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Very recently, burgeoning two-dimensional covalent organic framework-basedmaterials have been proven

to exhibit decent performance for potential thermoelectric applications. Nevertheless, hitherto formulating

systematic atomistic-level materials design strategies for two-dimensional covalent organic frameworks

with enhanced thermoelectric performance still remains a formidable challenge. Here, on the basis of ab

initio computations, and taking 17 representative two-dimensional covalent organic frameworks as

examples, an atomistic understanding is established to uncover the complex correlation among the

macroscopic thermoelectric properties, nontrivial transport processes, and basic chemical structures,

and concurrently, general materials design guidelines are offered. We reveal that the ratio of

contributions of linker and knot parts to the valence bands can be treated as a strong predictor to assess

the thermoelectric performance of covalent organic frameworks. Our results corroborate that a small

ratio of the contributions of the linker and knot parts to the valence bands brings about a large band

dispersion, weak interactions of charge carriers with lattice vibrations, high hole mobility, and thus an

outstanding thermoelectric power factor. Furthermore, our findings reveal that for two-dimensional

covalent organic frameworks, introducing benzene rings, replacing the heterocycles with benzene rings,

reducing the number of nitrogen heterocycles, and avoiding benzoquinone structures in the linker parts

help in realizing their charge-carrier delocalization, and thus a decent power factor.
Introduction

Thermoelectric (TE) materials offer an environment-friendly
energy solution for direct heat-electricity interconversion.
Systematic development of high-performance TE materials lies
at the heart of modern thermoelectrics.1 The performance of
a TE material is determined using a dimensionless gure of
merit, zT = S2sT/k, where S2s is the power factor; S is the See-
beck coefficient; s is the conductivity; k is the total thermal
conductivity, and T is the temperature.2,3 In general, a high-
efficient TE material simultaneously calls for a large Seebeck
coefficient and superb conductivity, but a poor thermal
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conductivity. Nevertheless, hitherto rational design of high-
performance TE materials still remains an exacting challenge,
due to the mutually restrictive relationships among TE trans-
port parameters.4 For instance, along with the enhancement of
conductivity, the Seebeck coefficient dramatically attenuates,
and the electronic thermal conductivity increases.

Due to their fascinating advantages, such as inexpensive-
ness, low toxicity, ease of manufacture, and inherently low
thermal conductivity, innovative organic-based TE materials
have attracted extensive research interest recently,5,6 and
nowadays, p-conjugated polymeric TE materials can show
a gure of merit comparable to that of state-of-the-art inorganic
ones at room temperature,7–9 ensuring their potential
commercial applications. Unlike conventional polymers, bur-
geoning covalent organic frameworks (COFs) are a class of
crystalline polymers with highly ordered structures, which
endows them with structural controllability and
predesignability.10–13 Importantly, their diversity of organic
units, covalent linkage, and topological structure enables them
to exhibit manageable and versatile functions, such as opto-
electronics,14 photovoltaics,15 and thermoelectrics.16

Very recently, a series of impressive experimental advances
have demonstrated that COFs are capable of exhibiting decent
performance for TE applications,17,18 and their unique
J. Mater. Chem. A, 2023, 11, 15821–15832 | 15821
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structural features may provide potentially paradigm-changing
mechanisms to design new materials with outstanding perfor-
mance.19 For example, it is proven that a uorene-based two-
dimensional COF possesses a high Seebeck coefficient of 2450
mV K−1 and power factor of 0.063 mW m−1 K−2 at room
temperature.17 Furthermore, a new covalently bonded pyrene
based fully fused aromatic p-conjugated two-dimensional
organic network is reported to show an extremely high hole
mobility of 501 cm2 V−1 s−1 and conductivity of 1038 S cm−1 at
room temperature.18 These signicant experimental achieve-
ments corroborate that emerging COFs offer a promising plat-
form for heat-electricity interconversion functional materials.

It is worth noting that a prerequisite for further enhance-
ment of materials performance and rational discovery of new
ones is not only advancing the understanding of the micro-
scopic TE transport processes determining the performance,
but also establishing straightforward structure–function rela-
tionships. However, previous experimental studies on the TE
properties of COFsmostly focused onmaterials preparation and
performance measurement, and for this emerging class of
materials, owing to the lack of fundamental investigations,
their nonintuitive TE transport unfortunately remains poorly
understood to date, unavoidably impeding systematic materials
design.

To deal with the aforementioned critical problems, we
herein take 17 representative two-dimensional COFs with fused
ring structures as examples to conduct comprehensive ab initio
computational explorations on their p-type TE properties by
utilizing density functional theory (DFT), Boltzmann transport
equation, and deformation potential (DP) theory. We establish
an atomistic-level picture to unveil the complex interplay
between the macroscopic TE performance, nontrivial transport
processes, and basic chemical structures of COFs. Concurrently,
general materials design guidelines for COFs with enhanced TE
response performance are provided.

