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ABSTRACT

The design of efficient catalysts with high atomic utilization is crucial for effective conversion of polycyclic aromatic hydrocarbons

(PAHSs) in heavy oil of petroleum. Inspired by recent experimental advances in the successful synthesis of single-metal-atom

chains confined within 2D semiconductors [Nat. Commun. 2025, 16, 4924], we design a series of single metal atoms arranged

along nanoscale substrates as space-tunable single-metal-atom chain catalysts for heavy oil hydrocracking. Using naphthalene as a

prototypical PAH, we perform first-principles calculations combined with rational screening over transition metal series (TM = Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, W) to identify the most promising candidate of single atom chains anchored on CNTs(n,
n) (n = 4, 6, 8, 10). Our results show that MnN,@CNT(8, 8) emerges as the most promising candidate for a high-performance
catalyst, demonstrating excellent hydrogenation activity with a low energy barrier of 1.47 eV for the rate-determining step (28 —
3p), as well as efficient C—C bond cleavage in tetralin with an energy barrier of 1.92 eV. This work demonstrates the potential of
single-metal-atom chains as superior catalysts for heavy oil hydrocracking.

1 | Introduction

With the increasing prevalence of heavy fractions in crude
oil reserves, extensive research efforts have been devoted to
developing advanced heavy oil upgrading technologies to enable
high-value utilization of these inferior feedstocks [1]. Among vari-
ous refining technologies, catalytic hydrocracking has emerged as
one of the most efficient processes for converting polycyclic aro-
matic hydrocarbons (PAHs) into valuable light chemicals such as
methane, ethylene, benzene, toluene, ethylbenzene, and xylene
(BTEX) through selective C—C bond cleavage under hydrogen
atmosphere at high temperature and pressure [2-4]. Theoreti-
cally, the hydrocracking reaction can be considered as a combined
hydrogenation and catalytic cracking process. Hydrogenation,
catalyzed by metal active sites, saturates reactant bonds and
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facilitates subsequent cracking. Meanwhile, acid sites commonly
exist in zeolites promote the decomposition of complex aromatic
rings and long-chain structures into smaller, simple molecules.
Industrial hydrocracking relies on bifunctional catalysts, typically
consisting of hydrogenation catalysts supported on large-pore
zeolites [5]. The Bronsted acidic sites (BAS) in zeolites facilitate
cracking [6], while active metals (e.g., Ni, Mo, Pt) in hydrogena-
tion catalysts play a crucial role in hydrogenation [7]. However,
achieving fine dispersion of metal catalysts on zeolite supports
demands complex and challenging catalyst synthesis, and the
detailed mechanisms underlying PAH hydrocracking on such
catalysts remain poorly understood [8-11].

In recent years, single-atom catalysts (SACs) have gained increas-
ing attention due to their exceptional activity, selectivity, and
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stability [12-14]. SACs offer enhanced atomic efficiency because
of the highly unsaturated coordination environment and the
strong metal-support interaction [15, 16]. Moreover, the well-
defined single-atom structure of SACs provides a simplified
model for mechanistic study, which is particularly advantageous
for elucidating the hydrocracking mechanism of PAHs [4]. Addi-
tionally, SACs also exhibit excellent hydrogenation performance,
and the activation of H, plays a critical role in PAHs hydroc-
racking process [12]. The carbon nanotube sponges with high
specific surface area have good oil dispersion and also can greatly
inhibit coking during PAHs hydrocracking process [17]. Previous
studies have been verified that the carbon-supported single-atom
Mo catalyst and MoCo dual-atomic site catalyst can activate
hydrogen and promote efficient conversion of heavy oil in the
slurry hydrogenation of heavy oil [18, 19]. However, the limited
number of active sites in single-atom catalysts poses a significant
challenge, which substantially restricts further improvement of
the hydrocracking efficiency for heavy oil. This intrinsic limita-
tion stems from the isolated nature of single-atom configurations,
where each metal atom functions as an individual active center.
Consequently, the relatively low density of these atomic-scale
active sites becomes a bottleneck for achieving optimal catalytic
performance in complex hydrocarbon conversion processes.

