum level using the HSE06 method. (c) Free energy change involved in the hydrogen evolution reaction (HER) with and without an
external potential. (d) Optimized structures of hydrogen absorption (H*) on COF-COT-S-C and COF-COT-S-N. Gray, white, yellow, and blue
spheres represent carbon, hydrogen, sulfur, and nitrogen atoms, respectively. H* is represented by green spheres.

should be lower than the water oxidation potential (H,0/0,,
—5.67 eV).*’ To determine the energy levels of the VBM and
CBM of 3D FC-COFs, we adopted the approach developed by
Keith et al. for establishing the vacuum level of porous metal—
organic frameworks.** In this method, a spherical average of
the total electrostatic potential at the center of the pore,
sampled with a radius of 2 A, was utilized as the zero
electrostatic potential to align the energy levels. This approach
has demonstrated successful predictions of redox-active
catalytic MOFs. Figure Sa summarizes the HSE06 band
alignment of all 3D FC-COFs with respect to the vacuum level,
with dashed orange lines representing redox potentials of
water. Both COF-COT-O-N and COF-COT-S-N are found to
be capable of overall water splitting, as confirmed by their
HSE06-calculated band structures shown in Figure Sb. The
CBMs of COF-COT-O-N and COF-COT-S-N are 0.61 and
0.80 eV higher, respectively, than the proton reduction
potential (—4.44 eV), and their VBMs are 0.18 and 0.12 eV
lower, respectively, than the water oxidation potential (—5.67
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eV). Except for overall water splitting, three other COFs
(COF-COT-0O-C, COF-COT-S-C, and COF-COT-N-N) are
capable of the hydrogen evolution half-reaction with a hole
sacrificial agent because their VBMs are higher than the water
oxidation potential. Their CBMs are found to be 1.49, 1.34,
and 2.34 eV higher, respectively, than the proton reduction
potential. However, COF-COT-N-C cannot be used for water
splitting due to its VBM and CBM being higher than the
proton reduction potential.

Additionally, the photocatalytic reaction’s feasibility and
reaction rate also strongly depend on both the activity toward
water splitting reactions of COFs and the redox ability of the
photogenerated electrons and holes. Therefore, we investigated
the hydrogen evolution reaction (HER) within the active sites
on COFs using the computational hydrogen electrode model
(see the computational details in Methods). In this model, the
adsorption of hydrogen (H*) serves as an important
intermediate state of the HER, and the driving force of HER
comes from the photogenerated electrons on the CBM, which
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can be determined using the energy difference between the
CBM and proton reduction potential.”*> Figure Sc illustrates
the calculated free energy changes of HER within COF-COT-
O-C, COF-COT-S-C, COF-COT-N-N, COF-COT-O-N, and
COF-COT-S-N. In the absence of photoexcitation (U = 0 V),
the formation of H* is exothermic with positive free energy
changes of 1.11, 0.92, 1.42, 0.65, and 0.63 eV for COF-COT-
O-C, COF-COT-S-C, COF-COT-N-N, COF-COT-O-N, and
COF-COT-S-N, respectively. The formation of H* and release
of H, are thermodynamically unfavorable. However, upon light
irradiation, the free energy changes of HER are all downhill
with the corresponding external potential provided by
photogenerated electrons, except for the case of COF-COT-
O-N. Hence, COF-COT-O-C, COF-COT-S-C, COF-COT-N-
N, and COF-COT-S-N can efficiently split water under acidic
conditions upon light irradiation to produce hydrogen. For
COF-COT-O-N, the free energy change when forming H* is
slightly positive (43 meV), which is close to the thermal
fluctuation energy kT at room temperature (25 meV). The
active sites for HER are found on the Y atom sites, namely, the
C and N atoms with sp® hybridization. The optimized
structures of H* are shown in Figure 5d and Figure S6.
With regard to the oxygen evolution reaction (OER) on COF-
COT-O-N and COF-COT-S-N, as the external potential
provided by holes is relatively low (0.18 and 0.12 eV for COF-
COT-O-N and COF-COT-S-N, respectively), the COFs are
expected to produce O, with the engineering of the OER co-
catalysts.