Computational methods
Model setup and structural optimizations

For our studied 17 two-dimensional COFs, we focus on their
intralayer p-type TE properties, and monolayer structural
models were built. The single-layer two-dimensional COFs lie in
the ab plane, and to avoid the interlayer interactions, the unit
cell lengths along the c axis were xed at 20 Å. Both the lattice
constants (i.e., a and b) and atomic positions were optimized by
using the projector augmented-wave (PAW) method20 with the
Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional21 including Grimme's D3 dispersion correction22 in the
Vienna Ab initio Simulation Package (VASP)23 (version 6.2.1).
The G k-points of 4 × 4 × 1 and 2 × 2 × 1 were used during the
structural optimizations. The cutoff energy for the plane-wave
basis set was 500 eV. The convergence criterion for the total
energy was set to be 10−5 eV, and the residual force on each
atom should be smaller than 0.01 eV Å−1. The G k-points of 6 ×

6 × 1 and 4 × 4 × 1 were used for single-point energy and
charge density calculations. The details for model setup and
geometric optimizations can be found in Section 1 of the ESI.†
15822 | J. Mater. Chem. A, 2023, 11, 15821–15832
Electronic structure characterization

Electronic structure calculations were carried out by the PAW
method20 with the PBE functional21 including Grimme's D3
dispersion correction22 in the VASP.23 The cutoff energy was set
to be 600 eV. The convergence criterion for the total energy was
set to be 10−6 eV. The projected band structures were obtained
by projecting the Kohn–Sham wave functions onto the spherical
harmonic centered at the position of the ions based on the
formula, PNlmnk = Ylm

Njfnk.24 Here, Ylm
N is the spherical

harmonic centered at ion index N with angular moment l and
magnetic quantum number m; fnk is the Kohn–Sham wave
function with band index n and wave vector k. In addition, the
electronic structures of isolated knot and linker parts were
computed by using the B3LYP (Becke, 3-parameter, Lee–Yang–
Parr) functional25 and 6-31+G(d) basis set in the Gaussian 09
program26 (version A.02).
Boltzmann transport equation for TE performance
calculations

We employed the Boltzmann transport equation27,28 to evaluate
the TE transport coefficients, including the conductivity (s),
Seebeck coefficient (S), power factor (S2s), and mobility (m):

s ¼ 2e2

U

X
k

�
� vf0ð3kÞ

v3k

�
vkvksk; (1)

S ¼ 2

U

e

sT

X
k

vkvksk

�
� vf0ð3kÞ

v3k

�
ð3k � 3FÞ (2)

m ¼ s

eN
: (3)

Here, e is the elementary charge; U is the unit cell volume; f0(3k)
= 1/{exp[(3k − 3F)/kBT] + 1} is the Fermi–Dirac distribution
function; 3k is the band energy at a given k point; 3F is the Fermi
energy; kB is the Boltzmann constant; T is the temperature; vk =
Vk3k/ħ is the group velocity, which can be attained from the
band structure calculations; ħ is the reduced Planck's constant;
sk is the relaxation time; and N ¼ 2=U

P
k
½1� f0ð3kÞ� is the hole

concentration. The dense Monkhorst–Pack kmeshes of 35 × 35

× 2 and 39 × 39 × 2 were used to calculate the TE transport

coefficients by summation in the k-space.29
Scattering time calculations

According to Fermi's golden rule, the relaxation time (sk) can be
expressed as:

1

sk
¼ 2p

ħ

X
k
0

���M�
k; k

0����2d�3k � 3
k
0
�
ð1� cos qÞ (4)

where jM(k,k′)j2 is the scattering matrix element; d(3k− 3k′) is the
Dirac d function ensuring energy conservation in the charge
carrier scattering process; and q is the scattering angle.
DP theory for lattice vibration scattering

On the basis of the DP theory,30, jM(k,k′)j2 can be expressed as
This journal is © The Royal Society of Chemistry 2023
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���M�
k; k

0����2 ¼ kBTE1
2

UCii

(5)

where E1 is the DP constant and Cii is the elastic constant. Both
of them can be obtained from rst-principles computations.31–34

The elastic constant was evaluated by stretching the unit cell
along the crystal axis a, b, and c directions separately by ±0.5%
and± 1.0%, and then tting the total energy (E) of the deformed
lattice (Dl/l0) via the equation, (E − E0)/U = [Cii(Dl/l0)

2]/2, where
E0 and l0 are the total energy and lattice parameter at equilib-
rium, respectively, and Dl is the change of lattice parameters. To
attain the DP constant, we calculated the band energies with the
lattice deformation and then tted the valence band maximum
to the dilation (Dl/l0) via the equation, E1 = DEVBM/(Dl/l0), where
DEVBM is the absolute position change of the valence band
maximum with the lattice deformation. The vacuum energy
level calibration method35,36 was utilized to calculate the
absolute energy level of the valence band maximum. The
related computational details and schematic diagram of the
vacuum energy calibration method are displayed in Section 1 of
the ESI.†
Results and discussion
Geometric structure of two-dimensional COFs