Recently, the experimental realization of single-metal-atom
chains (SMACs) provides a promising solution to secure
increased density of atom catalysts with tunable distribution by
using 1D arrays of catalytically active metal centers [20]. Besides,
previous DFT studies have shown that transition-metal strings
templated on boron-doped carbon nanotubes exhibit distinct
electronic properties, highlighting their promise for nano-
catalysis [21]. In this study, we systematically investigate the
stability of SMACs anchored on carbon nanotubes (CNTs) with
varying diameters and evaluate their hydrocracking performance,
using naphthalene as a representative PAH molecule, based on
first-principles calculations combined with a comprehensive
screening strategy. Our study on the application of SMACs in
hydrocracking of PAHs may provide theoretical insights for the
experimental synthesis of SMACs-based hydrocracking catalysts.

2 | Results and Discussion

As shown in Figure 1a, we rationally design a screening procedure
for systematically identifying high-performance, cost-effective
SMACs as superior catalysts for heavy oil hydrocracking with
significantly improved active site characteristics compared to
conventional SACs. The screening criteria prioritize experimen-
tally feasible SACs composed of abundant transition metals (TMs)
with price < 100 USD/kg, ultimately selecting 13 candidate metals
(TM = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, W) for
detailed investigation, as shown in Figure 1b. Each TM atom in
SMACs is anchored through a tetravalent nitrogen coordination
motif (TMN,), forming a well-defined TMN,@CNT(8, 8) crystal
structure where the SMACs are epitaxial embedded within the
armchair (8, 8) CNT, as displayed in Figure 1lc. The (8, 8)
chirality is specifically chosen for two key reasons: First, as a
metallic armchair CNT, it can enhance charge delocalization
along the SMACs, thus promoting catalytic activity. Second,
CNT(8, 8) was found to possess the most favorable metal-
support interaction energy compared to other chirality [22].

The combination of metallicity and optimized metal-support
interaction synergistically stabilizes the SMACs and promotes
efficient electron transfer during catalytic reaction. After full
geometry optimization, the unit cells of TMN,@CNT(8, 8) (TM
=Ti, V, Cr, Mn, Fe, Co, Ni, Mo, W) remain almost intact, while
the other four configurations (TM = Cu, Zn, Zr, Nb) completely
collapse, indicating unstable hybrid structures made from these
four metals. The subsequent screening process then focuses
exclusively on the nine stable structures.

The activation of H, plays a critical role in the hydrocracking
process of PAHs [12]. Our calculations reveal that among the
screened TMN,@CNT(8, 8) (TM = Ti, V, Cr, Mn, Fe, Co,
Ni, Mo, W), the three structures with TM = Mn, Cr, and Fe
exhibit relatively low H, dissociation energy (Ej.y), which is
1.89, 2.57, and 2.73 eV, respectively, as presented in Table Sl1.
We also find that these SMACs consisting of low-cost transi-
tion metals (Mn, Cr, Fe) anchored on the CNT(8, 8) exhibit
superior H, activation capability compared to some noble-metal-
based systems [PtN,@CNT(8, 8): 3.13 eV; RhN,@CNT(8, 8):
3.14 eV; PAN,@CNT(8, 8): 3.61 eV], highlighting the economic
advantages for hydrocracking catalysis, as demonstrated in
Figure 2a,b. The low dissociation energy observed originates from
the physisorption of H, molecule and chemisorption of atomic
H on TMN,@CNT(8, 8). The deformation charge densities in
Figure 2c show distinct charge redistribution patterns, with the
yellow and blue regions representing electron accumulation and
depletion, respectively. In the case of H, molecule, we observe
only minor charge perturbation, indicating weak interactions. In
contrast, the adsorption of atomic H results in pronounced charge
redistribution, reflecting a stronger interaction with the surface.
Bader charge analysis further reveals that the adsorption of H
atom involves mixed covalent-ionic bonding with the substrate,
with a much stronger covalent character on MnN,@CNT(8, 8),
different from the weak physisorption of H, molecule. Moreover,
the d-band center of CrN,@CNT(8, 8) (-0.537 eV) is found
to be closer to the Fermi level than those of MnN,@CNT(8,
8) (-0.789 eV) and FeN,@CNT(8, 8) (-1.173 eV), suggesting a
stronger adsorption capability on the CrN, site, as illustrated in
Figure 2d.

