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Recently, a novel class of 2D carbon material, covalent-bond-linked monolayer Cgy networks with quasi-
hexagonal phase (QHP-Cgy) was experimentally fabricated [Hou et al., Nature (London) 606, 507 (2022)].
Here, using first-principles calculations, we predict that such a two-dimensional network serves as an ideal
platform in stabilizing transition metals (TM: Mn, Fe, Co, and Ni) into dispersive single atoms, exhibiting
remarkable efficiency for spin-triplet O, activation and CO oxidation with low reaction barriers (0.3 ~ 0.5eV).
First, the two-dimensional gHP-C¢, network acts as an electronic reservoir responsible for charge transfer to the
antibonding orbital of O,. Second, and important, it functions as a spin sponge in accommodation of the reduced
spin magnetic moment from O, molecule, facilitating its spin triplet-to-singlet transition in the framework
of Wigner’s spin conservation rule. Delicate quantitative calculations demonstrate that the spin component

contributes approximately twice as significantly as that of pure charge transfer in reducing the activation barrier

for CO oxidation.
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I. INTRODUCTION

Carbon, as one of the most abundant and fundamental ele-
ments, exhibits versatility in forming various allotropes with a
broad range of fascinating properties [1]. The diverse bonding
states of carbon, encompassing sp, sp?, and sp® hybridiza-
tions, give rise to zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) car-
bon structures, such as fullerene [2], carbon nanotubes [3],
graphene [4], and diamond [5]. These materials, respectively,
exhibit conspicuous characteristics and play a leading role
in advancing modern science and technology [2-7]. Partic-
ularly noteworthy is the OD cagelike fullerene Cgy [2], as
also termed superatom [8] with extraordinary stability, has
attracted tremendous interest in the realm of single-molecule
semiconductor devices, such as polymer solar cells [9,10],
transistors, and functional transport devices [11-14]. More-
over, Cgo presents attractive prospects in fullerene chemistry
[15], such as photocatalysis [16] and electrocatalysis [17], ow-
ing to its large surface area, abundant surface-active sites, and
distinctive electron acceptor characteristics [18-20]. Specif-
ically, prior research has reported that Cgy can function as
an electron buffer or transmitter, accelerating intermolecular
electron transfer processes and creating extremely active sur-
faces for catalysis [20-24].

Recently, a novel class of single-crystal 2D carbon mate-
rial, specifically monolayer Cgp networks, was experimentally
fabricated utilizing an interlayer bond-cleavage strategy
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[25-27]. Note that these monolayer Cgy networks are linked
by covalent bonds, which integrate both the merits of 0D
superatoms and 2D materials, demonstrating unique physi-
cal and chemical characteristics such as anisotropic optical
properties [25,28] and exceptional photocatalytic perfor-
mance in water splitting [29-31]. Nevertheless, the appealing
application of covalent-bond-linked 2D-C¢y network-based
materials in semiconducting nanodevices and fullerene chem-
istry still faces several critical challenges. One notable
challenge involves achieving precise control over the inter-
facial interactions between 2D-Cgy network and the other
materials, including metals, at the single-atomic scale. This
precision is essential in comprehending the atomistic mech-
anism of the charge transfer and associated physiochemical
processes in Cgp-based frameworks. As the dimensionality
reduces to the single-atomic scale, enhanced magnetism be-
comes a common observation in various transitional metals
[32-34]. Consequently, for TM-Cgo-network interactions, a
comprehensive consideration of both charge transfer and spin
accommodation is imperative, particularly in the design of
Cgo-based spintronic devices and catalytic platforms. Espe-
cially, in catalytic applications, the relevance of Wigner’s
spin selection rule to various chemical processes [35-37]
should be definitely acknowledged. However, up to date, to
the best of our knowledge, the interactions between TM single
atoms and 2D-Cgy network [25-27] are still unclear. Fun-
damental questions concerning the charge transfer and spin
interactions between TM single atoms and 2D-Cgy network
remain absent. Moreover, although recent research reveals
that spin states are qualitatively crucial in determining the
overall catalysis of various catalytic reactive sites in single-
atomic scale [37—40], identifying its quantitative importance
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in a given chemical process represents a compelling yet
challenging task.