Two-dimensional COFs consist of knot and linker units, and
their chemical structures dictate the shape and size of COFs.
Consequently, by engineering and matching the geometric
structures of building blocks in COFs, their skeleton structures
can be rationally tailored. In experiments, a variety of two-
dimensional COFs with fused ring linkages have been re-
ported in recent years.18,37–41 On the basis of these advances, it
can be seen that fused ring structures highly restrict the free
torsion of the backbone, naturally resulting in a rigid confor-
mation and thereby remarkable thermal and chemical stabili-
ties.37,42 In addition, such a class of two-dimensional COFs can
endow them with delocalized p orbitals, beneting from
Fig. 1 Topological diagrams and chemical structures of our studied 17 tw
oxygen, sulphur, selenium, and hydrogen atoms are represented in gr
diagram of the model setup is displayed in Fig. S1.† Their optimized latti

This journal is © The Royal Society of Chemistry 2023
excellent intrachain charge transport properties.38,39 Conse-
quently, we focus on two-dimensional COFs with fused ring
structures. Here, we take 17 typical two-dimensional COFs as
examples to explore their p-type TE properties, and they all
exhibit hexagonal topological diagrams (Fig. 1 and S6†). On the
whole, from the standpoint of topological structures of our
studied systems, their knot parts can be regarded as benzene
rings, and their linker parts are different (Fig. 1 and S6†).

Specically, Fig. 1 and S6† show that the linker units of 1 and
2 are the benzene and three fused benzene rings, respectively.
3–9 possess the linker parts of nitrogen heterocycles. The linker
units of 10–13 contain heterocycles with the oxygen group
elements (i.e., O, S, and Se). 14 and 15 have the linker parts of
nitrogen heterocycles and benzoquinone. Moreover, 16 and 17
possess the linker fragments of nitrogen and oxygen
heterocycles.

Density-functional computations are conducted to probe the
Ångström-level structural feature for our studied two-
dimensional COFs, and our results of geometric optimizations
reveal that the diversity of their linker units brings about the
difference in the in-plane lattice parameters (Table S2†). As an
example, for 1, 4, 10, 12, and 13 with the linker parts of one six-
membered ring, their lattice parameters fall in the range of
8.25–9.71 Å, and for 2–3, 5–9, 11, and 14–17with the linker units
of three six-membered rings, their lattice constants are around
16.2–17.2 Å (Table S2†). Therefore, we speculate that for our
studied systems, their geometric diversity can give rise to
multiple electronic structure properties.
Descriptions of electronic structures

Usually, two-dimensional monolayer COFs can be treated as an
extension into a second dimension of the one-dimensional
polymer chain. Previous theoretical studies have demon-
strated that p-conjugated polymer chains can exhibit dispersive
band structures and thereby decent charge transport
properties.32,34,43–45 To investigate the electronic properties of
o-dimensional COFs with fused ring structures. The carbon, nitrogen,
ey, blue, red, yellow, orange, and white, respectively. The schematic
ce parameters are shown in Fig. S2 and Table S2.†

J. Mater. Chem. A, 2023, 11, 15821–15832 | 15823
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Fig. 2 Contribution of knot (yellow circle) and linker (violet diamond) parts to the band structures of our studied 17 two-dimensional COFs. The
symbol size denotes the relative weight of the component ratio. The non-projected band structures are shown in black solid lines. The Fermi
energy levels are displayed in black horizontal dashed lines. The reciprocal coordinates of high symmetry k-points in the first Brillouin zone are G

= (0, 0, 0), M = (1/2, 0, 0), and K = (1/3, 1/3, 0). The quantified contributions of the knot and linker parts to the valence band are summarized in
Table S3.† The element projected band structures are shown in Fig. S7.† The quantified contributions of different elements to the valence band
are listed in Table S4.†
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our studied materials, the descriptions of their band structures
are offered. Fig. 2 and Table S3† show their projected band
structures of knot and linker parts, and obviously, all these two-
dimensional COFs exhibit typical semiconductive characteris-
tics with bandgaps in the range of 0.917–2.59 eV. Additionally, it
is found that valence band dispersions vary widely for our
studied systems (Fig. 2 and Table S3†). For instance, 1 possesses
the largest valence band dispersion of 1.05 × 103 meV, yet 14
shows the smallest one of 25.0 meV (Fig. 2 and Table S3†). The
effective mass of a charge carrier is a crucial physical quantity
affecting charge and TE transport. Herein, the hole effective
masses for these two-dimensional COFs are extracted (Table
S4†). It is proven that the hole effective masses of 1–3, and 5–11
are relatively small (0.397–0.706me) (Table S4†), comparable
with those (0.20me and 0.74me)16 for COF, poly(-
tetrathienoanthracene), suggesting their decent charge trans-
port properties. For the other systems, their hole effective
masses fall in the range of 1.26–7.10me (Table S4†).

