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Feature-rich fundamental properties of hydrogen-
adsorbed armchair graphene nanoribbons: insights
from first-principles calculationsy

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 27139

D. M. Hoat,?® Khuong Dien Vo, Ngoc Thanh Thuy Tran,® Quoc Duy Ho,®
Minh Triet Dang, ©f Huynh Anh Huy, ©f Duong Trong Nhan @& *9"
and Duy Khanh Nguyen © 9"

Using first-principles calculations, we report on the notable structural, electronic, and magnetic properties
of hydrogen-adsorbed 7-armchair graphene nanoribbons (7-AGNR) at various adatom concentrations and
distributions. Key findings include optimal structural parameters, adsorption energies, one-dimensional
electronic band structures, density of states (DOS), charge density distributions, charge density
differences, and spin density distributions. Our results indicate that hydrogen atoms preferentially adsorb
on the top sites of carbon atoms, with double-side adsorption being more stable than single-side
adsorption. Even-hydrogenated 7-AGNR configurations behave as nonmagnetic semiconductors with
varying bandgaps, while odd-hydrogenated configurations exhibit ferromagnetic behavior with different
bandgaps. The number of unpaired hydrogen adatoms influences the magnetic moments of these
configurations. Specifically, the magnetic moment can reach up to 7 ug for complete single-side
hydrogenation, while all other odd-hydrogenated configurations generally display a magnetic moment of
1 up. This behavior is attributed to the complex hybridization between hydrogen and carbon orbitals. This
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1 Introduction

Since the first isolation of two-dimensional (2D) graphene,
many graphene-like 2D materials have been subject to intensive
investigation, driven by their exceptional properties and
potential applications across numerous technological fields."”
As the dimensionality of these 2D materials is further reduced
to one-dimensional (1D) structures, such as nanoribbons or
nanotubes, the quantum confinement effect becomes increas-
ingly enhanced. This quantum confinement leads to unique

“Institute of Theoretical and Applied Research, Duy Tan University, Ha Noi 100000,
Vietnam

*Faculty of Natural Sciences, Duy Tan University, Da Nang 550000, Vietnam

°FPT University, Can Tho Campus, Can Tho, Vietnam

“Hierarchical Green-Energy Materials (Hi-GEM) Research Center, National Cheng
Kung University, Tainan 701, Taiwan

“Department of Mathematics and Physics, Universitetet i Stavanger, Stavanger, Norway
/Faculty of Physics, School of Education, Can Tho University, Can Tho City, Vietnam
¢Laboratory for Computational Physics, Institute for Computational Science and
Artificial Intelligence, Van Lang University, Ho Chi Minh City, Vietnam. E-mail:
nhan.duongtrong@vlu.edu.vn

"Faculty of Mechanical - Electrical and Computer Engineering, School of Technology,
Van Lang University, Ho Chi Minh City, Vietnam
T Electronic  supplementary  information

https://doi.org/10.1039/d5ra04327a

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

electronics, optoelectronics, and spintronics.

electronic and optical properties not observed in bulk or 2D
materials, making 1D materials promising candidates for many
applications.*** Graphene nanoribbons (GNRs), with their
unique electronic, mechanical, and optical properties, hold
immense potential for revolutionizing various technological
fields. Their narrow width and edge structure give rise to
quantized electronic states and tunable bandgaps,''® making
them ideal candidates for applications in nanoelectronics, such
as field-effect transistors (FETs), quantum computing, and
energy conversion.'”'® Additionally, their high charge carrier
mobility, strong spin-orbit coupling, and sensitivity to external
perturbations make GNRs attractive for next-generation elec-
tronics, spintronic devices, and biosensors.” GNRs have been
successfully synthesized through both top-down and bottom-up
approaches. Top-down techniques, like photolithography and
unzipping carbon nanotubes (CNTs), yield GNRs with well-
defined geometries.>*** Conversely, bottom-up methods, such
as chemical vapor deposition (CVD), offer greater control over
material properties, including edge structure and doping levels,
making them more suitable for electronic applications.*>*
The successful synthesis of GNRs makes it easier to study the
properties and application of these materials. Among the pub-
lished studies, the magnetic property of 7-atom wide armchair
graphene nanoribbons (7-AGNR) has garnered significant
interest due to their potential applications in spintronics and
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quantum computing. While the 7-AGNR are generally consid-
ered non-magnetic in their pristine state, recent studies have
indicated that specific modifications can induce magnetic
behavior. Pizzochero and Kaxiras demonstrated that intro-
ducing edge extensions can cause a magnetic ground state in
non-magnetic 7-AGNR.** This aligns with theoretical predic-
tions that localized states at the edges can give rise to magne-
tism in graphene structures.” Introducing defects or doping
can also influence the magnetic properties of 7-AGNR. Dai et al.
reported that defects, such as grain boundaries, can localize
electronic states and lead to distinct magnetic behaviors
compared to pristine AGNR.*® Functionalization, particularly
hydrogenation, has been shown to modify graphene nano-
ribbons' electronic and magnetic properties. The presence of
hydrogen atoms at the edges can lead to the formation of edge
radicals, which may contribute to localized magnetic
moments.*’

Hydrogenation can also affect the bandgap of the 7-AGNR,
which is a significant area of research because hydrogenation
can modify the electronic properties of these nanostructures,
potentially enhancing their applicability in various electronic
devices. The hydrogenation of graphene nanoribbons leads to
a transition from sp® to sp® hybridization in the carbon atoms,
which is associated with forming a band gap. According to the
findings by Kharche et al., hydrogenation can induce a bandgap
in AGNR, which is not present in their pristine state.”® Liu et al.
reported that the band gap of hydrogenated 7-AGNR can be
finely modulated by the density of functional groups attached to
the nanoribbon.? Their study indicated that fully hydroxylated
7-AGNRs exhibit a band gap of approximately 0.7 eV, while the
bandgap of partially hydrogenated structures can vary,
demonstrating the sensitivity of the electronic properties to the
degree of hydrogenation. Usually, the hydrogenation causes
enlargement of the 7-AGNRs' bandgaps. The experiment
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conducted by Sung et al. shows that the bandgap of nano-
ribbons is reduced.*® They assumed that the bandgap reduction
originates from the interaction with the Au(111) substrate.