Here, based on state-of-the-art first-principles calcula-
tions, taking the recently fabricated quasihexagonal phase
(qHP-Cgp) [25] as a typical example, we identified that such
covalent-bond-linked 2D-Cgy network serves as an ideal plat-
form for stabilizing magnetic 3d-TM (TM = Mn, Fe, Co,
and Ni) as dispersive single atoms within the pores formed
between Cg cages. Remarkably, these TM; @ qHP-Cg single-
atom catalyst (SAC) systems exhibit highly efficient catalytic
performance for spin-triplet O, activation and CO oxida-
tion, overcoming fairly low energy barriers (0.36 ~ 0.51eV).
Strikingly, the supporting qHP-Cgp not only functions as
an electronic reservoir, dominating the charge transfer for
both electron acceptor and donor, but also serves as a two-
dimensional spin sponge, playing a leading rule in the spin
selection of the catalytic processes. Importantly, through del-
icate comparisons, we demonstrate that quantitatively, the
spin component plays a vital role approximately twice as
significant as that of pure charge transfer in reducing the ac-
tivation barrier for CO oxidation. Furthermore, we establish a
well-defined linear-like scaling dependence between the con-
tributions of charge—spin from the qHP-Cgy and the catalysis
of the TM; @qHP-Cgp complexes.

This paper is organized as follows. The methods and details
of first-principles calculations are introduced in Sec. II. The
results and discussion of the electronic and catalytic properties
are presented in Sec. III. Finally, we present a brief summary
in Sec. IV.

II. METHODS

Our spin-polarized density-functional theory (DFT)
calculations [41] were performed using the Vienna
Ab initio Simulation Package (VASP) [42,43] with the
projector augmented-wave [44,45] method. For the exchange-
correlation energy, we employed the generalized-gradient
approximation functional of revised Perdew-Burke-Ernzerhof
[46]. The electronic wave functions were expanded in a
plane-wave basis with an energy cutoff of 500 eV, and
the k-space integration was performed with a 2x3x1
Monkhorst-Pack k-point mesh in the Brillouin zone. The
2D qHP-Cgp was simulated by a periodic slab model with a
vacuum thickness of ~18 A. Strong Coulomb interactions of
3d electron of transition metal were described with DFT4U
[47] approach, with U = 3.06, 3.29, 3.42, and 3.40 eV for
TM = Mn, Fe, Co, and Ni, respectively [48]. In addition,
the zero-damping DFT-D3 method [49,50] was adopted in
describing van der Waals interactions. The atomic positions
were optimized by a conjugate gradient algorithm until the
forces in all directions were less than 0.02 eV/A and the
convergence criterion for electronic step was within 10™*eV.
The optimized lattice constants of gHP-Cgo were a = 15.94 A
and b=9.17A, in close agreement with previous report
[25]. The adsorption energy (E,) of O (CO) molecule
is defined as Eys = —[E(O02(CO)/TM;@qHP-Cg) —
E(TM; @gHP-C¢y) — E(0,(CO))], where the three terms
in the right-hand side of the equation represent the total
energies of the optimized O,(CO)/TM; @qHP-C¢y complex,
TM, @qHP-Cgy component, and gas phase of O,(CO)

molecule, respectively. The well-recognized climbing-image
nudged elastic band (CI-NEB) method [51,52] was
used to identify the minimum-energy paths (MEPs) and
transition state.

III. RESULTS AND DISCUSSION

First, we provide a concise overview of the geometric
structure of the covalent-bond-linked 2D qHP-C¢y network,
as shown in Fig. 1(a), where each Cg is covalently linked
with six adjacent Cg( cages, with four C—C single bonds along
the diagonal lines of the rectangular unit cell and two [2+2]
cycloaddition bonds in the vertical direction [25]. Particularly,
the unit cell is featured with four symmetric and substantial
pores established among the adjacent Cg cages, each with a
diameter of approximately 5.32 A, indicating its significant
advantages in trapping the adsorbed TM atoms. Figure 1(b)
presents the density of states (DOS) and band structure of
the 2D qHP-Cgp network calculated by the screened hy-
brid functional Heyd-Scuseria-Ernzerhof (HSE) [53], in close
agreement with both the experimental and previously calcu-
lated values [25,28].