To shed light on the underlying correlation between the
electronic structures and building blocks of COFs, the contri-
butions of knot and linker parts to the valence band are
15824 | J. Mater. Chem. A, 2023, 11, 15821–15832
quantied (Fig. 3 and Table S3†). Fig. 3 demonstrates that for
our studied two-dimensional COFs, as the ratio of contributions
of linker and knot parts to the valence band increases, the
valence band widths tend to decrease. Such a phenomenon
reveals that the equivalent contribution of knot and linker parts
to the valence band is benecial for hole delocalization and
thus large band dispersion.

We identify that for 4, 10, and 12–13 with the linker parts of
one six-membered ring, the contributions of the linker parts to
the valence bands are relatively large, that is, 84.3%, 70.5%,
75.0%, and 80.2%, respectively (Fig. 3 and Table S3†). Further-
more, by comparing 4 and 5, 10 and 11, respectively, we nd
that the contributions of linker parts to the valence band are
84.3%, 54.3%, 70.5%, and 50.0%, respectively (Fig. 3 and Table
S3†), proving that introducing benzene rings reduces the
contributions of the linker parts to the valence band.
Comparing 3 and 16, 5 and 17, the contributions to the valence
band are 53.0% and 64.0%, 54.3% and 64.5%, respectively, and
it is observed that the replacement of the heterocycles with the
benzene rings declines the contributions of linker parts to the
valence band (Fig. 3 and Table S3†). Thus, we conclude that
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Relationship between the valence bandwidth (WVB) and ratio of
the contributions of the linker parts to the valence bands and the
contributions of the knot parts to the valence bands for our studied 17
two-dimensional COFs. The red dashed line displays the trend.
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both introducing benzene rings and replacing heterocycles with
benzene rings lead to decreased contributions of linker parts to
the valence band.

For 6 and 14, 7 and 15, it is found that the contributions of
their linker parts to the valence bands are 59.0%, 96.4%, 59.8%,
and 94.8%, respectively (Fig. 3 and Table S3†), which reveals
that the presence of benzoquinone structures elevate the
contributions of the linker parts to the valence band, resulting
in a relatively at valence band. Accordingly, we speculate that it
is hard for the COFs with linker units of benzoquinone struc-
tures to show outstanding charge transport.

Moreover, it is shown that for 3, and 5–9 with the linker parts
of three six-membered rings containing nitrogen heterocycles,
the contributions of the linker parts to the valence bands are
moderate, namely 53.0%, 54.3%, 59.0%, 59.8%, 56.9%, and
66.4%, respectively (Fig. 3 and Table S3†) and the valence band
widths fall in the range of 228–343meV. Comparing 3 and 6–7, 5
and 9, respectively, we demonstrate that increasing the number
of nitrogen heterocycles gives rise to enhanced contributions of
linker parts to the valence band (Fig. 3 and Table S3†). For 8 and
9, it is noted that the presence of 1,4-dihydropyrazine reduces
the contributions of linker units to the valence band (Fig. 3 and
Table S3†). Comparing the contributions of the nitrogen
element to the valence bands for 3 and 6–7, 5 and 9 (i.e., 15.6%,
25.4% and 23.1%, 21.0%, and 32.8%, respectively), respectively
(Fig. S7 and Table S5†), we uncover that the large contributions
of the nitrogen element to the valence band lead to the large
contributions of the linker part to the valence band.

Furthermore, we prove that the energy-level difference
between the highest occupied molecular orbital (HOMO) of the
isolated linker and knot parts controls the energy level of the
valence band maximum for our studied two-dimensional COFs
(Table S6 and Fig. S8†). Specically, as the energy-level
This journal is © The Royal Society of Chemistry 2023
difference between the HOMO of the isolated linker and knot
parts increases, the valence band maximum of COF is raised
(Fig. S8†), indicating that it is easier for charge to transfer from
the host COF to the additional dopant, and thereby to achieve p-
type chemical doping. This nding hints that the doping effi-
ciency of COF-based materials can be effectively tuned through
engineering their building blocks.
Quantitative descriptions of the interaction of charge carriers
with lattice vibrations

The coupling between the motions of the charge carriers and
lattice vibrations (i.e., electron–phonon coupling) is a critical
microscopic process determining charge and TE transport.46

Previous theoretical explorations have proven that the electron
scattering process in two-dimensional single-layer carbon-
based materials is primarily governed by a low-frequency
acoustic phonon near room temperature.47–49 Hence, acoustic
phonon scatterings are herein taken into account by employing
the DP theory.30 In this theory, the DP constant and elastic
constant are two key parameters quantifying the strength of
coupling between the electron and acoustic phonon.50,51 The
detailed rst-principles computational methods for these two
parameters can be found in the Method section and Section 1 of
the ESI.†

Our calculated DP constants for these 17 two-dimensional
COFs fall in the range of 1.59–3.67 eV (Table S7†). For 1, 8,
11, and 13, their DP constants are about 3.14–3.67 eV (Table
S7†), comparable with the previously theoretically reported ones
for graphene-like materials, such as graphyne and its deriva-
tives (2.91–3.56 eV).52 Our evaluated elastic constants fall in the
range of 100–330 J m−2 (Table S7†), close to the previously
calculated ones for graphene and its derivatives (90–330 J
m−2),52 apparently evidencing the rigid skeleton structures of
two-dimensional COFs.

