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Abstract:

The invention of graphene-based two-dimensional (2D) materials with tunable magnetism
and spin-polarized transport is important for next-generation spintronic and catalytic
applications. In this work, spin-polarized density functional theory (DFT) is used to
investigate the adsorption of 3d transition-metal (TM) atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni)
on nitrogenated holey graphene (C:N) and its fluorinated derivative C>:CF. The TM atoms
preferentially bind at pore-centered sites, forming stable complexes with adsorption energies
between —2.3 and —5.7 eV. Strong d—p hybridization between TM d states and host C/N/F p
states induces sizable magnetic moments of 0.6-3.8 uB for C:N and 0.4-3.5 uB for C:CF,
converting most systems into spin-polarized metals or half-metals. Band-structure, PDOS,
spin-density, and Bader charge analyses confirm that magnetism originates mainly from TM
d orbitals, with charge transfer from the TM atoms to the host. C-N provides stronger N-
coordinated anchoring, whereas the polar C-F environment of C>.CF enhances charge transfer
and slightly localizes the magnetic moments. These results give TM embedded in C-N and
TM embedded in C:CF as promising platforms for tunable magnetism, spintronic devices,

and single-atom catalytic applications.

Keywords: Graphene-based 2D materials; C:N monolayer; C.CF monolayer; transition-
metal adsorption; spin-polarized DFT; d—p hybridization; tunable magnetism; spintronic

materials.

Volume 32, Issue 5, 2026 152 http://www.gjstx-e.cn/



High Technology Letters ISSN NO : 1006-6748

1. Introduction

The isolation of graphene in 2004 marked a paradigm shift in condensed-matter
physics and materials science, revealing a two-dimensional (2D) allotrope of carbon with
extraordinary carrier mobility, mechanical strength, and gate-tunable electronics [1], [2].
Despite these attributes, pristine graphene’s zero band gap and intrinsic non-magnetic
character severely restrict its utility in spintronic devices, magnetic sensors, and quantum
information technologies that demand robust spin-polarized transport and tunable magnetism
[3], [4]. Inducing and controlling local magnetic moments in graphene-based systems has
therefore become a central challenge. Conventional approaches—such as vacancy defects,
edge states, or light-atom adsorption—often yield weak or unstable magnetism due to limited
spin-orbit coupling and delocalized m-electrons [5]. In contrast, transition-metal (TM)
adatoms offer a promising route: their partially filled d-orbitals hybridize strongly with the
carbon p, states, satisfying the Stoner criterion for itinerant ferromagnetism and generating
sizable local moments (typically 1-4 pg) accompanied by spin-split states near the Fermi
level [6], [7]. However, on pristine graphene, TM atoms exhibit low diffusion barriers and

tend to cluster, compromising atomic-scale uniformity and long-term stability [8].

Porous 2D carbon nitrides address these limitations by providing chemically active
anchoring sites that stabilize isolated TM atoms. Among them, nitrogenated holey graphene
(CaN)—a covalent organic framework with C:N stoichiometry—has emerged as an ideal
host. Synthesized via a bottom-up wet-chemical reaction, C2N consists of a hexagonal lattice
punctuated by uniformly distributed ~5.5 A nanopores, each lined by six pyridinic nitrogen
atoms [9]. These Ne cavities act as multipodal coordination sites, enabling strong dative
bonding with TM atoms through lone-pair donation from nitrogen. First-principles studies
have demonstrated that TM embedding in C:N not only suppresses clustering but also
induces half-metallic or spin-polarized metallic states via d—p hybridization, with magnetic
moments persisting under moderate strain or electric fields [10], [11], [12]. Such ™™
embedded in CoN systems have shown promise in single-atom catalysis, gas sensing, and

spin-filtering devices [13], [14].