In summary, we proposed six 3D FC-COFs (COF-COT-X-
Y, where X =N, O, or S and Y = C or N) with a topological
assembly of COT derivatives for photocatalytic water splitting.
The structural, electronic, optical, and photocatalytic proper-
ties were studied on the basis of first-principles computations,
from which the structural properties of 3D FC-COFs
photocatalysts were established. We demonstrated that these
3D FC-COFs are semiconductors with outstanding optical
absorption and carrier transport properties. The materials
exhibit tunable direct band gaps ranging from 1.75 to 2.68 eV,
with optical absorption coefficients of >2 X 10° cm™" in the
visible light range. The 3D FC-COFs show quasi-isotropic
transport behavior, and their carrier mobility can reach 480
and 1400 cm* s™' V™! for holes and electrons, respectively,
which are comparable to those of inorganic semiconductors
and superior to those of 2D COFs with the recorded mobility.
More importantly, two 3D FC-COFs have been identified to
function as overall water splitting photocatalysts, and three
other 3D FC-COFs can serve as hydrogen evolution half-
reaction photocatalysts. This work paves the way for future
applications of 3D FC-COFs in photocatalysis and optoelec-
tronics.

B METHODS

All first-principles calculations based on density functional
theory (DFT) were carried out using the Vienna Ab Initio
Simulation Package (VASP) with the projector-augmented
wave (PAW) method.**™* Structural optimization was
performed using the Perdew—Burke—Ernzerhof (PBE) ex-
change-correlation functional within the generalized gradient
approximation (GGA).*® The weak van der Waals interaction
was described with the DFT-D3 method with BJ damping.”' A
Gamma-centered Monkhorst—Pack k-mesh was utilized for k-
point sampling, with an interval of <0.03 A™' for both
structural optimization and self-consistent calculations. The
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ENCUT was set to 500 eV, and the convergence thresholds for
energy and force were 107 eV and 0.01 eV/A, respectively.
The band gaps and band alignments were calculated using the
screened hybrid functional HSE06.>> The computational data
postanalysis, COF structural analysis, and charge density
visualization were performed using VASPKIT,*® Zeo++,*
and VESTA,> respectively.

The carrier mobility was determined using the deformation
potential theory developed by Bardeen and Shockley.***® For
3D materials, the carrier mobility () can be expressed using
the effective mass approximation as follows:

22w el Cyp
//l =
3D 3(KBT)3/2m*5/2E12

(1)

where kg represents Boltzmann’s constant, 7 is Planck’s
constant, and T is the temperature (300 K). C;p denotes the
3D elastic constant, which is defined as Cyp = (0°E/05%)/V,,
where Vj is the equilibrium cell volume, E denotes the total
energy, and J represents the applied strain. E; is the
deformation potential that is proportional to the VBM or
CBM shift induced by the applied strain. E, is expressed as
AE/(AL/L,), where AE denotes the energy change of the
VBM or CBM as a function of lattice dilation with a step of
0.2%. m* represents the effective mass in the transport
direction and can be computed as m* = A*[0*E(k)/0k*]™",
where k denotes the wave-vector magnitude in momentum
space. In this work, we calculated the effective masses using the
HSE06 method while obtaining the deformation potentials and
elastic constants with the PBE method.

To consider excitonic effects, we used time-dependent
Hartree—Fock calculations on top of the HSE06 eigenenergies
and eigenstates with the Casida equation to determine the
optical properties.”” The Casida equation provided the exciton
eigenenergies and oscillator strengths. The time-dependent
Hartree—Fock method has been demonstrated to be reliable in
describing the exciton absorption spectrum® and offers
significant computational advantages for large systems such
as fullerene networks.” The exciton binding energy (E,) was
calculated as the difference between the HSE06 eigenenergy
and exciton eigenenergy. Optical absorption coeflicients were
obtained from the dielectric functions:

o) = VEol e ) + & @) - e@)]” @
where ¢,(®) and &,(w) represent the imaginary and real parts
of the dielectric functions, respectively.

The free energy change of hydrogen adsorption (AGyx) was
determined using a computational hydrogen electrode model
developed by Norskov et al.””7®' The calculation was
performed using the equation AGy: = AEy: + AZPE —
TAS, where AEy:x is the hydrogen chemisorption energy,
AZPE and AS denote the zero-point energy and the entropy
difference between the adsorbed hydrogen and its gas phase,
respectively, and T is set to 298 K. The zero-point energy and
entropy for the adsorbed hydrogen were calculated by a
vibrational frequency calculation using density functional
perturbation theory (DFPT).”> The entropy of H, was
obtained from the Computational Chemistry Comparison
and Benchmark Database (CCCBDB).”
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