The relaxation time (also known as scattering time) describes
how quickly the charge carrier recovers from a non-equilibrium
state to an equilibrium state via lattice vibrations, which is
a critical parameter quantifying the strength of electron–
phonon coupling.46 We nd that for our studied systems, the
evaluated room-temperature hole relaxation times increase with
increased valence band dispersion (Fig. 4a). Such a phenom-
enon can be attributed to that a large bandwidth brings about
a small probability that the charge carrier with a certain energy
is scattered to another state with similar energy, thus resulting
in a long relaxation time.

It is demonstrated that for our studied COFs, their hole
relaxation times fall in the range of 2.95–836 fs at room
temperature (Fig. 4a and Table S8†). Specically, the hole
relaxation times of 1–2, 13, 14, and 16–17 are 95.5, 48.9, 48.6,
29.5, 53.5, and 42.8 fs (Table S8†), respectively, which are
comparable with the experimental results for dibenzo[hi,st]
ovalene-COF thin lms (∼36 fs),53 crystalline 2D sp2-carbon
frameworks (∼41 fs),54 and two-dimensional COF thin lms
condensed by 1,3,5-tris(4-aminophenyl)benzene and 1,3,5-tri-
formylbenzene (∼70 fs) measured by optical-pump terahertz-
probe spectroscopy.55 Additionally, the hole relaxation times
J. Mater. Chem. A, 2023, 11, 15821–15832 | 15825
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Fig. 4 (a) Relationship between the room-temperature hole relaxation time (hsi) and valence band widths (WVB) for our studied two-dimensional
COFs. The red dashed line displays the trend. (b) Relationship between the room-temperature hole mean free path (l) and valence band widths
(WVB) along the crystal axis a and b directions. The red dashed lines display the trend. (c) Relationship between the room-temperature hole mean
free path (l) and hole relaxation time (hsi) along the crystal axis a and b directions. The red dashed lines display the trend. The detailed data for the
calculated room-temperature hole relaxation time and hole mean free path are given in Table S8.†
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of 5–12 are in the range of 159–836 fs (Table S8†), lower than the
computed results for graphene-like materials (103 to 2 × 104

fs).52

Fig. 4b displays the relationship between the computed hole
mean free path and valence band dispersion for our studied
COFs. Importantly, it can be seen that the room-temperature
hole mean free path increases as the valence band dispersion
enlarges. The a- and b-axis hole mean free paths for these COFs
are almost equal (Fig. 4b and Table S8†), implying the isotropic
charge transport behavior. Besides, it is found that the calcu-
lated hole mean free path of our studied COFs varies widely
(∼100 to 104 Å) (Fig. 4b and Table S8†). For instance, 10 exhibits
the longest hole mean free path of 9.42 × 103 Å, while 15
exhibits the shortest one of 5.29 Å (Fig. 4b and Table S8†). The
hole mean free paths of 1–2, 5–13, and 16 fall in the range of 102

to 104 Å (Fig. 4b and Table S8†), comparable with those for
monolayer graphene (∼230 Å)56 measured using the terahertz-
cavity-enhanced-optical Hall effect and graphene (∼103 Å)57

calculated from rst principles. Moreover, the hole mean free
paths of 3–4, 14–15, and 17 (100 to 102 Å) (Fig. 4b and Table S8†)
are close to the computed intrachain mean free path for con-
ducting polymers, such as poly(3,4-ethylenedioxythiophene)
(13.2 Å)43 and poly(3-hexylthiophene) (48 Å).44

Fig. 4c shows that for our studied materials, the computed
room-temperature hole mean free path increases as the relax-
ation time increases. Such a phenomenon reveals that the
increase in valence band dispersion plays a dominant role in
the elevation of the hole mean free path for these systems,
which clearly highlights that engineering electronic structures
for two-dimensional COFs holds the key to rening their charge
transport.
First-principles predictions of TE transport properties

Intrinsic charge carrier mobility (m), a key macroscopic physical
quantity, controls the TE properties of a material through the
relation, s = Nem, in which s is the conductivity; N is the charge
carrier concentration, and e is the elementary charge. Fig. 5a
15826 | J. Mater. Chem. A, 2023, 11, 15821–15832
and b show that for our studied two-dimensional COFs, the
computed room-temperature hole mobility enhances with the
increased hole mean free path, suggesting that the electron–
phonon interactions play a dominant role in their charge
transport process.