A further degree of freedom for property tuning arises from chemical modification of
the pore environment. Substituting the pyridinic N atoms in C.N with C-F units yields the
fluorinated derivative C2CF. Fluorine’s high electronegativity (yr = 4.0 versus yn = 3.0) and
smaller covalent radius introduce local polarity, contract the pore diameter, and shift the

dominant bonding character from covalent N-coordination toward more ionic TM-F
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interactions [15]. This substitution is expected to modulate several key parameters: (i)
adsorption energy and site preference, (ii) extent and direction of charge transfer from TM to
substrate, and (iii) the magnitude and spatial distribution of induced magnetic moments. In
analogy with fluorinated graphene, where F adatoms induce ~1 pg local moments through p—
p hybridization and symmetry breaking [16], the C—F moieties in C:CF are anticipated to
alter the crystal-field splitting of TM d-states and enhance spin-density localization.
Preliminary theoretical explorations of C.CF monolayers indicate a reduced band gap (~1.25
eV versus ~1.64 eV in C:N) and modified work function, suggesting that pore chemistry can

serve as an additional handle for engineering spintronic and catalytic functionalities [17].

Building upon earlier investigations of Fe and Co adatoms on bilayer graphene—
where hollow-site adsorption produced magnetic moments of ~2.8 pp and ~2.3 g,
respectively, together with pronounced spin-split states near Er [18]—the present DFT study
systematically compares the adsorption of eight 3d TM atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni)
on both CaN and C:CF monolayers. We focus on pore-centered versus off-centered
geometries, quantify adsorption energetics, magnetic-moment formation, spin-resolved
electronic structures, projected density of states (PDOS), Bader charge transfer, and spin-
density distributions. By elucidating how the transition from N-rich to F-modified pore
chemistry influences d—p orbital overlap and charge redistribution, this work establishes a
rational design strategy for host-dependent tunability of magnetism in graphene-derived 2D
materials. The results not only advance fundamental understanding of single-atom magnetism
in porous frameworks but also provide actionable guidelines for experimental synthesis of

stable, high-performance spintronic platforms and single-atom catalysts.

2. Computational Details

All calculations were performed within the framework of spin-polarized density
functional theory (DFT) as implemented in the Vienna ab initio Simulation Package (VASP)
[19], [20]. The electron—ion interactions were described by the projector-augmented wave
(PAW) method [21], while the exchange—correlation energy was treated using the Perdew—
Burke—Emzerhof (PBE) generalized gradient approximation (GGA) [22]. To account for
long-range dispersion forces that can influence adsorption energetics in 2D systems,
Grimme’s DFT-D3 correction with Becke—Johnson damping was included [23]. A plane-
wave kinetic energy cutoff of 520 eV was employed, ensuring total-energy convergence

better than 1 meV per atom.
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The primitive unit cell of pristine C2N (lattice constant a = 8.33 A) was first optimized,
reproducing the experimental and previously reported hexagonal structure with a direct PBE
band gap of 1.64 eV. The fluorinated derivative C.CF was constructed by substituting each
pyridinic nitrogen atom in the Ne pore of CoN with a C—F unit, resulting in a contracted pore
environment and a reduced PBE band gap of 1.25 eV, consistent with the expected polarity-
induced electronic perturbation [24]. A 2 x 2 supercell (containing 48 C and 24 N atoms for
C2N; correspondingly adjusted for C.CF) was adopted to minimize lateral interactions
between periodic images of the transition-metal (TM) adatoms. A vacuum layer of 20 A was

introduced along the z-direction to eliminate spurious interlayer coupling.

Brillouin-zone sampling was performed with a ['-centered 9 x 9 x 1 Monkhorst—Pack
k-point mesh for structural relaxations and a denser 15 x 15 x 1 grid for electronic-structure
calculations. Atomic positions were fully relaxed using the conjugate-gradient algorithm until
the Hellmann-Feynman forces on each atom were smaller than 0.01 eV A and the total
energy change was less than 107 eV. Initial magnetic moments on TM atoms (Sc to Ni) were
set according to their atomic Hund’s rules, and both ferromagnetic and antiferromagnetic

configurations were tested; the lowest-energy spin state was retained for subsequent analysis.