We then calculate the adsorption energies (E,4) of molecular H,,
atomic H, naphthalene, and tetralin on TMN,@CNT(8, 8) (TM
= Cr, Mn, Fe). The results are summarized in Table 1, showing
that the absolute values of E,;(H,) and E,(H) exhibit a trend
of CrN, > MnN, > FeN,, in excellent agreement with the d-
band center positions. Specifically, the Cr site in CrN,@CNT(8, 8)
possesses the strongest adsorption capability with E, 4, of -0.86 eV
for H, and -2.82 for H, followed by MnN, (-0.08 eV for H, and
-2.71 for H) and FeN, (-0.07 eV for H, and -1.86 for H). Such
correlation between the d-band center positions and adsorption
strengths of small molecules confirms that the higher-lying d-
band facilitates stronger interaction with adsorbates through
enhanced orbital hybridization. Notably, the E,;; of PAHs reveal
distinct characteristics among these three catalytic systems. As
shown in Table 1, CrN,@CNT(8, 8) exhibits excessively strong
naphthalene adsorption [E,4(C, Hg) = -2.45 eV], which could
compete with adsorption of hydrogen and consequently hinder
the hydrogenation process. This competitive adsorption effect
makes CrN,@CNT(8, 8) unsuitable as a candidate for hydrogena-
tion process from naphthalene to tetralin. The optimized config-
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FIGURE 1 | (a)Schematic of the screening procedures for the single-atom chains anchored on CNT (8, 8). (b) Periodic table highlighting transition
metals screened for SACs: purple denotes low-cost metals, while other colors represent excluded expensive metals. (c) Schematic illustration of the

TMN,@CNT(8, 8) crystal structure.
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FIGURE 2 | (a, b)Schematic illustration of H, dissociation on TMN,@CNT(8, 8). (c) Spatial distribution of the deformation charge density and
Bader charge analysis for H, molecule and H atom adsorption on MnN,@CNT(8, 8). The yellow and blue regions represent charge accumulation and
depletion, respectively, and the isosurface values are + 0.03 A=3.(d) d-band center of TMN,@CNT(8, 8) (TM = Mn, Cr, Fe).
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TABLE 1 | Adsorption energies E,q (in eV) of H, molecule, H atom, naphthalene (C;yHg), and tetralin (C;oH;,) on TMN,@CNT(S, 8).

TMN,@CNT(8, 8) Eqqs (Hy) E,qs (H) Eq4s (C1oHy) Eaas (CyoHy,)
Mn -0.08 -2.71 -0.26 -1.11
Fe -0.07 -1.86 -0.45 -0.38
Cr -0.86 -2.82 -2.45 -1.80

h\ .‘ ' .'\
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FIGURE 3 | (a)Geometry and Bader charge of the MnN,@CNT(8, 8) crystal structure. The unit cell is indicated by dashed lines. (b) Variation of
the total potential energy with simulation time for MnN,@CNT(8, 8) during the AIMD simulation at 300, 600, and 900 K. The inset is the supercell at

the end of the simulation at 900 K.