It is proven that for our studied systems, their calculated
hole mobilities exhibit isotropic characteristics (Fig. 5a, b and
Table S8†), in line with the above-mentioned hole mean free
path. Among these 17 materials, 5 possesses a large hole mean
free path (2.10 × 103 and 2.08 × 103 Å for the a and b directions,
respectively) (Table S8†) and the highest hole mobility (5.35 ×

103 and 4.92 × 103 cm2 V−1 s−1 along the a and b directions,
respectively) (Fig. 5a, b and Table S8†), which stem from its
small ratio of contributions of linker and knot parts to the
valence band and its moderate valence band dispersion (Fig. 3).
4 shows the shortest hole mean free path (5.33 and 5.35 Å for
the a and b directions, respectively) and the lowest hole mobility
(0.502 and 0.502 cm2 V−1 s−1 for the a and b directions,
respectively) (Fig. 5a, b and Table S8†), due to its large ratio of
contributions of linker and knot units to the valence band and
its at valence band dispersion (Fig. 3). The evaluated hole
mobilities of 1–2, 7, and 10 are around 1.2 × 103 to 3.2 × 103

cm2 V−1 s−1, lower than that of 5, but much higher than those
for the other COFs (∼10−1 to 694 cm2 V−1 s−1) (Fig. 5a, b and
Table S8†). Overall, for our studied two-dimensional COFs, their
calculated hole mobilities fall in the range of 10−1 to 104 cm2

V−1 s−1 (Fig. 5a, b and Table S8†), comparable with those for the
currently advanced two-dimensional COFs (1 to 103 cm2 V−1

s−1)18,38–40,58 (Fig. 6a and Table S11†).
Previous experimental studies have demonstrated that the

charge carrier concentrations of some representative COFs can
reach the range of 5 × 1011 to 5 × 1018 cm−3 (Table S9†).
Therefore, in the following, the TE properties of our studied
COFs at a hole concentration of 5 × 1013 to 1015 cm−3 are dis-
cussed. On the basis of the rigid band approximation, we
regulate the hole concentration to optimize the TE transport
coefficients, including the Seebeck coefficient, conductivity,
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Dependence of room-temperature hole mobility (m) on the hole mean free path (l) along the (a) a and (b) b directions, respectively for our
studied two-dimensional COFs. Relationship between the room-temperature conductivity (s) at different hole concentrations and hole mobility
(m) along the (c) a and (d) b directions, respectively. Relationship between the room-temperature TE power factor (S2s) at different hole
concentrations and hole mobility (m) along the (e) a and (f) b directions, respectively.
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and power factor by shiing the Fermi energy level (Fig. S9†).59

It is found that for our studied COFs, as the hole concentration
increases, their Seebeck coefficient dramatically declines, while
their conductivity and power factor increase (Fig. S9†).

Fig. 5c and d exhibit that for our studied materials, their a-
and b-axis hole conductivities show obviously isotropic features
owing to their isotropic mobilities. Furthermore, it is demon-
strated that the hole conductivities at the same concentration of
these 17 COFs vary greatly (Fig. 5c, d and Table S10†). For
example, their conductivities fall in the range of 1.09 × 10−4 to
100 S cm−1 at a carrier concentration of 1015 cm−3 (Fig. 5c, d and
Table S10†), which originates from their quite different hole
mobilities (Fig. 5a, b and Table S8†).

As a result of its small ratio of contributions of linker and
knot parts to the valence band, moderate valence band disper-
sion, and weak electron–phonon interactions, 5 exhibits the
largest room-temperature a-axis hole conductivities of 0.0797,
0.112, 0.429, and 0.995 S cm−1 and b-axis ones of 0.0737, 0.103,
0.394, and 0.915 S cm−1 at the concentrations of 5 × 1013, 1014,
5× 1014, and 1015 cm−3, respectively (Fig. 5c, d and Table S10†).
15 possess large ratios of contributions of linker and knot parts
to the valence band, relatively at valence band dispersion, and
This journal is © The Royal Society of Chemistry 2023
strong electron–phonon interactions, which leads to their
lowest room-temperature hole mobilities, and a-axis hole
conductivities of 4.52 × 10−6, 1.05 × 10−5, 4.65 × 10−5, and
1.09 × 10−4 S cm−1 and b-axis ones of 4.44 × 10−6, 1.04 × 10−5,
4.57 × 10−5, and 1.07 × 10−4 S cm−1 at the concentrations of 5
× 1013, 1014, 5× 1014, and 1015 cm−3, respectively (Fig. 5c, d and
Table S10†). Furthermore, the experimental investigations have
demonstrated that the measured conductivities of some state-
of-the-art COFs fall in the range of 10−6 to 10−2 S cm−1 at
room temperature, close to our predicted ones (∼10−6 to
100 S cm−1) (Fig. 6c and Table S11†), which suggests the ratio-
nality of our calculated results.