Possible adsorption sites were systematically examined, including (i) the pore-
centered (hollow) position above the Ns (or modified C-F) cavity, (ii) C-N (or C—C) bridge
sites, (iii) C-F region (top of fluorine or adjacent C-F bonds in C>CF), and (iv) local hollow-
like sites above carbon hexagons. The most stable configurations invariably corresponded to

pore-centered anchoring for all eight 3d TMs.

The adsorption energy was calculated as

where ETM@host, Ehost, and E1 are the total energies of the TM-adsorbed system, the
pristine host (C.N or C.CF), and the isolated TM atom in its ground-state spin

configuration, respectively. Negative values indicate exothermic (stable) adsorption.

Local magnetic moments were obtained by integrating the spin density within atom-
centered spheres (default VASP radii) and by projecting the total magnetization of the
supercell. Bader charge analysis [25] was employed to quantify the charge transfer between
the TM atom and the substrate. Spin-resolved electronic band structures, total and projected
density of states (DOS/PDOS), and real-space spin-density isosurfaces (isovalue 0.005 e A-3)
were computed using the denser k-mesh and visualized with VASPKIT [26] and VESTA
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[27]. The PDOS analysis focused on the hybridization between TM d-orbitals and the host C-
p> N-p, and F-p states near the Fermi level.

All calculations were spin-polarized throughout, and dipole corrections were applied
along the z-direction to eliminate artificial electrostatic interactions induced by the
asymmetric charge distribution in the supercell. The computational protocol ensures
consistency with earlier studies on TM embedded in C:N systems and provides a reliable

basis for comparing the distinct pore chemistries of C2N and C2CF.
3. Results and Discussion
3.1 Adsorption Geometries and Stability

All eight 3d transition-metal (TM) atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni)
preferentially anchor at the pore-centered site in both C:N and C.CF monolayers, as
confirmed by full structural relaxation starting from multiple initial configurations (pore
center, C-N/C—-C bridge, C-F top, and hexagon hollow). This site maximizes coordination
with the surrounding six nitrogen (C2N) or C-F (C:CF) atoms, forming stable multipodal

complexes.

(transition metal)

Figure 1: Top and side views of optimized Sc- and Mn-adsorbed C:N and C:CF monolayers

Figure 1 presents top and side views of the optimized geometries for representative
TMs (Sc and Mn) on both hosts. In C2N, the Ns pore (diameter = 5.5 A) allows TM atoms to
sit nearly in-plane or slightly above the sheet (adsorption height 0.95-1.45 A), with TM-N
bond lengths ranging from 1.85 A (late TMs) to 2.15 A (early TMs). In CzCF, replacing N
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with C—F makes the effective pore smaller and adds steric and electrostatic repulsion from
fluorine atoms, which leads to slightly larger adsorption heights (1.15-1.65 A) and longer
TM-F distances (2.05-2.45 A). All configurations remain planar with minimal out-of-plane

distortion of the host lattice (<0.1 A), indicating high structural stability.

Detailed structural parameters are summarized in Table 1. The consistent preference
for the pore-centered site across the entire 3d series underscores the strong anchoring

capability of both hosts and rules out clustering tendencies observed on pristine graphene.

Table 1: Adsorption site, height (A), and key bond lengths (A) for TM embedded in C:N and
TM embedded in C:CF (pore-centered configuration).

TM | C:N height | C:N TM-N (avg.) | C:CF height | C.CF TM-F/C (avg.)
Sc 1.12 2.08 1.28 2.18

Ti 1.05 2.02 1.22 2.12

v 1.08 1.98 1.25 2.10

Cr 1.15 2.05 1.35 2.22

Mn 1.18 2.10 1.40 2.28

Fe 1.10 1.95 1.30 2.15

Co 1.02 1.92 1.20 2.08

Ni 0.98 1.88 1.18 2.05

3.2 Adsorption Energy Comparison between C.N and C.CF

Adsorption energies (£4uds), calculated via Eq. (1) from the Computational Details,
are highly exothermic for all systems, confirming thermodynamic stability (Table 2 and
Figure 2). Binding is systematically stronger on C:N (-3.85 to —5.68 eV) than on C:CF
(—=2.45 to —4.12 eV), a difference of 0.6-1.5 eV attributable to the superior dative bonding
with pyridinic N lone pairs versus the more ionic TM-F interaction. Early TMs (Sc—Mn)
exhibit the strongest binding due to partially empty d orbitals facilitating charge donation,
while late TMs (Co, Ni) show weaker adsorption. These values exceed typical physisorption
thresholds and surpass those reported for TM clusters on pristine graphene, highlighting the

pore-engineering advantage of both hosts.
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Figure 2: Adsorption energy comparison for TM embedded in C:N versus TM embedded in
C:CF.

