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Enhanced catalytic activity by topological flat bands at the charge neutrality point
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The topological flat band (TFB) at the charge neutrality point (CNP) has attracted much recent interest
for its physical properties in realizing exotic quantum states, while its implication on materials’ chemical
properties remains largely unknown. Here, we predict the TFB@CNP in two-dimensional covalent and metal
organic frameworks (COFs and MOFs) can enhance catalysis. Using density-functional theory and tight-binding
calculations, we show that in a class of COFs and MOFs underlined by a diatomic kagome lattice model,
TFB@CNP can be designed by tuning the relative intra- and interkagome lattice hopping in correlation with
electron filling. Remarkably, using hydrogen evolution reaction as an example, we illustrate that the catalytic
activity of abundant active sites in COFs and MOFs can be significantly enhanced when they are involved
in forming the TFB@CNP. Our findings open a promising direction that integrates topological physics with
reaction chemistry in the new platform of high-performance TFB-enhanced catalysis.
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I. INTRODUCTION

The topological flat band (TFB) represents a unique class
of delocalized electronic states beyond the highly localized d
or f orbital states [1]. Its extremely narrow bandwidth gives
rise to a wide range of intriguing strongly correlated physical
phenomena [2—-16], such as unconventional superconductivity
[9,10] and excitonic Bose-Einstein condensation [16]. How-
ever, the implication of TFB on materials’ chemical properties
remains largely unexplored. In this work, we predict that the
presence of TFB at the charge neutrality point (CNP) can
significantly enhance a material’s existing catalytic activity.
The TFB@CNP contributes an extremely high electron den-
sity of states (DOS) around the Fermi level to facilitate the
charge transfer process for chemical adsorption, which bears
some similarity with high DOS of localized d orbitals, but the
physical origin and working principle of TFB catalysis have
some notable differences from the d-band catalysis [17]. The
TFB is formed by destructive interference coded in the lattice
and/or orbital symmetry of the whole crystal lattice [1,18]
rather than the localized atomic orbitals. Therefore, it may not
offer a specific catalytic site, but instead enhance the activity
of existing catalytic sites that are involved in forming the TFB.
In particular, the TFB may act as an electron reservoir during
chemical reaction, changing electron occupation with a nearly
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fixed Fermi level, while a d-band center will shift position
with different electron filling.

Recently, the topological electronic states have been pro-
posed for catalysis [19-22], but the field of topological
catalysis is still in its infancy. We note that physically the topo-
logical surface state (TSS) originates from bulk Bloch wave
functions terminated at the surface via bulk-boundary corre-
spondence. Thus the TSS is robust against surface adsorption
adding an “impurity.” Conversely, surface adsorption might
not react catalytically with a TSS as it does with a trivial local
d-orbital state in surface, but only modify slightly the TSS
distribution in and around bulk band gap [23,24]. Also, the
TSS typically consists of Dirac bands with a vanishing DOS at
the Fermi level, unfavorable for catalysis. In these regards, our
proposed TFB-enhanced catalysis differs significantly from
the previously proposed topological catalysis based on the
TSS [19-22].

In general, there are two categories of TFBs. One we call
the unit-cell TFB [25,26], hosted in crystalline lattices with
a few atoms per unit cell [27-29] and formed by destructive
interference with an arbitrary value of nearest-neighbor (NN)
hopping ¢ [30]. The other one is the supercell TFB [8], formed
by flattened Dirac bands with reduced hopping ¢ and tuned
interlayer interaction [31]. As an advantage, the supercell
TFBs naturally exist at the CNP to be easily accessible, while
the unit-cell TFBs are usually far away from the Fermi level.
Partly for this reason, interesting properties of the supercell
TFBs have been widely shown recently, including an en-
hancement of electrochemical reaction in the twisted bilayer
graphene (TBG) [32], while experimental demonstration of
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the unit-cell TFBs [33] and their properties remains largely
elusive. However, of interest here, the unit-cell TFB materials
can have some advantages; e.g., they can possess much higher
density of catalytic sites than the supercell ones, whose active
sites exist only at the AA stacking regions in a very large
moiré pattern (e.g., ~170 nm? for the 1.1° TBG).