Our computed Seebeck coefficients at the same carrier
concentration are mostly close (Fig. 6b and Table S10†). In
experiments, the measured room-temperature Seebeck coeffi-
cients of the compressed pellets of uorene-based COF are
1700–3300 mV K−1 at different iodine doping levels,17 and our
calculated ones are in the range of 300–1734 mV K−1 within the
range of carrier concentration studied (Table S10†). Therefore,
our predicted Seebeck coefficients for these COFs are in the
same order of magnitude as the experimental measurements
(Fig. 6b).
J. Mater. Chem. A, 2023, 11, 15821–15832 | 15827
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Fig. 6 Comparison of the calculated results of the 17 two-dimensional COFs (square) and the measured results of some advanced COFs (cross)
for (a) hole mobilities (m), (b) Seebeck coefficients (S), (c) conductivities (s), and (d) TE power factors (S2s) at room temperature.
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For our studied two-dimensional COFs, their power factors
increase along with the enhanced hole mobilities (Fig. 5e and f).
The computed a- and b-axis power factors are almost equal
(Fig. 5e, f and Table S10†), showing isotropic characteristic. At
a hole concentration of 1015 cm−3, the calculated room-
temperature power factors of these two-dimensional COFs fall
in the range of 10−2 to 102 mW m−1 K−2 (Fig. 5e, f and Table
S10†). Among our studied COFs, due to their excellent mobility
(5.35 × 103 and 4.92 × 103 cm2 V−1 s−1 along the a and
b directions, respectively) (Fig. 5a, b and Table S8†), 5 exhibits
the best room-temperature power factor (97.8 and 90.3 mW m−1

K−2 along the a and b directions, respectively) at a hole
concentration of 1015 cm−3 (Fig. 5e, f and Table S10†), approx-
imately four orders of magnitude higher than those for 4 and
14–15 (0.0217, 0.0328, and 0.0167 mW m−1 K−2 along the
a direction and 0.0217, 0.323, and 0.0164 mWm−1 K−2 along the
b direction, respectively) (Fig. 5e, f and Table S10†).

Compared with 5 which has the linker part of one pyrazine
ring, the linker part of 9 possesses two pyrazine rings. Although
they have analogous structures, their electronic structures are
quite different (Fig. 2e and i). 5 exhibits a smaller ratio of the
contributions of linker and knot parts to the valence band than
9 (Fig. 3). Therefore, 5 shows a larger band dispersion (i.e.,
a more delocalized charge carrier feature), weaker electron–
phonon interactions, higher hole mobility, and thereby a larger
power factor (Fig. 5, and Table S10†).

13 possesses a large ratio of contributions from linker and
knot parts to the valence band. Consequently, it displays
a relatively at valence band dispersion, short hole relaxation
time, low mobility, and thus a low power factor of 0.0172–0.426
15828 | J. Mater. Chem. A, 2023, 11, 15821–15832
mW m−1 K−2 at a hole concentration of 5 × 1013 to 1 × 1015

cm−3 (Fig. 5, 6 and Table S10†). Compared with 13, 12 exhibits
a smaller ratio of contributions of linker and knot parts to the
valence band (Fig. 3). Hence, it shows a moderate valence band
dispersion, longer hole relaxation time, higher mobility, and
thereby a larger power factor of 0.468–5.42 mWm−1 K−2 at a hole
concentration of 5 × 1013 to 1 × 1015 cm−3 (Fig. 5, and
Table S10†).

Moreover, the relationship between the TE properties and
pore diameter for our studied two-dimensional COFs is
explored. Interestingly, no signicant correlations between the
Seebeck coefficient, conductivity, power factor, mobility, and
pore diameter are observed for our studied systems (Fig. S10,
Table S12, and Fig. S11†).
The effect of different functional groups and moieties on the
TE properties

To the best of our knowledge, few experimental studies have
systematically explored how different functional groups and
moieties impact the TE properties of COFs so far. Consequently,
to probe such an effect, we further carefully analyze our current
computed results. For instance, it is demonstrated that for 2
and 5, replacement of the benzene ring with a pyrazine ring in
the linker parts has a small effect on the power factor (0.834–
46.2 mW m−1 K−2 for 2 and 0.664–97.8 mW m−1 K−2 for 5 at
a hole concentration of 5 × 1013 to 1 × 1015 cm−3) (Fig. 7a and
Table S10†), owing to their similar valence band dispersions
(390 and 330 meV for 2 and 5, respectively) (Fig. 2 and Table
S3†). In contrast, we reveal that for 4 and 10, replacement of
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Chemical structures of (a) 2 and 5 and (b) 4 and 10. Their calculated room-temperature power factors at a hole concentration of 5 × 1013

to 1× 1015 cm−3 are displayed in the figure. Chemical structures of (c) FL-COF-1, (d) sp2c-COF-4, and (e) TTO-COF. The linker and knot parts are
displayed in purple and orange, respectively. The crystal structures of (f) COF-300, (g) LZU-79, and (h) COF-320. The carbon and nitrogen atoms
are represented in grey and blue, respectively.
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pyrazine with a 1,4-dioxin ring in the linker parts results in
a remarkable enhancement of the power factor (1.56 × 10−3 to
0.0217 mW m−1 K−2 for 4 and 1.81–35.6 mW m−1 K−2 for 10 at
a hole concentration of 5 × 1013 to 1 × 1015 cm−3) (Fig. 7b and
Table S10†), because 10 exhibits much larger valence band
dispersion (852 meV) than 4 (124 meV) (Fig. 2 and Table S3†).