Bar-chart comparison of adsorption energies for Sc, Ti, V, Cr, Mn, Fe, Co, and Ni
atoms adsorbed on C2N and C.CF monolayers. The figure shows that all adsorption energies
are negative, confirming exothermic and stable adsorption. TM embedded in C:N exhibits
consistently more negative adsorption energies than TM embedded in C:CF, indicating
stronger transition-metal anchoring through the N-rich pore environment. Ti shows the

strongest adsorption in both hosts, while Ni shows the weakest binding.

Table 2: Adsorption energy Faas (eV) and Bader charge transfer Aq (TM — host, lel).

™ CoN Faas C:N Aq C:CF Fads C:CF Aq
Sc -4.85 1.12 -3.45 1.38
Ti -5.68 1.28 -4.12 1.55
\% -5.32 1.15 -3.85 1.42
Cr -4.95 0.98 -3.65 1.25
Mn -4.78 0.85 -3.55 1.18
Fe -4.62 0.92 -3.38 1.22
Co -4.15 0.78 -2.95 1.05
Ni -3.85 0.65 -2.45 0.92
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3.3 Magnetic Moment Formation after Transition-Metal adsorption

Pristine C:N and C:CF are non-magnetic. TM adsorption induces sizable local
magnetic moments through unpaired d electrons (Table 3 and Figure 3). Moments peak near
Cr and Mn (3.2-3.8 p_B on C:N) and decrease toward Ni, following the general trend of
atomic Hund’s rule modified by substrate hybridization. On C:CF, moments are modestly
reduced (0.2-0.6 p_B lower) due to enhanced charge transfer and altered crystal-field
splitting from F electronegativity. Spin-density integration confirms >90% localization on the

TM atom with small delocalization onto neighboring C/N/F atom:s.
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Figure 3: Total magnetic moment (ug) versus TM atomic number for C:N and C:CF.

Line-plot comparison of total magnetic moment as a function of transition-metal
atomic number for TM-decorated C.N and C.CF monolayers. Figure 3 shows that magnetic
moments increase from Sc to Cr, reach a maximum at Cr, and then decrease progressively
toward Ni. TM embedded in C:N exhibits consistently larger magnetic moments than TM
embedded in C:CF, indicating stronger spin preservation and more effective d—p
hybridization in the N-coordinated pore environment. The reduced moments in C2CF suggest
partial moment quenching due to fluorine-induced charge transfer and altered crystal-field

splitting.

3.4 Spin-Resolved Band Structures and Metal-Induced States

Pristine hosts exhibit direct band gaps (1.64 eV for C:N, 1.25 eV for C.CF). TM

adsorption introduces dispersive spin-split bands crossing or touching the Fermi level (E_F),
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transforming most systems into spin-polarized metals or half-metals (Table 3). Figure 4
shows spin-resolved band structures for Sc embedded in C:N and Sc embedded in C.CF:
majority-spin channels are metallic, while minority-spin retains a small gap near E_F in
select cases, enabling potential spin-filtering. Metal-induced flat bands near E_F arise from

TM d states hybridized with host p orbitals. Band-gap evolution is summarized in Table 4.

(a) Sc@C:2N (b) Sc@C2CF

Energy, E — Ef (eV)

—— Majority spin
-==+ Minority spin

r K M rr K M r
Wave vector Wave vector

Figure 4: Spin-resolved band structures for Sc embedded in C:N and Sc embedded in C:CF.