urations of naphthalene and tetralin adsorbed on TMN,@CNT(8,
8) (TM = Cr, Mn, Fe) are presented in Figure S1. More importantly,
the tetralin molecule adsorbed on FeN,@CNT(8, 8) exhibits
negligible structural distortion, indicating insufficient activation
of the C—C bonds for subsequent cracking reactions. Such
observation correlates well with its relatively weak adsorption
energy for tetralin on FeN,@CNT(8, 8) [E,4,(C,H;,) =-0.38 eV],
compared to -1.11 eV on MnN,@CNT(8, 8) and -1.80 eV on
CrN,@CNT(8, 8), as quantified in Table 1. The low adsorption
energy and lack of tetralin activation suggest that FeN,@CNT(8,
8) cannot effectively facilitate the tetralin cracking process.
Consequently, both CrN,@CNT(8, 8) and FeN,@CNT(8, 8) are
excluded from further consideration, leaving MnN,@CNT(8, 8)
as the most promising candidate for subsequent investigations of
PAHs hydrocracking reactions. To clarify the electronic role of
the CNT support, we perform comparative Bader charge analysis
in Figure S2. For an isolated Mn chain, the Mn atom retains a
valence electron of 7 e-, showing no charge transfer and no acidic
character. In contrast, within the MnN,@CNT(8, 8) system, the
Mn valence electron decreases to 5.956 e, while the N atoms
increase to 6.075 e”. This pronounced electron transfer from Mn
to the N-doped CNT support creates a strong acid site on the
Mn center, which is essential for activating the tetralin cracking
reaction.

The optimized structure of MnN,@CNT(8, 8) is given in
Figure 3a, which has a lattice constant of ¢ = 2.47 A and a
maximum diameter of 12.11 A with a symmetry of Pm (space
group no. 6), containing 1 Mn atom, 2 N atoms, and 28 C
atoms in its primitive cell. Bader charge analysis [23, 24] reveals
that significant charge transfer occurs from the Mn atoms to
the substrate, reducing the valence electron of Mn to 5.956.
Such electron-deficient state activates Mn as acid center, which

subsequently functions as the active site for catalytic cracking
reactions.

To check the thermal stability of MnN,@CNT(8, 8), we perform
AIMD simulations from 300 to 900 K with a temperature interval
of 300 K. A1 x 1 x 8 supercell is used to reduce the fake
stability resulted from the periodic boundary conditions and the
simulation time is set to be 10 ps with a time step of 1 fs for all the
simulations. The results at 900 K are plotted in Figure 3b, which
shows that the geometric skeleton of MnN,@CNT(8, 8) remains
its structural integrity throughout the simulation, and the total
potential energy fluctuates slightly around a static value during
the whole process, suggesting that MnN, @CNT(8, 8) is thermally
stable even at high temperature of 900 K. To improve the clarity
of the energy fluctuations at 300 K, a zoomed-in view of the total
potential energy trajectory is provided in Figure S3.

To examine the magnetic coupling of Mn atoms in the chain, we
carry out calculations for the ferromagnetic (FM), antiferromag-
netic (AFM), ferrimagnetic (FIM), and non-spin-polarized (NSP)
states, in a total of 10 configurations, as presented in Figure S4.
We find that all the atomic magnetic moments of the FIMs and
AFM states vanish after geometry optimization, while the FM
configuration is metastable as compared to the ground NSP state,
suggesting that MnN,@CNT(8, 8) is non-magnetic.

Next, we study the entire hydrogenation process from naph-
thalene to tetralin on MnN,@CNT(8, 8) in detail. Considering
the geometric and electronic structure of naphthalene, there
are 12 possible hydrogenation routes, as shown in Figure 4a.
At the beginning of hydrogenation, according to the geometric
symmetry and uneven charge distribution between the a- and
B-site electron cloud densities, the first step would occur on
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FIGURE 4 | Identification of optimal hydrogenation path from naphthalene to tetralin. (a) All potential hydrogenation sequences and

corresponding hydrogenation sites. (b) Charge distribution and bond lengths in naphthalene. (c) Hydrogenation energy step graph from naphthalene
to tetralin on MnN,@CNT(8, 8). The red lines for the optimal steps. (d) Hydrogenation energy started step graph of naphthalene on FeN,@CNT(8, 8)
and MnN,@CNT(8, 8), respectively. (e) Detailed procedure for the hydrogenation of naphthalene into tetralin on MnN,@CNT(8, 8).