We continue to investigate the adsorption behavior of
TM atoms (TM = Mn, Fe, Co, and Ni) on the 2D
qHP-Cgo network. Here, eight high-symmetry adsorption sites
(including Ty, B, B3, Hy4, Hs, Bg, H;, and Hg) and some
low-symmetry sites are considered, as shown in Fig. 1(a)
and detailed (see Sec. I of the Supplemental Material [54]).
The binding energy (Ep) of the TM atom is calculated by
Eb = [E(TM) + E(qHP-Céo) — E(TM] @qHP-Céo)], where
E(TM), E(qHP-C¢), and E(TM; @qHP-Cg) represent the to-
tal energies of the optimized TM single atom, gHP-Cgp, and
TM; @qHP-C¢p complex where one TM atom is deposited
on qHP-Cg, respectively. As illustrated (see Sec. II of the
Supplemental Material, Fig. S1 [54]), extensive calculations
demonstrate that all the considered TM atoms exhibit a pref-
erence of confinement at the H; site. The E}, for Mn, Fe, Co,
and Ni are, respectively, calculated to be 1.48, 2.09, 2.64,
and 3.19 eV, which are larger than that of a Mg single atom
on the fabricated qHP-Cgy where Mg atoms are incorporated
[25]. Subsequently, taking TM = Mn as a typical example,
we further examine the kinetics of the confined TM atoms.
The MEP calculated by CI-NEB [51,52] reveals that the Ey,;
for a Mn single atom jumping between two neighboring H
sites is about 1.27 eV [see Fig. 1(c)], corresponding to a
diffusion and thus nucleation rate (R) of 4.62 x 107°s~!,
as estimated by an Arrhenius-type activation process, with
the definition of R = Ry exp(—Eya/kgT). Here, Ry, Epar,
ks, and T correspond to the characteristic prefactor with
a typical value of 10'3s~!, diffusion-energy barrier, Boltz-
mann constant, and room temperature, respectively. Clearly,
such a substantial Ey, effectively hinders the aggregation
of Mn atoms. Furthermore, the thermodynamic stability of
Mn; @qHP-Cgy complex is further confirmed through ab ini-
tio molecular dynamic simulations at 300 K (see Sec. II of the
Supplemental Material, Fig. S2 [54]). Here, we also note that
the thermodynamic stability of the qHP-Cg( substrate network
has been also confirmed up to about 700 K by classic molec-
ular dynamic simulations [55]. These findings suggest that
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FIG. 1. (a) Structure of covalent-bond-linked 2D qHP-Cg, monolayer, with eight high-symmetry adsorption sites being marked, i.e., T,
B,, Bs, Hy, Hs, Bg, H;, and Hg. (b) Projected density of states (DOS) and band structures of 2D qHP-Cg. (c) Activation energy barrier (Ep,) in
the minimum-energy path for a single Mn atom diffusion between two neighboring preferred adsorption sites (H;) on 2D qHP-Cgy monolayer.
(d) Relative energies (AE) of five typical configurations for 4 Mn atoms deposited on 2D qHP-Cgy monolayer.

the present Mn; @qHP-Cg, complex can be really stable far
beyond room temperature.

To ascertain whether TM atoms prefer single-atomic dis-
persion or clustering, we expanded the coverage of the
deposited TM atoms up to 4, considering the presence of
4 H; sites in the current system. Comprehensive calculations
demonstrate that the 4 TM atoms favor a single-atomic disper-
sion, with each atom exclusively occupying each Hy site, thus
forming a so-called “1+41+1+1" configuration. Alternative
configurations, such as clustering depicted by ‘“2+1+14-0,”
“2424040,” “3+14+040,” and “44-0+0+0" motifs, are en-
ergetically unfavorable, as exemplified by the case of TM =
Mn [see Fig. 1(d)] and detailed in Sec. II of the Supplemental
Material, Fig. S3 [54]). Collectively, these findings convinc-
ingly prove that the present 2D qHP-Cg( functions as an ideal
harboring substrate for confining TM single atoms.