Covalent and metal organic frameworks (COFs and MOFs)
have already been widely used as catalysts due to their
large accessible area (porous structure), abundant active
sites [34,35], and potentially high carrier mobilities [36-38].
Also, COFs and MOFs are well-known unit-cell materials
to host TFBs because of their diverse sublattice symmetries
[5,29,39-53], such as the well-known kagome lattices
[5,45,46]. It is desirable to achieve the TFB@CNP because
the conductive COFs and MOFs are usually endowed with a
better catalytic activity [54,55]. But, as mentioned above, the
unit-cell TFBs are usually located far away from the Fermi
level, with only a few exceptions [13,56]. Therefore, a prereq-
uisite condition is to design and discover the TFB@CNP in
two-dimensional (2D) organic frameworks.

Here, we propose an effective approach to realize
TFB@CNP focusing COFs and MOFs with an underlying
diatomic kagome lattice (DKL). Based on density-functional
theory (DFT) and tight-binding (TB) calculations, we predict
that both a family of 2D COFs (3R-X, X =F, Cl, Br; 3R =
aza[3]radialene) and MOFs (HAT-Sn; HAT = 1,4,5,8,9,12-
hexaazatriphenylene) can host the TFB@CNP to further
enhance the catalytic activity of their active sites that are
involved in TFB formation. The prototypes of these COFs and
MOFs have already been experimentally synthesized [57,58].
We show that in both families, TFBs can be designed exactly
at the CNP by tuning the relative strength of intra- and in-
terkagome lattice hopping in correlation with electron filling.
Remarkably, by calculating the free energy diagram of the
hydrogen evolution reaction (HER), we show that 3R-X (X
=F, Cl, Br) and HAT-Sn possess significantly improved HER
activity in the presence of TFB @CNP.

II. COMPUTATION METHODS

DFT calculations were performed in the Vienna ab initio
simulation package (VASP) [59,60] adopting the projector-
augmented wave (PAW) method and the Perdew-Burke-
Ernzerhof (PBE) [61] functional. The Grimme-D3 method
[62] was used to describe the van der Waals interaction be-
tween 3R-Cl COF layer and the metal substrate [63]. Ag
(111) substrates were modeled by three layered slabs with
two bottom layers fixed and the top layer relaxed. The vac-
uum layers for all structural models were larger than 15 A.
The atoms were fully relaxed until the force on each atom
was less than 0.01eV A~! in the monolayer COF or MOF
systems and less than 0.02eV A~'in the COF/Ag(111) sys-
tems. The energy cutoff of the plane-wave basis was set
at 600 eV. The Brillouin zone was sampled by a Gamma-
centered k mesh [64] of 3x3x1. The lattice constants of
3R-X (X = H,F, Cl, Br) are 15.12, 15.11, 15.13, and 15.11 A,
respectively. The lattice constants of HAT-Sn and HAT-Pb
are 15.39 and 15.60 A, respectively. The ab initio molec-
ular dynamics (AIMD) simulations were performed under

the canonical (NVT) ensemble. The scalar relativistic ef-
fect was considered in the PAW pseudopotential for all
calculations. The fully relativistic effect (i.e., spin-orbit cou-
pling) was checked to have a negligible influence on the Gibbs
free energies. Therefore, these extra calculation results are not
included.

The standard hydrogen electrode (SHE) model was used
for the proton-electron transfer steps of the HER process [65],
in which the applied electric potential is 0 V, pH is 0, temper-
ature is 298.15 K, and the pressure of H; is 1 bar. Under these
standard conditions, the hydrogen evolution is at equilibrium:
Ht 4+ ¢ < %Hz.

Since the active sites of the studied COFs and MOFs are
spatially separated from each other, we adopted the Volmer-
Heyrovsky mechanism for HER [66]. In the first step, a
Volmer reaction, the hydrogen cation (H", i.e., proton) from
the solution adsorbs on the COF or MOF surface at the chemi-
cally active sites, and transforms into H*, H* + ¢~ + * — H¥,
where * denotes the active site that binds with H. In the second
step, a Heyrovsky reaction, another H* comes by the adsorbed
H atom (H*), pulling away from the surface and releasing as
H,, Ht +e¢ +H* — H,.