either the a- or B-site in one of the benzene rings. As shown in
Figure 4b, the naphthalene molecule exhibits symmetric bond
length (1.38-1.42 A), while Hirshfeld charge analysis [25] reveals
slight electronic asymmetry between the a- and (-sites, with a-
carbons possessing more electrons than $-carbons, indicating
preferential initial hydrogenation reactivity at the o-site due
to its denser electron density. We then calculate and compare
the performance of all the representative paths in terms of
energy step diagram in Figure 4c. We find that the initiating
hydrogenation step at the a-site is barrierless, which prevails
over that at the f-site with an activation energy of 0.27 eV, in
consistence with our Hirshfeld charge analysis. Thus, we exclude
the six pathways starting from the §-site. By considering the
catalytic energy barrier and overall energy change, we identify
the optimal hydrogenation pathway: la — 4a — 26 — 38,
where the final step (38-site) is the rate-determining step with
an energy barrier of 1.47 eV. For comparison, other paths are
hindered by the high barrier of over 2.4 eV at the second step.
Notably, the first three steps in the optimal pathway (1a, 4a, 25-
sites) are barrierless, and thus spontaneous. The initial a-site
hydrogenation proceeds barrierlessly on MnN,@CNT(8, 8), while
an energy barrier of 0.64 eV is required on FeN,@CNT(8, 8)

(Figure 4d). For the optimal pathway (la — 4a — 28 — 30),
MnN,@CNT(8, 8) exhibits a lower rate-determining step barrier
of 1.47 eV compared to 2.33 eV for FeN,@CNT(8, 8) (Figure
S5), showing the superior catalytic activity of MnN,@CNT(8,
8) for naphthalene hydrogenation. The complete hydrogenation
pathway from naphthalene to tetralin on MnN,@CNT(8, 8) with
stepwise energy profile is schematically illustrated in Figure 4e.
Such progressive saturation mechanism effectively converts the
aromatic naphthalene into fully hydrogenated tetralin while
maintaining the structural integrity of the MnN, catalytic
center.

To study the cracking mechanism of tetralin on MnN,@CNT(8,
8), we systematically analyze both the bond length and Hir-
shfeld charge distribution of the adsorbed tetralin molecule
(Figure 5a). The asymmetric charge distribution in such a
symmetrical molecule arises from the influence of the cracking
catalytic substrate. We find significant electron depletion for
the four hydrogenated carbon atoms in tetralin, where the
four hydrogenated carbon atoms tend to form carbonium ions
(C*) when tetralin molecules contact with the acidic centers
on MnN,@CNT(8, 8). The strong Coulomb repulsion between
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of the C—C bonds of tetralin adsorption on MnN,@CNT(8, 8). The adsorbates are highlighted in yellow for clarity.

the C* weakens the strength of the bond. The bond length
analysis of carbon atoms also suggests the feasibility of bond
breaking where the C—C bonds involving C* in the cyclohexane
ring display an average length of 1.53 A, exceeding the 1.42 A
average bond length observed for the non-hydrogenated carbons
in the benzene ring, indicating greater bond weakening and
enhanced cleavage susceptibility for hydrogenated positions. To
further study the bonding strength between the C atoms in
the tetralin adsorbed on MnN,@CNT(8, 8), we perform pro-
jected COHP calculations, where the positive portion of the
curve represents the bonding contribution and the negative
portion corresponds to the antibonding contribution. The integral
value of the COHP curve (ICOHP) can be interpreted as the
number of bonded electrons shared by two C atoms, and a
larger absolute value implies a stronger bond strength. In the
tetralin/MnN,@CNT(8, 8) system, the absolute ICOHP values
for the bonds formed by hydrogenated carbons (Figure 5b) are
significantly smaller than those by totally non-hydrogenated
carbons (Figure S6), leading to a weaker bonding of hydrogenated
C* centers. This result agrees well with previous Hirshfeld
charge and bond length analyses. Among all the bonds in the
adsorbed tetralin, the fully hydrogenated C—C bonds (C2—C3,
C3—C4, and C4—C5) exhibit the lowest ICOHP values, indicat-
ing they are most prone to cleavage during tetralin cracking
process.