Recently, it has been theoretically demonstrated that thio-
phene ring orientations in two-dimensional COFs have a signi-
cant inuence on their TE properties.16 Researchers uncover that
a typical two-dimensional COF, poly(tetrathienoanthracene),
possesses higher p-type room-temperature Seebeck coefficients
(∼90–570 mV K−1) than its isomer (∼20–380 mV K−1) with a-linked
thiophene rings along the ortho direction at a hole concentration
of ∼5 × 1018 to 1 × 1021 cm−3, due to the coexistence of a large
dispersive valence band and sharp peak of density of states near
the band edge for the former.16
This journal is © The Royal Society of Chemistry 2023
Implications for other classes of COFs

Recently, lots of fascinating experimental advances on COFs
with diverse geometric structures have been reported.10,12 We
select a uorine-based two-dimensional COF (FL-COF-1) that
has been experimentally demonstrated for TE applications17

(Fig. 7c), to compute its p-type TE properties. It is revealed that
its calculated Seebeck coefficients fall in the range of 1.25 × 103

to 1.52 × 103 mV K−1; its conductivities are in the range of 1.54
× 10−4 to 3.75 × 10−3 S cm−1; and its power factors fall in the
range of 0.0355–0.582 mW m−1 K−2 at a hole concentration of 5
× 1013 to 1 × 1015 cm−3 (Table S13†), comparable with the
measured results (1.75 × 103 to 3.23 × 103 mV K−1 for Seebeck
coefficients, 3.34 × 10−5 to 1.75 × 10−4 S cm−1 for conductivi-
ties, and 0.0362–0.063 mW m−1 K−2 for power factors)
(Fig. S13†), which corroborates the generality of our used
computational method.
J. Mater. Chem. A, 2023, 11, 15821–15832 | 15829
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A typical C]C linked sp2c-COF (i.e., hexagonal sp2c-COF-4)60

(Fig. 7d) is selected to calculate its band structure. It is
demonstrated that sp2c-COF-4 exhibits a valence band disper-
sion of 8.22 meV (Fig. S14†), larger than that (0.174 meV) for the
uorine-based COF (Fig. S12†), which indicates a more delo-
calized charge carrier feature, possibly higher mobility, and
a larger power factor for sp2c-COF-4.

Besides, we also explore the TE properties of a typical two-
dimensional COF with a triazine core (i.e., TTO-COF)61

(Fig. 7e). We nd that for this COF, its calculated power factors
fall in the range of 1.80 × 10−5 to 4.60 × 10−4 mW m−1 K−2 at
a hole concentration of 5 × 1013 to 1 × 1015 cm−3 (Fig. S16 and
Table S14†). It is worth noting that the predicted power factors
of our studied 17 two-dimensional COFs with the core part of
benzene rings fall in the range of 1.02 × 10−3 to 97.8 mW m−1

K−2 (Fig. 6 and Table S10†), higher than those for TTO-COF with
a triazine core.

Researchers have found that in addition to two-dimensional
TE materials, by employing popular nanostructuring strategies,
the TE performance of three-dimensional TE materials can be
signicantly elevated, due to energy ltering induced Seebeck
coefficient improvement and phonon scattering caused thermal
conductivity attenuation.42 Inspired by this progress, three
representative experimentally prepared single-crystal three-
dimensional COFs (i.e., COF-300,62 LZU-79,62 and COF-320
(ref. 63)) (Fig. 7f–h) are utilized to examine their band struc-
tures. We demonstrate that they exhibit moderate valence band
dispersions (195, 180, and 200 meV for COF-300, LZU-79, and
COF-320, respectively) (Fig. S17†), indicating their potential
heat-electricity interconversion applications.
Conclusions

In summary, on the basis of comprehensive ab initio investi-
gations, we establish an atomistic-level framework to unveil
the underlying correlation among the macroscopic TE power
factor, nontrivial transport processes, and fundamental
chemical structures for emerging two-dimensional COF
materials. We reveal that the ratio of contributions of linker
and knot parts to the valence bands is a strong predictor to
assess the TE performance of COFs. Specically, a small ratio
of the contributions of linker and knot parts to the valence
bands gives rise to a large band dispersion (i.e., a delocalized
charge carrier feature), weak electron–phonon interactions,
high hole mobility, and thereby superb power factors.
Furthermore, on the basis of this materials design strategy,
our computational results uncover that for two-dimensional
COFs, introducing benzene rings, replacing the heterocycles
with benzene rings, reducing the number of nitrogen hetero-
cycles, and avoiding the benzoquinone structures in the linker
parts help in achieving their hole delocalization, and thus
decent power factors. We anticipate that our proposed new
atomistic design principles will rationalize the TE response
properties of the two-dimensional COF family and facilitate
the systematic development of new materials with enhanced
performance.
15830 | J. Mater. Chem. A, 2023, 11, 15821–15832
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