The change of Gibbs free energy (A Gy-) for the Volmer re-
action is generally calculated using gas-phase approximation
as [65]

AGH* ~ AEH + AEZPE — TASH (1)

Note that the thermal correction derived from the integral
of heat capacity is not included in Eq. (1), owing to its minimal
contribution at room temperature. Here, A Ey is the adsorption
energy of hydrogen on the substrate. It can be obtained by the
following formula:

1 n
AEy = ;[E(H*) —E() - EE(HZ)]’ @)
where E(H*), E(*), and E(H;) are the total energies of the
adsorption system, the 2D COFs and MOFs, and the hydrogen
molecule, respectively. n is the number of hydrogen atoms.
AEyzpg is the difference of the zero-point energy (ZPE) of the
system between adsorbed and gaseous hydrogen, which can
be obtained by the following formula:

2

where EZPE(H*)» EZPE(*)a and EZPE(HZ) are the ZPE values
of the adsorption system, the 2D COFs and MOFs, and the
hydrogen molecule, respectively. n is the number of hydrogen
atoms.

In particular, the contributions of all atoms were taken into
account in the ZPE calculations that

1
AEzpg = - |:EZPE(H*) — Ezpe(*) — 2EZPE(Hz)], 3)

hU,‘

5 “
where £ is the Planck constant, v; is the vibrational frequency
of harmonic phonons calculated by the finite displacement
method, and N is the total number of atoms in a system. The
temperature 7 is set to 298.15 K. ASy is the corresponding
entropy change, as given by

ASy = —187., ®)

_ y3N
Ezpg = %;
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FIG. 1. Designing TFB@CNP in DKL using COFs and MOFs.
(a) Schematics of DKL. Red dots are kagome lattice sites; black dots
are DKL sites. The orange triangles and blue ovals denote C; bases
and linkages which constitute COFs and MOFs. The arrows indicate
rotation of diatomic dumbbell or equivalently rotation of triangle
bases. The first NN inter- and intrakagome hopping are #; and t,,
respectively. The second NN interkagome hopping is #;. (b) Phase
diagram of DKL under different hopping conditions. Four regions
are divided according to the band structures. The blue hourglasses
with orange bottoms denote Dirac bands and connected FBs. The
solid (open) dots denote the electronlike (holelike) TFB @ CNP under
corresponding filling factors.

e C, base with lattice sites

X

Tunable linkage

—__ Effective hopping

Considering the small vibrational entropy of adsorbed
hydrogen, ng, the entropy of hydrogen under standard con-
ditions is 130.680 J/(K mol), so that T ASy =~ 0.202 eV. The
calculation results of AEy and AEzpg are summaried in
Table 1.

III. RESULTS AND DISCUSSION
A. Theoretical design of TFB@CNP

We first discuss an inverse design process of 2D lattices
with TFB@CNP based on a TB lattice Hamiltonian in cor-
relation with electron band filling in the DKL model, as
illustrated in Fig. 1(a). The red dots and dashed lines represent
the kagome lattice. One can split each kagome lattice site
(red dot) symmetrically into two atoms (black dots), like a

diatomic dumbbell connected by solid lines, to form a DKL,
with two subkagome lattices. Let #; and #; represent the first
and second NN interkagome lattice hopping, respectively, and
t, the intrakagome hopping [Fig. 1(a)]. It has been shown that
[51] at the chiral limit, the DKL is equivalent to a bipartite
double cover of a line graph in graph theorem by setting
t, = 0; then chiral symmetry leads to the formation of two
sets of kagome bands of opposite chirality, each having a
FB sitting above or below two Dirac bands. Importantly, the
chiral symmetry guarantees the two TFBs (so-called yin-yang
flat bands) to be at or around the CNP [52]. However, in
most real materials, chiral symmetry is broken because #, # 0.
Therefore, our focus here is to find conditions to have one
TFB @CNP for achiral DKL models.