To investigate the main cracking products of tetralin on
MnN,@CNT(8, 8), we examine the highlighted easy-to-break
bonds (C3—C4, C4—C5, C5—C6) in Figure 6a based on the
geometric symmetry of tetralin molecule. Our calculated results
reveal that the cleavage barriers are distinct with the values of
2.30 eV (C3—C4),1.92 eV (C4—C5), and 3.31 eV (C5—C6), as given
in Figure 6b, suggesting that the C4—C5 bond breaks most easily,
consistent with the above COHP analysis. As shown in Figure
S7, we analyze the Mn—N bonding characteristics during both
the hydrogenation and C—C cracking steps using bond-length
monitoring and -pCOHP analysis. The Mn—N bonds undergo
only minor elongation (< 0.03 A) and show no appreciable
loss of bonding strength, even at transition states where the
energy barrier reaches 1.92 eV. These findings indicate that
the Mn center remains firmly anchored to the substrate and
structurally stable throughout the catalytic cycle. Furthermore,
Bader charge analysis along the reaction pathway (Figure S8)
reveals only negligible fluctuations in the Mn atom’s charge state.
This minimal variation in electron density further corroborates
the structural and electronic stability of the Mn site during
catalysis. Synergistically, these results indicate that the high
reaction barrier originates from the intrinsic kinetics of the
substrate transformation, rather than from any destabilization
or weakening of the Mn active site. As shown in Table 2, we
calculate the bond strength of C3—C4, C4—C5, and C5—C6 bonds
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energy step graph of tetralin. (c) Schematic illustration of the C4—C5 bond cleavage in tetralin adsorption on MnN,@CNT(8, 8). (d) Schematic diagram
of the cracking process of tetralin and its main products. The adsorbates are highlighted in yellow for clarity.

TABLE 2 | Calculated C—C bond binding energy Ej, (in eV) of the tetralin adsorbed on MnN,@CNT(8, 8) or in free-standing state.

Bond Types E, (on MnN,@CNT(8, 8)) E, (free-standing state)
C3-C4 1.28 2.00
C4-C5 0.86 3.04
C5-C6 1.84 5.07

in tetralin both with and without MnN,@CNT(8, 8) catalyst,
and find that the catalyst significantly reduces the C—C bonding
and significantly promotes the cracking reactions of tetralin.
Figure 6¢ presents the optimized structure after C4—C5 bond
cleavage, confirming the preferential cracking pathway. Figure S9
shows the COHP analysis of remaining bonds after C4—C5 bond
cleavage in tetralin adsorbed on MnN,@CNT(8, 8), revealing that
the C2—C3 bond with smaller ICOHP absolute value becomes
more susceptible to subsequent cleavage. Figure 6d illustrates
the cracking process, where the C4—C5 bond cleavage with a
1.92 eV barrier is followed by preferential C2—C3 bond breaking to
form ethylene and 1,2-dihydro-O-Xylene (CyHg). Under hydrogen
atmosphere at high temperature and pressure, the unsaturated
C2 and C5 sites could undergo further hydrogenation to produce
O-Xylene (C4H,,), while ethylene and ethane could reach a
reversible equilibrium. Based on above discussion, we conclude
that naphthalene hydrogenation on MnN,@CNT(8, 8) forms
tetralin, which subsequently cracks into O-Xylene, ethylene, and
ethane as main products.