Now, we provide a concise overview of the interactions
between the TM single atoms and the 2D qHP-Cgy substrate.
First, we confirm that the adsorption of a single TM atom onto
the nonmagnetic 2D qHP-Cgy monolayer is accompanied with
substantial charge transfer, due to the well-known electron
withdrawing characteristics of the latter [20]. Specifically,
for Mn, Fe, Co, and Ni, about 1.06, 0.85, 0.71, and
0.43 |e| are transferred from each TM atom to the 2D
substrate, respectively, as summarized in Table S1 of
Supplemental Material [54]. Correspondingly, the optimized
magnetic moments (MM) of these 4 TM;@qHP-Cg
complexes are 3, 2, 1, and O ug, respectively. Noteworthy

is that in the first three cases, ferrimagnetic couplings are
identified between the deposited TM single atom and the
underlying C atoms, as indicated by the local projected MM
analysis. Specifically, 4.14 (—1.14), 3.02 (—1.02), and 1.99
(—0.99) ug are observed on Mn (qHP-Cgp), Fe (qHP-Cg),
and Co (qHP-Cg), respectively. Moreover, taking Mn as a
representative example, we have also confirmed a ferromag-
netic coupling between two atomically dispersed Mn atoms
on the qHP-C¢p complex simulated in the present unit cell,
with the local MM and the ferrimagnetic coupling with the
nearby C atoms almost unchanged, as that of Mn; @qHP-Cy.

To further decipher the precise interactions between the
TM single atoms and the supporting qHP-Cg, and the conse-
quent impacts on practical applications, such as in the field of
SAC, we investigate a prototypical important process involv-
ing O, activation (CO oxidation) on the present systems. This
process incorporates both charge transfer [56,57] and spin-
triplet to spin-singlet transition [S8—60]. Note that for O,/CO
adsorptions, we have considered various initial orientations
and symmetries, including the case that the O, molecule is
close to both the TM catalytic site and carbon atoms of the
qHP-Cg substrate. However, our calculations show that even
if initially we manually place the O, molecule nearby the Cq,
it will be automatically relaxed back to the TM-active site.
These findings suggest that on the one hand, these TM single
atoms serve as catalytic reactive sites for O, activation and
CO oxidation; on the other hand, they may also effectively
prevent the oxidation of the qHP-Cg substrate. The optimized
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FIG. 2. Electronic structure analysis for O, adsorption. (a) Charge transfer AQ, and (b) magnetic moment changes AM. Here, a
positive and negative AQ signify charge accumulation and depletion, respectively. The charge-density difference (Ap) and the spin-density
difference (As) (with an isosurface value of 0.008 e/A3) upon O, adsorption on the Mn-reactive site of Mn; @qHP-Cg, complex is also
inserted (red—yellow and green—blue isosurface represents the electron (spin) accumulation and electron (spin) depletion, respectively), where
Ap = p(0,/Mn; @qHP-Cg)-p(0,)-p(Mn; @qHP-Cy); the definition of As is similar to A p. Electronic DOS of Mn; @qHP-Cg for the cases

of (c¢) before and (d) after O, adsorption on the Mn-reactive site.

configurations and adsorption energies (E,qs) of O, and CO
on the TM reactive sites are presented in Sec. II of the Sup-
plemental Material, Fig. S4 [54]. Our findings reveal that as
the number of unoccupied d orbital decreases, from Mn(d®),
Fe(d”), and Co(d®), to Ni(d®), the E,4(O,) progressively
decreases, with an order of 1.34, 1.09, 0.65, and 0.51 eV,
respectively. In contrast, overall the E,45 of CO increases, from
0.64, 0.84, and 1.11, to 1.06 eV, respectively. The bond-length
variations of both the adsorbed O, and CO are detailed in
Sec. II of the Supplemental Material, Fig. S4 [54]. Note that
based on extensive calculations, we confirm that the present
TM single atoms (TM = Mn, Fe, Co, and Ni) prefer to adsorb
on the H; large hollow site for both cases without and with
0,/CO adsorption.