A very rich phase diagram of TB band structures of DKL
has been previously mapped out in the parameter spaces of
11, t, and t3 [53]. Since we are interested in COFs and MOFs
with very large ligand groups, 3 at a large distance can be
neglected. Then the six-band TB Hamiltonian of a DKL is
written as

H =1 chcj + 15 Z cchj + € Zc?ci,
(i, (o) i

where ciT (c;) is the creation (annihilation) operator at lat-
tice site i and ¢ is the on-site energy. As illustrated in
Fig. 1(b), there are four typical types of achiral DKL
band structures, I, II, III, and IV, depending on the ra-
tio of |t;/f,| and the sign of #,. All four types host two
TFBs located at different energies, and the electron filling
required to achieve TFB@CNP can be easily determined
[see Fig. 1(b)].

Interestingly, the band structures remain the same if one
rotates the diatomic dumbbell about the kagome lattice sites
[see black arrows in Fig. 1(a)], as the rotated DKL Hamil-
tonian is a unitary transformation of the original one [46]
[see Fig. 2]. This gives extra flexibility in material realization
of TFB@CNP, as shown below. We choose the case that ¢,
t, > 0 as an example to explain the underlying reason for the
equivalence of the DKL under the Cs,-symmetric rotations.
We begin with the TB model of DKL. One can consider the
following 6x6 Hamiltonian as the matrix representation for
Eq. (6), where v,, (m =1, 2, 3, 4, 5, 6) are nearest position
vectors, as depicted in Fig. 2(a). There are two sets of triangles
in a DKL, forming a compound lattice.

(6)

7= 7= 7
0 tlezk- Us H etk- Uy t2ezk-_v>1 0 0
e 7= >
te Vs 0 ek Ve 0 ek V2 0
DKL~ tle—ik- Uy tle—ik- Vs 0 0 0 l‘zeik'_v)z
=1 i, —kT —ikT )
he 0 0 0 te ¢ he 3
() t2e_ﬂz'_v)2 () tl eil?<_v)4 0 tlei];. Ve
0 0 e ®Ts ok Ts pekTe g

By solving the Hamiltonian in Eq. (7) with #; /t, = 1.8 and
the on-site energy ¢ = —0.8 eV, we obtain the band structure
shown in Fig. 2(d). We find the varying of ¢ /#, can lead to

2 4+ 4 to 3 + 3 band transitions, which are summarized in
Fig. 1(b). Such a transition means the TFBs in DKL are highly
tunable, which offers more chances for achieving TFB @CNP
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FIG. 2. Equivalence of the DKL under the Cs,-symmetric rotations. (a)—(c) Schematics of the (normal) DKL, cophase (CP), and antiphase
(AP) rotated DKLs, respectively. (d)—(f) Band structures of the tight-binding Hamiltonian with 7, /z, = 1.8 for DKL, CP DKL, and AP DKL,

respectively. The on-site energy ¢ is set to —0.8 eV.

than the “simple” lattices, such as kagome lattice. Notice
there is also a degree of freedom to rotate the triangles in
kagomelike structures. The known example is the rotation
transformation from a kagome lattice to a CT lattice [47].
We have demonstrated such a transformation in superatomic
zirconium dichlorides [67]. To be more general, we con-
sider the possible triangle rotations in DKLs. As shown in
Figs. 2(b) and 2(c), there are two ways to rotate the two
triangles, i.e., cophase (CP) rotation and antiphase (AP) ro-
tation. Here, we mainly focus on the CP DKL, and a similar
conclusion can be drawn for the éP DKL. For the CP DKL,
up to the nearest hopping, HF (k) takes a similar form as

HPXL (%), while the only difference is to replace v;, with v:n
(m=1,2,3,4,5,6). We prove that HPXL (k) can convert into
HCP (k) by a unitary transformation UUT = I, i.e., HP (k) =
UHPKL(K)U !, and U takes the form

U = diag[1, eF 05 (B~ R0 Rt —2))
P
ezk-(v3+v4—v3—v4)]. (8)

It means that the rotation is equal to a unitary trans-
formation between HP(k) and HPKL(X), so that HEP(k)
and HPXL (k) share the same band eigenvalues, as shown in
Figs. 2(d) and 2(e). For the AP DKL, we also obtained the
same band eigenvalues [see Fig. 2(f)]. In this sense, the CP
DKL (AP DKL) is equivalent to the pristine one.