Spin-resolved band-structure comparison of Sc-decorated C.N and C>CF monolayers
along the ['-K-M-I" high-symmetry path. Majority-spin bands are shown in black and
minority-spin bands in red, with the Fermi level set at 0 eV. The crossing of spin-dependent
bands near the Fermi level indicates adsorption-induced spin-polarized metallic behavior.
The figure 4 highlights that Sc adsorption introduces spin-split electronic states in both hosts,
confirming the role of Sc d-orbitals in modifying the pristine semiconducting electronic

structure.

Table 3: Total magnetic moment () and electronic character.

TM | C:N moment C:N character C:CF moment C:CF character
Sc 1.15 Spin-polarized metal 0.92 Spin-polarized metal
Ti 2.08 Half-metal 1.75 Spin-polarized metal
v 2.95 Spin-polarized metal 2.65 Spin-polarized metal
Cr 3.82 Half-metal 3.25 Spin-polarized metal

Mn 3.45 Spin-polarized metal 3.05 Spin-polarized metal
Fe 2.68 Spin-polarized metal 2.35 Spin-polarized metal
Co 1.85 Half-metal 1.55 Spin-polarized metal
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| Ni | 0.62 | Spin-polarized metal | 0.48 Spin-polarized metal

Table 4: Band-gap evolution (eV) after transition-metal adsorption on C:N and C:CF

monolayers (PBE level).

™ C:N band gap (eV) C:CF band gap (eV)
Pristine 1.64 1.25
Sc 0.00 0.00
Ti 0.42 (minority) 0.00
A% 0.00 0.00
Cr 0.68 (minority) 0.00
Mn 0.00 0.00
Fe 0.00 0.00
Co 0.31 (minority) 0.00
Ni 0.00 0.00

The pronounced gap closure upon TM adsorption is driven by the introduction of
dispersive TM d-derived states that hybridize with the host C/N/F p orbitals, pushing the
Fermi level into the conduction/valence bands and yielding spin-polarized metallic or half-
metallic character (see also Table 3 and Figure 4). The half-metallic behavior observed for Ti,
Cr, and Co on C:N arises from asymmetric d—p hybridization that opens a gap in one spin
channel while keeping the other metallic. In contrast, the C.CF host exhibits complete gap
closure for all TMs due to the additional F-p states and enhanced charge transfer, which
further broaden the metal-induced bands near E_{\rm F}. These results demonstrate the high

tunability of the electronic structure through pore chemistry modification.

3.5 PDOS Evidence of Transition-Metal d-State Hybridization

Projected density of states (PDOS) analysis (Figure 5) reveals strong d—p
hybridization between TM d orbitals (primarily d_{xz}, d_{yz}, d_{xy}) and host C-p,, N-p,
and F-p states near E_F. In C:N, covalent overlap with N-p dominates, broadening TM d
states and stabilizing magnetism. In C:CF, additional F-p contributions shift states and
enhance ionic character, slightly quenching moments. This hybridization satisfies the Stoner

criterion and is responsible for the observed spin-polarized metallicity.
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Figure 5: PDOS for (a) Mn embedded in C:N and (b) Mn embedded in C:CF showing TM-d
(red), C-p (blue), N-p/F-p (green) contributions.

3.6 Charge Transfer and Spin-Density Localization

Bader charge analysis (Table 2) indicates unidirectional electron transfer from TM to
host (0.65-1.55 lel), more pronounced in C2CF due to F electronegativity. Spin-density
isosurfaces (Figure 6) for high-moment systems (e.g., Cr embedded in C2N, Mn embedded in
C:CF) show primary localization on TM d orbitals with minor tails on adjacent atoms,
confirming substrate-mediated polarization without long-range magnetic ordering in the

dilute limit.

(b) Mn@C,CF

Isovalue = 0.005 e A~

Figure 6: Spin-density maps (isovalue 0.005 e A=; blue = up, red = down) for Cr embedded
in C:N and Mn embedded in C:CF.
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Spin-density maps of Cr embedded in C:N and Mn embedded in C:CF show the
spatial distribution of spin-up and spin-down charge densities at an isovalue of 0.005 e A3,
Blue and red isosurfaces represent opposite spin channels. In Cr embedded in C:N, the spin
density is strongly centred on the Cr atom, with noticeable delocalisation toward
neighbouring C/N atoms, indicating strong d—p hybridisation through the N-coordinated pore.
In Mn embedded in C:CF, the spin density remains mainly localised around Mn, with
comparatively weaker host delocalisation, reflecting the more ionic and fluorine-modified

pore environment of C.CF.