Next, taking the Mn; @qHP-Cg catalytic platform as a
representative example, we explore the role of the underlying
gHP-Cgp in O, activation from the spin triplet-to-singlet tran-
sition. Bader charge-transfer (AQ) analysis demonstrates that
upon O, adsorption on the Mn; @qHP-Cg, around 0.84 |e| is
transferred from the latter to the former, as shown in Fig. 2(a).
Nevertheless, although the O, molecule prefers the adsorption
on Mn-reactive site, the supporting qHP-Cg contributes most
of the charge transfer, 0.58 |e|. In contrast, the Mn single-atom
reactive site itself donates merely 0.26 |e|. These findings
imply that while the activation of the spin-triplet O, occurs on
the d-block Mn single atom, the assembled p-block elemental

qHP-Cgp network functions as a crucial electronic reservoir
dominating the charge donation. Note that although Cgq is
conventionally recognized as a charge acceptor in various
chemical processes [23,24], here it plays a key role as a charge
donor.

Furthermore, a specific spin evolution process is iden-
tified for O, adsorption. The total MM of the optimized
0,/Mn; @qHP-Cg) system is 5 ug (see Sec. II of the Sup-
plemental Material, Fig. S5 [54]). That is, the spin-spin
coupling between the spin-triplet O, molecule (S = 1) and the
Mn; @qHP-Cg complex (S = 3/2) follows the spin-allowed
channel of “3/2 4+ 1 = 5/2,” according to Wigner’s spin se-
lection [35-37]. This rule restricts that the total spin quantum
numbers, S(O,/Mn; @qHP-Cg), of the spin-allowed reaction
should satisfy S(O,/Mn; @qHP-Cgp) = |S(Mn; @qHP-Cg) —
S(02)], |S(Mn; @qHP-Cgp)—S(O2)|+1, ..., [S(Mn; @qHP-
Ceo) + S(O,)|, where S(Mn; @gHP-Cg) and S(O,) are the
spin quantum numbers of the Mn; @qHP-Cg system and a
freestanding O, molecule, respectively. The changes of the
magnetic moments (AM) upon O, adsorption are presented
in Fig. 2(b). Specifically, O, undergoes a spin-triplet to spin-
singlet transition, with its initial 2.0 uy; MM totally quenched
to nearly zero, —0.04 ug; hence, the AM amounts to 2.04
ug. Consequently, as restricted by the aforementioned spin
selection [37], such a AM should be accommodated by the
supporting Mn; @qHP-Cg system. Notably, the AM of the
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FIG. 3. Schematic illustration of E-R mechanism cycle diagram for CO oxidation on Mn; @ qHP-Cg.

hosting reactive-Mn single atom is negligible, ~0.02 p;. Con-
trastingly, the p-block qHP-Cgy accommodates all the MM
reduction of O, and Mn atoms, via modifying its own MM by
2.06 pg, as also supported in Fig. 2(b). These findings reveal
that the p-block elemental gHP-Cgy not only donates most
of the charge transfer, but also functions as a spin sponge,
exerting dominance over the spin selection in O, activation.
To further illustrate the underlying mechanism for O, ac-
tivation, we present the local projected electronic density of
states (DOS) for the cases of before and after O, adsorp-
tion, as shown in Figs. 2(c) and 2(d). Note that the pristine
qHP-Cgp network exhibits a semiconducting feature; see
Fig. 1(b). However, in the initial state where O, molecule
is positioned far (~7 A) away from Mn; @qHP-Cg, the
charge transfer from the supported Mn induces significant
contributions to the local DOS around the Fermi energy
(Ep) of the Mn; @qHP-Cgy complex [Fig. 2(c)]. Furthermore,
Mn hybridizes with the underlying qHP-Cgy approximately
0.6 eV below the Er in spin-minority states. This rational-
izes the crucial role played by the underlying qHP-Cgp in
both charge transfer and spin interactions for O, activation
through the Mn single-atomic reactive site. Note that in such
an initial state, the antibonding orbital of the O, molecule
exhibits a spin-minority feature right above the Er. Upon
adsorption, the spin-majority and spin-minority orbitals of O,
species hybridize strongly with the Mn single atom and the

qHP-Cg support within the energy ranges of [-3.5, -3.0 eV]
and [-2.7, -2.0 eV], respectively. Simultaneously, the unoccu-
pied spin-minority DOS of O, is significantly reduced, with
both spin-majority and spin-minority DOS peaks merging just
below the Er. More specifically, the spin-minority DOS of
qHP-Cg right below the Ep vanishes [see Fig. 2(d)], ratio-
nalizing the functionalities of the qHP-Cg in serving as both
charge donor and spin acceptor.