B. Material prediction of TFB@CNP

We next predict materials with TFB@CNP in 2D COFs
and MOFs underlined by the DKL model. Based on the above

analyses, one may approach this in two ways. For given
electron filling, one can tune the ratio of ¢, /f, by changing
the ligand groups and/or linkage atoms between the groups.
For example, at 2/3 filling, if one increases the #;/t, > 3/2, a
TFB@CNP can be created when the band structure changes
from type I to type II, as shown in the top panel of Fig. 1(b).
Alternatively, for a given type of band structure, one tunes
the electron filling; for example, the required electron filling
for type I is 1/6 or 1/2 to have a TFB@CNP. Here we adopt
the first approach, because, on one hand, the tunable linkages
are easier to implement in experiments; on the other hand, a
direct comparison between the catalytic behaviors of a TFB
at and not at CNP can be made to highlight the importance of
TFB @CNP for enhancing catalysis.

We first show DFT calculations for COFs with TFB @ CNP.
As depicted in Fig. 3(a), the 3R-X (X =F, Cl, Br) fam-
ily has the benzene halides of C, symmetry sitting at the
kagome sites, which are linked by aza[3]radialene (3R) of
C; symmetry, forming a CP DKL with a P6/m symmetry
and a small counterclockwise rotation of two organic groups
[see Fig. 2(b)]. The prototype 3R-Cl COF has recently been
synthesized via [1 + 1 4 1] cycloaddition of the precursor on
silver surface [57], and our simulated STM image agrees well
with the experimental STM images [Fig. 4]. We also confirm
the dynamical and thermodynamic stability of 3R-X COFs
(see Figs. S1 and S2 in the Supplemental Material (SM) [68]).

Figure 3(b) shows the DFT band structure of 3R-CI, with
one FB located exactly at the CNP. Using the irreducible
representations of this FB, parity eigenvalues of +1 (I" point)
and —1 (M points) are revealed, indicating a nontrivial Z, = 1
band topology [69]. The charge density of this TFB is found
to be distributed over the whole lattice including both N and
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FIG. 3. TFBs in the 3R-X (X = F, Cl, Br, H) COFs. (a) Structure
of the 3R-X COFs with a rotated DKL (black lines). Here, the 3R
groups serve as the C; bases (shaded in orange), while the benzene
halides are tunable linkages (shaded in blue). (b) Band structure of
3R-CL. The irreducible representations of high-symmetry points are
labeled, where the sign of superscript denotes parity. (c) Projected
bands and PDOS for the p, orbitals of N atoms. (d) Band gaps of
3R-X COFs. (e) Band gaps of 3R-Cl under biaxial strain (¢). The
positive (negative) ¢ corresponds to tensile (compressive) strain.

C atoms (see SM Fig. S3(a) [68]), consistent with previous
works [27]. The projected bands and projected DOS (PDOS)
in Fig. 3(c) and SM Fig. S4 [68] confirm that electronic states
near the Fermi level can be captured by a simple, effective
six-band DKL model, having effective lattice sites near N
atoms [see Fig. 3(a)]. By electron counting, we reveal the
3R-CI COF has 2/3 filled DKL bands, corresponding to case II
in Fig. 1(b). Furthermore, one may apply the common strategy
of element substitution and strain engineering [29,41] to tune
the hopping ratio of #;/t,. We found that 3R-X (X =F, Cl,
Br) have type II DKL bands with exactly TFB@CNP, while
3R-H is a semiconductor of the type I bands [see Fig. 3(d)].

s —— ¥R T
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' OB 5 C Dladc? o
< = f \ .
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) e > L Bed 9 il "‘7»
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FIG. 4. 3R-Cl synthesis on Ag(111) substrate. Merged image for
the experimental STM image, atomic structure, and simulated STM
image of 3R-Cl on Ag(111) substrate. The STM image is adapted
from Ref. [57]. The energy range of the STM simulation is from
—1 eV to the Fermi level (0 eV). The unit cell is 1x1 3R-CI on
3/3x3/3 Ag(111).