Next, we examine the effects of Mn loading amount and CNT
diameters on naphthalene hydrogenation and tetralin cracking
reactions. The MnN,@CNT(8, 8) —100%, —50%, and —33% rep-
resent the Mn loading amount in the studied configurations, as
shown in Figure S10. Bader charge analysis shows the number
of valence electrons of Mn changing with the loading amount as
5.956 (100%), 6.125 (50%), and 6.274 (33%), implying the tunable
acidity and cracking activity. As shown in Table S2, the calculated
formation energies (E;) of MnN,@CNT(8, 8) with different
Mn loading amount of 100%, 50%, 33% are -0.06 -0.08, and
-0.07 eV/atom, respectively, implying that the formation from the
constituent elements is exothermic and energetically favorable.
Subsequent investigations focus on hydrogenation and cracking
performance across these three configurations. Figure S11 shows
that as the anchored Mn content increases in MnN,@CNT(8,
8), the energy barrier for the hydrogenation rate-determining
step (28 — 3p) decreases significantly from 2.38 eV (33%) to
1.85 eV (50%) and further to 1.47 eV (100%), indicating that
MnN,@CNT(8, 8)-100% exhibits the most efficient hydrogenation
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performance compared to the lower Mn-loading configurations,
and the C4-C5 bond is most susceptible to cleavage in tetralin
adsorbed on MnN,@CNT(8, 8). Further investigation of Mn
loading effects reveals that C4—C5 bonding strength varies with
Mn loading as 0.85 eV (100%), 1.93 eV (50%), and 2.75 eV (33%)
as listed in Table S3, implying the enhanced cracking activity
with high anchored Mn content, which aligns perfectly with
the Bader charge analysis that shows greater acidity at higher
Mn loadings. Figure S12 presents the optimized structural con-
figurations following C4—C5 bond cleavage in tetralin adsorbed
on MnN,@CNT(8, 8) with different fractions of anchored Mn
atoms (100%, 50%, and 33%), clearly demonstrating the structural
evolution during the cracking process across different catalyst
compositions.

To explore the curvature effect of CNTs on catalytic activity, we
anchor Mn single-atom chains on CNTs(n, n) (n = 4, 6, 8, 10)
and graphene, forming MnN,@CNT(n, n) and MnN,@graphene
systems, where graphene approximates CNTs with an extremely
low curvature. Bader charge analysis of Mn valence electrons
in these structures (Figure SI13) reveals that MnN,@CNT(8,
8) has the smallest valence electron (5.956 ¢) on Mn sites,
indicating the strongest acidity of MnN, centers compared to
other configurations. As shown in Table S4, the calculated E; of
MnN,@CNTs(n, n) and MnN,@graphene systems depend on the
substrate curvature. The E; value decreases from 0.26 eV/atom
for the high-curvature CNT (4, 4) to -0.09 eV/atom for flat
graphene, indicating enhanced thermodynamic stability with
reduced curvature. The energy barrier for the hydrogenation rate-
determining step (28 — 3f) exhibits a non-linear dependence
on CNTs curvature, as shown in Figure S14. The lowest barrier
(1.47 eV) is found in MnN,@CNT(8, 8), while the systems
with larger [MnN,@CNT(4, 4) and MnN,@CNT(6, 6)] and
lower [MnN,@CNT(10, 10) and MnN,@graphene] curvatures
all exhibit larger barriers (1.55-3.12 eV), indicating that opti-
mal curvature is essential for maximizing the hydrogenation
activity of MnN, sites. We further calculate the C4—C5 bond
strength of tetralin adsorbed on MnN,@CNT(8, 8) compared
with other systems (Table S5), and find a superior cracking
performance on MnN,@CNT(8, 8). Figure S15 displays the
optimized structures after the C4—C5 bond cleavage for all the
configurations with different curvatures. These results collec-
tively indicate that MnN,@CNT(8, 8) exhibits the best catalytic
performance for naphthalene hydrocracking among the five sys-
tems studied. As shown in Figure S16, the d-band center exhibits
curvature-dependence, the highest d-band center (-0.789 eV)
is for MnN,@CNT(8, 8) exhibits, lying closest to the Fermi
level among the series. This alignment optimally strengthens
substrate—adsorbate interactions, stabilizes the transition states
for both hydrogenation and C—C cleavage, and thus yields the
lowest energy barriers.