Now, using Mn; @qHP-Cgy system as a typical exam-
ple, we explore the energetics and kinetic processes of CO
oxidation. Due to the larger E,ss of O, (1.34 eV) than
that of CO (0.64 eV) on Mn; @qHP-Cg (structure I), the
Eley-Rideal (E-R) mechanism [61] is preferentially consid-
ered, as schematically shown in Fig. 3. In such a process, the
O, molecule is initially adsorbed (structure II), followed by
a direct attack from an incoming CO. The initial state (II) is
characterized by a CO distance of about 3.41 A away from
the adsorbed O, species. Then, the incoming CO molecule
can readily react with the oxygen atom of the activated O,
molecule, overcoming a relatively low energy barrier (Epy)
of 0.35 eV in the first transition state (TS;). Subsequently,
a CO, molecule can be smoothly released, as shown in the
first final state (IV). Further calculations indicate that the
remaining O atom on the Mn active site can be easily at-
tacked by the second entering CO molecule, with an Ep,,
of 0.21 eV in the second transition state (TS;). Finally, the
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FIG. 4. Adsorption energy (E,4) of O, molecule and reaction energy barrier (Ep,) of the first round of CO oxidation as a function of
(a), (c) charge donation; (b), (d) spin accommodation by qHP-Cg, for the cases of TM; @qHP-Cg, (TM = Mn, Fe, Co, and Ni), respectively.

second CO, molecule can be smoothly released by over-
coming a desorption energy of 0.36 eV. Furthermore, the
Langmuir-Hinshelwood (L-H) process [62] is detailed in
Sec. IT of the Supplemental Material, Fig. S6 [54].

Moreover, based on an Arrhenius-type activation process,
the reaction rates of both E-R and L-H processes of the CO
oxidation on Mn; @qHP-Cg have been calculated: 8.95 x 100
and 2.65x10%s™! for the former and latter, respectively.
These findings suggest that the CO oxidation preferentially
proceeds via the E-R mechanism. Note also that the CO
oxidation rate via the E-R process is about 15 orders of
amplitude higher than the nucleation rate of the Mn single
atoms (with a diffusion Ey, of 1.27 eV). Collectively, these
findings strongly suggest the high performance of the present
Mn; @qHP-Cgp SAC complex.

We continue to address the charge transfer and the MM
evolution in the key steps of CO oxidation on Mn; @ qHP-Cg
via the E-R process (see Sec. II of the Supplemental Material,
Fig. S7 [54]). The initial structure I presented in Fig. 3 is taken
as the reference point. In step II, where the O, is adsorbed
on the single Mn site and undergoes a charge accumulation
of ~0.84 |e|. Remarkably, about two-thirds of this charge
is observed to be donated back from the qHP-Cgy network.
Similarly, in the TS; (TS;), the qHP-Cg( support contributes
0.64 (0.64) |e| to the reactants of O, and CO species; never-
theless, the Mn single atom provides merely 0.27 (0.18) |e|.

Considering that in structure I the Mn atoms donate about
1.06 |e| to the qHP-Cgy support, it can be inferred that
more than half of this charge is returned to the reactants.
This conclusion is further confirmed in O, activation and
CO oxidation on three other typical TM; @qHP-Cg, systems
(TM = Fe, Co, and Ni), as discussed shortly. These find-
ings unambiguously demonstrate the distinctive functionality
of the p-block elemental qHP-Cgy in serving as a charge
reservoir for O, activation and CO oxidation. Alternatively,
regarding the spin aspect (see Sec. II of the Supplemental
Material, Fig. S7 [54]), the change of the spin magnetic mo-
ments of O, molecule is predominantly accommodated by the
supporting qHP-Cgy network, rather than the Mn single-atom
reactive site. Collectively, these observations convincingly
demonstrate that qHP-Cg( not only serves as a charge reser-
voir, but also functions as a spin sponge, obeying the spin se-
lection during the process of spin-triplet O, activation and CO
oxidation.