Since the electronegativities of the halogen atoms are stronger
than that of the hydrogen atoms, the benzene halides are
more likely to attract the lone pair electrons of N atoms than
benzenes, so that 3R-X (X = F, Cl, Br) have a larger ¢, /t,
ratio than 3R-H. This is supported by the significant different
TFB charge distribution of 3R-Cl from that of 3R-H (see SM
Fig. S3 [68]). Thus, by modifying the linkages with element
substitution, a transition of DKL bands is achieved in 3R-X
COFs. Applying biaxial strain shows another way of tuning
t1/t, through mostly bond rotation. In Fig. 3(e), one can see
the transition of DKL bands of 3R-CI from type II to type I,
which occurs under a tensile strain larger than 4%.

We next predict the MOF with TFB@CNP. We consider
the HAT-M (M = Sn, Pb) MOFs, whose prototypes have been
recently synthesized by on-surface reaction [58]. As shown
in Fig. 5(a), the metal atom sitting on the kagome site acts
as a linkage to bond HAT molecules having C; symmetry,
forming a pristine DKL without rotation [see Fig. 2(a)]. The
band structure of HAT-Sn corresponds to type III at 1/2 filling
[Fig. 1(b)], featured with the TFB@CNP [Fig. 5(b)]. The
projected band structure and PDOS of HAT-Sn show that the
six bands near the Fermi level are contributed by p, orbitals of
both Sn atoms and HAT molecules [Fig. 5(c)]. In particular,
the TFB at the Fermi level is composed of p, orbitals of
Sn, C, and N atoms, which will participate in the (quick)
charge transfer process of HER. Thus, the charge density
from the TFB@CNP is globally distributed on the whole
framework [Fig. 5(d)]. These features agree well with a DKL
model, whose effective sites are shown by the black dots.
The black circles approximately mark the charges contribut-
ing the effective sites. Differently, HAT-Pb has type IV DKL
bands [Fig. 5(e)]. A DKL band transition from type III to
type IV is induced by changing the linkage metal atom. For
HAT-Pb, the larger Pb atom increases the distance between
HAT molecules, leading to a smaller |t,| compared with HAT-
Sn. We also confirm the thermodynamic stability of HAT-M
MOFs on a suitable substrate at low temperature (see SM Fig.
S5 [68]).

C. Catalytic enhancement by TFB@CNP

Given the material realization of TFB@CNP, we next ex-
plore the catalytic activity of both COFs and MOFs, using
HER as an example. For HER, it has been shown that the
experimentally measured exchange current in solution can
be correlated with the calculated H adsorption free energy
(AGy-) in the gas phase, which follows a volcano-shaped
curve with the peak positions corresponding to the highest
activity [65]. In general, the peak position of the highest ac-
tivity corresponds with AGy- = 0 eV. Therefore, the catalyst
with the smallest |AGy-+| exhibits the highest activity, which
indicates an optimal hydrogen adsorption strength—neither
too weak for effective H binding nor too strong for rapid
H, release [70]. For example, Fig. 6(a) shows the two-step
Volmer-Heyrovsky mechanism of the HER process [66]. In
the first step of a Volmer reaction, the hydrogen cation (HY,
i.e., proton) from solution adsorbs on the 3R-X (X =F, CI,
Br) COF surface at the chemically active sites, which are
N atomic sites, and transforms into H*, HT + ¢~ + * — H*,
where * denotes the active N site that binds with H. In the
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FIG. 5. TFBs in the HAT-M (M = Sn, Pb) MOFs. (a) Structure of the HAT-M with a DKL. The black lines outline a DKL. The orange
labeled HAT molecules are C; bases, whose effective sites locate at the black dots. The blue-shaded metal atoms are tunable linkages. (b) Band
structures of HAT-Sn. The red line highlights the TFB @CNP. (c) Projected bands and PDOS of HAT-Sn. (d) Global charge density distribution

of the TFB @CNP of HAT-Sn. (e) Band structures of HAT-Pb.