3 | Conclusions

In summary, we propose the utilization of single-metal-atom
chains as highly efficient catalysts for heavy oil hydrocracking.
Based on systematic first-principles calculations and rational
screening, we have identified MnN,@CNT(8, 8) as an optimal
candidate that exhibits both superior hydrogenation and cracking
activities. We have further studied the reaction mechanisms and

main products of naphthalene during the hydrocracking process
on the MnN,@CNT(8, 8) catalyst. The optimal reaction pathway
for the hydrogenation of naphthalene to tetralin is identified as
la — 4a — 23 — 3 with the fourth one as the rate-determining
step, requiring an activation energy of 1.47 eV. This pathway not
only has energetic favorability but also preserves the symmetry of
the reactant system. The subsequent cracking process of tetralin
involves C—C bond cleavage, isomerization, and ring-opening.
The resulting main products are O-Xylene, ethylene, and ethane,
aligning with experimental observations for the BTEX family.
Our findings highlight the promise of single-metal-atom chains
as superior catalysts for heavy oil hydrocracking, encouraging
future experimental exploration of such catalysts for industrial
petrochemical applications.

4 | Computational Methods

Our calculations are performed by using the Vienna ab initio
simulations package (VASP) [26, 27] based on density functional
theory, where the projector augmented wave method [28] is
used for describing the interaction between valence electrons
and ion cores, and the plane waves with an energy cutoff of
500 eV are used to expand the electron wave functions. The
exchange—correlation interaction among the valence electrons is
treated with the Perdew—Burke—Ernzerhof (PBE) functional [29]
within the generalized gradient approximation [30]. The vacuum
space of 30 A is adopted to avoid the interactions between the
adjacent cells. A1x 1 x 6 supercell is used for the catalytic models.
To verify the adequacy of this supercell size, we test the adsorption
energy of naphthalene, which is found to be well-converged,
as shown in Table S6. Furthermore, the stable adsorption con-
figurations of naphthalene on MnN,@CNT(8, 8) with different
supercell sizes are compared in Figure S17, demonstrating the
reliability of the chosen model in eliminating spurious periodic—
image interactions. The convergence thresholds of 10™* eV and
102 eV A are set for the total energy and force, respectively. The
Brillouin zone is represented by using 1 X 1 X 3 Monkhorst-Pack
k-meshes. Ab initio molecular dynamics (AIMD) simulations for
these systems using their 1 X 1 X 8 supercells are performed using
the canonical ensemble with a Nosé—Hoover thermostat [31]. The
climbing-image nudged elastic band (CI-NEB) method is used to
obtain the energy barrier of transition states [32]. The bonding
strength is measured with the integration of the bonding and
antibonding states between neighboring atoms by projecting the
corresponding crystal orbital Hamilton population (COHP) [33]
as coded in the Lobster program [34]. To study the adsorption and
interactions of molecules, the effect of van der Waals interactions
is considered by using the PBE-D2 functional that contains
the semi-empirical long-range dispersion correction [35]. The
adsorption energy E,smiion iS calculated based on the follow-
ing equation defined as: Eadsorption = Etotal — Esubstrate —
Emolecule, where, E,, represents the total energy of the system,
Egpsirate a0d Epoiecue Tefers to the single-point energies of the
catalyst substrate and adsorbed molecules, respectively. The
formation energy (E) of the Mn,N,@C, system is calculated to
evaluate its thermodynamic stability, defined as: E; = (Eynnyacy
-XEMn s - yEN s - zEC s)/(x+y+z), where Eyi,nyac; IS the total
energy of the composite system, EMn s, EN s, and EC s represent
the energy of each Mn, N, and C atom in its most stable bulk
phase, respectively.

8 0f 10
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