3.7 Comparative Discussion: Why C:N Binds Differently from C.CF

The contrasting behavior originates from pore chemistry: C.N’s pyridinic N lone pairs
enable strong covalent dative bonding and larger pore flexibility, yielding higher 1£adsl,
delocalized moments, and robust hybridization. C2CF’s C-F substitution introduces higher
electronegativity, pore contraction, and ionic character, leading to weaker adsorption, greater
charge transfer, and modestly quenched/localized magnetism. These differences allow host-

dependent tunability of magnetic and electronic properties.

3.8 Spintronic and Catalytic Relevance

The induced spin-polarized metallic/half-metallic states, tunable moments, and strong
TM anchoring position TM embedded in C.N and TM embedded in C>CF as promising
platforms for spin valves, magnetic sensors, and single-atom catalysts (e.g., ORR, CO:
reduction). External electric fields or strain—building on prior bilayer graphene adatom
studies—can further modulate these properties. Experimental realization via bottom-up

synthesis or post-functionalization is highly feasible given the calculated stabilities.

4. Conclusion

In summary, spin-polarized density functional theory calculations demonstrate that
adsorption of CoN and C>CF monolayers with 3d transition-metal atoms (Sc—Ni) provides a
robust and tunable route to induce sizable local magnetic moments and spin-polarized
metallic or half-metallic electronic states. All TM atoms preferentially anchor at the pore-
centered sites, forming highly stable complexes with exothermic adsorption energies ranging
from —3.85 to —5.68 eV on C:N and -2.45 to —4.12 eV on C:CF. The resulting magnetic
moments vary systematically across the 3d series (0.6-3.8 p_B on C.N; 0.5-3.3 p_B on
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C:CF), accompanied by strong d—p hybridization that closes the pristine band gaps and

introduces spin-split bands crossing the Fermi level.

A central finding of this work is the distinctly different behavior of the two hosts,
which originates from their contrasting pore chemistry and orbital environments. C2N, with
its six pyridinic nitrogen atoms lining the N¢ cavity, offers superior anchoring through strong
covalent dative N-coordination. This leads to higher adsorption energies, slightly larger
magnetic moments, more delocalized spin density, and robust half-metallic character in select
systems (Ti, Cr, Co). In contrast, substitution of N by C—F units in Cz:CF introduces fluorine-
induced polarity, pore contraction, and a shift toward more ionic TM-F interactions.
Consequently, CoCF exhibits moderately weaker binding, enhanced charge transfer (by 0.2—
0.4 lel), and a tendency toward more localized magnetic moments with complete metallic
character in both spin channels. These differences highlight how subtle chemical
modification of the pore environment can serve as an effective design parameter for tailoring

magnetic and electronic properties.

The present results significantly extend previous investigations of Fe and Co adatoms
on bilayer graphene, where magnetic moments of ~2.3-2.8 p_B and spin-split states near
E_{\rm F} were reported. By moving to porous frameworks, we achieve not only stronger
single-atom stabilization but also greater tunability of spin-polarized transport—key
requirements for practical spintronic devices such as spin valves, magnetic sensors, and spin
filters. Additionally, the strong TM anchoring and exposed d-states position TM embedded in
C:N and TM embedded in C:CF as promising single-atom catalysts for reactions such as CO-
reduction and oxygen reduction, where the host-dependent charge transfer can modulate

catalytic activity and selectivity.

Overall, this study establishes C2N and C.CF as versatile graphene-derived platforms
for engineering magnetism and spin-polarized states through a combination of single-atom
adsorption and pore chemistry modification. The computational insights provide a clear
roadmap for experimental synthesis via bottom-up polymerization or post-synthetic
metalation and for further property modulation via external electric fields, strain, or co-

adsorption.
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