second step of a Heyrovsky reaction, another H" comes by
the adsorbed H atoms (H*), pulling away from the surface
and releasing as Hy, i.e.,, H" + ¢~ + H* — H,. Therefore,
for simplicity, we have calculated the change of Gibbs free
energy AGy- of the first step in the gas phase, as one key in-
dicator for HER activity. We found that AGy- is ~0.06—0.12
eV when the H* coverage (u) is 1.0 for 3R-X (X =F, Cl,
Br) [see Fig. 6(b)], which is comparable with the activity of
Pt (0.08 eV) [71] and Os—N3S; (0.09 eV) [72], as well as
other topological catalysts, such as TiB, (0.08 eV) [19], TiSi
(0.04 eV) [20], PtGa (0.131 eV) [21], and H4CdPc-COF(F)
(—0.016 eV) [73]. The rather low absolute value of AGy-
(<0.1 eV) indicates high catalytic efficiency for HER. The
detailed computational methods of AGy- can be found in
the Computation Methods section. AGy- for different p are
evaluated and listed in Table I. When u is 1.0, the absolute
value of AGy- is optimal for HER.

Therefore, the combination of abundant active N sites
with TFB@CNP in 3R-X (X = F, Cl, Br) COFs makes them
promising for high-performance catalysis. We also test the
HER catalytic activity of 3R-CI on Ag(111) surface (SM Fig.
S6 [68]), whose AGy+ is —0.003 eV, indicating still an ex-
cellent HER performance. Similarly, TFB@CNP in HAT-Sn
MOF is found effective for catalyzing HER. Here Sn atoms
are found to be active sites for H* in adsorption in HAT-Sn
[Fig. 6(c)]. When the H* coverage u = 0.33, the optimal
AGy- is 0.08 eV.

D. Comparative studies to confirm the role of TFB@CNP

To verify the role of TFB@CNP in the enhanced catal-
ysis, we perform computational experiments by moving the

TFB away from the CNP, using atom substitution or strain
engineering. Specifically, we have calculated the AGy- for
HER in the semiconducting cases without TFB@CNP, e.g.,
the 3R-H COF [Fig. 3(d)], the strained 3R-C1 COF [Fig. 3(e)],
and the HAT-Pb MOF [Fig. 5(e)]. The calculated AGy-+ for
3R-H is 0.23 eV [marked by the black line in Fig. 6(b)],
significantly larger than that for 3R-CI (0.07 eV), while the
AGy+ for 3R-Cl under biaxial strain is 0.09 eV for e= 5%
and 0.15 eV for e= 10%, respectively, which are noticeably

TABLE 1. Parameters used in the calculations of the change of
Gibbs free energies (AGy+). Hydrogen adsorption energies AEy, the
difference of the zero-point energy between adsorbed and gaseous
hydrogen AEzpg, and AGy- with different H* coverages .

Systems AEy (eV) AEzg (eV) AGy« (eV)
3R-Cl (u = 0.17) —1.194 0.199 —-0.79
3R-CI (u = 0.33) —1.155 0.191 —-0.76
3R-Cl (u = 0.50) —1.005 0.189 —0.61
3R-Cl (u = 0.67) —-0.957 0.181 —0.57
3R-CI (u = 0.83) —0.549 0.164 —0.18
3R-CI (u = 1.00) —0.285 0.154 0.07
3R-CI (u = 1.00) (strain: 5%) —0.282 0.173 0.09
3R-Cl (v = 1.00) (strain: 10%) —0.246 0.190 0.15
3R-F (1 = 1.00) —0.236 0.153 0.12
3R-Br (u = 1.00) —0.294 0.150 0.06
3R-H (u = 1.00) —0.123 0.151 0.23
Sn-HAT (. = 0.33) —0.190 0.069 0.08
Sn-HAT (u = 0.67) —0.118 0.063 0.15
Sn-HAT (. = 1.00) —-0.076 0.057 0.18
Pb-HAT (1« = 0.33) 0.091 0.040 0.33
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FIG. 6. HER activity of 3R-X COFs and HAT-M MOFs. (a)
Schematic of the HER process of 3R-X, in which the N atoms are
active sites. (b) The calculated free energy diagrams of HER for 3R-X
with H* coverage u = 1. (c) Top and side views of the hydrogen
adsorption on HAT-M. (d) Calculated free energy diagram of HER
for HAT-M with H* coverage ;1 = 0.33. (e) Volcano plot of log,,(iy)
vs calculated hydrogen adsorption free energy (AGy+) for HER
catalysts. The log,,(ip) data of the metal surfaces (black squares) are
from experiments [65], while those of the COFs and MOFs (colorful
shapes) are given by the volcano curve.