Close to the end, to further demonstrate the broad applica-
bility of the present 2D qHP-Cg( network in serving as both
charge and spin reservoir in Mn; @ qHP-C¢y complex, we con-
ducted a concise comparative study of CO oxidation on three
other typical TM; @ qHP-Cg systems (TM = Fe, Co, and Ni).
And, a robust correlation between AQ (AM) contributed by
the qHP-C¢y and the O, activation is established: the larger
the AQ (AM), the larger the E,gs of O, as demonstrated
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transfer and spin accommodation of the qHP-Cgy network substrate
in reducing the value of the Ey,, for CO oxidation on the Mn single-
atom reactive site.

in Figs. 4(a) and 4(b) and detailed in Sec. II of the Sup-
plemental Material, Fig. S8 [54]. Additionally, the optimum
CO oxidation processes on TM; @qHP-Cgy (TM = Fe, Co,
and Ni) systems are depicted in Sec. II of the Supplemental
Material, Figs. S9-S11 [54]. Importantly, in the first round of
CO oxidation accompanied with O, dissociation, for the four
TM; @qHP-Cgy (TM = Mn, Fe, Co, and Ni) catalysts, a clear
quasilinear correlation between the calculated Ey,, and AQ
(AM) of the qHP-Cgy component is established, i.e., the larger
the AQ (AM), the lower the Ey, [see Figs. 4(c) and 4(d)].
Moreover, the calculated Ey, in the minimum-energy path-
ways for CO oxidation on the four current TM; @ qHP-Cq
structures fall within the range of 0.36 ~ 0.51 eV, which are
either lower than or comparable to those observed in various
high-performance single atomic-scale noble-metal catalysts
[63,64]. However, such a specific strong correlation between
the calculated Ep,, and AM (AQ) contributed by the TM
single atoms is not observed (see Sec. II of the Supplemental
Material, Fig. S8 [54]).

To this end, we perform delicate comparisons to quantita-
tively identify the importance of the spin sponge functionality
of the qHP-Cgy in CO oxidation. Our computational results
demonstrate that for O, activation and CO oxidation on an

isolated gas-phase Mn single atom, the calculated rate-
limiting Eb,, is significantly increased to 1.09 eV (see Fig. 5,
TS-I and details in Sec. II of the Supplemental Material,
Fig. S12 [54]). Moreover, as a first-order approximation, the
introduction of an additional 0.64 |e| (equivalent to the AQ
contributed by the qHP-Cg support in TS;; see Sec. II of the
Supplemental Material, Fig. S7(a) [54]) into the simulation
cell consisting of the Mn single atom and O,/CO reactants
yields a calculated Ey, as high as 0.83 eV; see TS-II in
Fig. 5, as calculated by the self-consistent potential correction
method [65]. Typically, the same quantity of pure charge
transfer merely lowers the Ey, by 0.26 eV. In contrast, the
spin accommodation of the O, molecule by the 2D qHP-Cgg
network further significantly lowers the Ep, by 0.47 eV,
approximately twice as much as that of a pure charge transfer;
see TS-III in Fig. 5. These findings convincingly demonstrate
the crucial role of the spin sponge of the p-block 2D qHP-Cg
network in facilitating highly efficient O, activation and CO
oxidation.

IV. CONCLUSIONS

In conclusion, utilizing state-of-the-art first-principles cal-
culations, we demonstrate that the recently fabricated class
of 2D carbon material, covalent-bond-linked monolayer Cg
p-block elemental network, can serve as an ideal platform in
stabilizing transition metals (Mn, Fe, Co, and Ni) into dis-
persive single atoms, and functions as amazing spin sponge to
effectively activate spin-triplet O, molecule. Also importantly,
we quantitatively figure out that the spin aspect plays a vital
role approximately twice as significant as that of pure charge
transfer in reducing the activation barrier for O, activation and
CO oxidation. The importance of spin degree of freedom of
the p-block elemental Cgy network is quantitatively revealed
in catalysis. These findings could be expected to direct appeal-
ing application territory of the two-dimensional Cgy network
in spin-catalysis and related fields.
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