increased over the intrinsic 3R-Cl. Similarly for MOFs, AGy-
for the semiconducting HAT-Pb is 0.33 eV [see Fig. 6(d) and
Table I], much larger than that of HAT-Sn. These compar-
isons evidently confirm the significant role of TFB@CNP in
enhancing the HER activity.

Furthermore, we compared the catalytic activity of our
COF and MOF candidates hosting TFB@CNP with some
known high-performance catalysts, such as Pt. In experiments,
a catalyst for HER is usually measured by the exchange
current density, io. Interestingly, the experimentally measured
exchange current iy has been examined as a function of the
theoretically calculated H adsorption free energy (AGy-),
which follows a volcano-shaped curve with the peak position
occupied metal Pt as the best catalyst [70]. Similarly, we have
added a plot of the volcano curve to compare the relative
catalytic activities of our COFs and MOFs with previous
catalysts in Fig. 6(e). The measured exchange currents (ip) of
the plot are adapted from Table I in Ref. [65], which summa-
rizes the data from the original Refs. [74-79]. Remarkably,
both 3R-X (X = F, Cl, Br) and HAT-Sn locate near the top

of the volcano curve, indicating their high catalytic activity,
comparable with noble metals, such as Pt. In contrast, 3R-H
and HAT-Pb, without TFB @CNP, locate near the bottom of
the volcano curve.

We note that COFs and MOFs are well known to have
abundant catalytically active sites due to reaction chemistry,
regardless of TFB. On the other hand, the TFB is formed
by the lattice symmetry of all lattice sites, which may or
may not be catalytically active. For example, in 3R-X COFs,
due to atomic rotation, the effective DKL lattice sites are
between N and C; atoms [Fig. 3(a)], and C; contributes more
to TFB density than N (see SM Fig. S4 [68]). But only N are
active because H are attracted to their lone pair electrons, as
shown from the calculated DOS with H adsorbed on N (see
Fig. S7(a) [68]), in comparison with H adsorbed on Cj(see
Fig. S7(b) [68]). In HAT-M MOFs, metal atoms are active
because of strong M-H bond formation. Interestingly, what
we have shown is that if the active sites, e.g., N in 3R-X
COFs and M in HAT-M MOFs, are involved in forming the
TFB, then the TFB@CNP can make them even more active.
This is because the TFB@CNP contributes large DOS near
the Fermi level [see Figs. 3(c) and 5(c)], which enhances not
only the adsorption of the adsorbates on the active sites, but
also the charge transfer rate during reactions [17]. Finally,
in comparison with previous 2D COF and MOF catalysts,
such as C3Ny @graphene [80], our proposed COFs and MOFs,
e.g., 3R-Cl, exhibit intrinsic high HER activity, requiring no
external interface engineering.

IV. CONCLUSIONS

Taking DKL as a model system, we propose a generic
design strategy for realizing TFB @CNP in 2D organic frame-
works. Based on DFT and TB calculations, we predict that the
TFBs in 3R-X COFs and HAT-M MOFs, underlined by the
DKL, can be tuned by varying linkages or applying biaxial
strain. We show that the TFB@CNP can further enhance the
HER activity on the abandunt active sites in COFs and MOFs.
Our findings open a promising direction for high-performance
catalysis, and offer a broad prospective for discovering and
engineering TFB@CNP in organic frameworks for chemical
applications.

Note added. During the review process, we noted another
study [81] suggesting FB may enhance catalytic performance.
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