To date, a systematic computational study to determine the
essential properties and underlying physical and chemical
mechanisms of various hydrogen-adsorbed 7-AGNR is absent,
an interesting topic with high potential applications. To
comprehensively address this outlined issue, we carry out
a thorough first-principles investigation to determine the
structural, electronic, and magnetic characteristics of the
hydrogen-adsorbed 7-AGNR under various concentrations and
distributions, in which the optimal adsorption sites, single-
side, and double-side adsorptions are fully included in the
investigation to make general results. The density functional
theory (DFT) quantities to determine the essential fundamental
properties of the various hydrogen-adsorbed 7-AGNR systems
are developed, including the optimal structural parameters,
adsorption energies, 1D electronic band structures, density of
states, spatial charge density distributions, charge density
distributions, and spin density distributions. Under the devel-
oped DFT quantities, the underlying mechanisms to enrich the
electronic and magnetic behaviors are elucidated, which can
provide a deep understanding of various hydrogen-adsorbed
graphene nanoribbons for potential applications.

2 Computational details

DFT calculation performed in the Vienna ab initio simulation
package (VASP)*** is a powerful tool in simulating the elec-
tronic structure of condensed matter systems, which has been
applied from quantum computation to environmental
studies.***” In this work, the VASP calculations are performed to
investigate the structural, electronic, and magnetic properties
of the pristine and hydrogen-adsorbed 7-AGNR. One-
dimensional (1D) 7-AGNR system is constructed by finite-size

Table 1 Adsorption concentration (%), energy adsorption (eV), minimum C-C bond length/1st C—C (A), maximum C-C bond length/2nd C-C
(A), H-C bond length (A), C-C~-C angle (°), and planar/buckled structure

Ratio of H adatom Concentration Eadsorption 1st C-C 2nd C-C H-C C-C-C Planar/
System Configuration and C atom (%) (eV) (A (A) (A) angle (°)  buckled
7-AGNR Pristine X X X 1.375 1.433 X 121.25 Planar
(1H)eqge-c1 1H:14C 7.14% —2.4939 1.377 1.486 1.12 121.91 Buckled
(1H)non-cdge-cs 1H:14C 7.14% —1.7289 1.366 1.498 113 12242 Buckled
(2H)c1-c13-double 2H:14C 14.28% —3.5812 1.378 1.514 1.11 113.26 Buckled
(3H)c1-co-C3-double 3H:14C 21.42% —3.2353 1.373 1.531 111 108.30 Buckled
(4H) ¢ 1-co-Ca-double 4H:14C 28.57% —3.6445 1.362 1.519 1.11 109.36 Buckled
(5H)c1-c0 s-double 5H:14C 35.71% —3.4339 1.371 1.529 111 109.32 Buckled
(6H)c1-co-Co-double 6H:14C 42.85% —3.6762 1.359 1.514 1.11 109.76 Buckled
(7H)c1-to-c7-single 7H:14C 50% —1.9203 1.464 1.492 116  114.67 Buckled
(7H)c1-t0-C7-double 7H:14C 50% —3.5165 1.379 1.521 112 109.93 Buckled
(8H)c1-co-ca-double 8H :14C 57.14% —3.6149 1.379 1.516 111 109.58 Buckled
(9H) ¢ 1-o-Co-double 9H : 14C 64.28% —3.5072 1.382 1.545 112 110.69 Buckled
(10H)c1-to-Cro-double  10H : 14C 71.42% —3.6535 1.371 1.527 1.11 109.47 Buckled
(11H)c1cocri-double  11H:14C 78.57% —3.6238 1.377 1.557 1.11 109.84 Buckled
(12H)c1c0-C12-double  12H:14C 85.71% —3.7148 1.331 1.536 111 109.62 Buckled
(13H)c1tocra-double  13H:14C 92.85% —3.6114 1.458 1.532 112 109.89 Buckled
(14H)c1-to-Cra-double  14H :14C 100% —3.4560 1.505 1.521 1.11 109.62 Buckled
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edge cutting along the y-axis of the 2D graphene, with a 15 A
vacuum layer to ensure isolation between periodic images.
Passivation of hydrogen atoms at the edges eliminates the
dangling bonds. The Perdew-Burke-Ernzerhof (PBE) func-
tional®® within the generalized gradient approximation (GGA)
are used to describe the exchange-correlation interactions.
Meanwhile, projector-augmented wave (PAW) pseudopoten-
tials* are used to model the ion-electron interactions. In
addition, Heyd-Scuseria-Ernzerhof (HSE06) functional®**?** are
utilized to enhance accuracy in calculating bandgaps of the
semiconducting systems. As reported in Table 2, the HSE06
bandgaps for the pristine 7-AGNR, (1H)eqdge-c1, and (1H)non-cdge-
cs configurations are enhanced about 0.26 eV to 0.56 €V as
compared with their PBE ones. A plane-wave energy cutoff of
500 eV is adopted. Structural optimizations are performed using
a 12 x 1 x 1 k-point mesh. Subsequent self-consistent calcula-
tions employed a higher 100 x 1 x 1 k-point mesh. Conver-
gence criteria of 10~ eV for total energy and 1072 eV A™* for
forces are applied in the calculation process. The 1D electronic
band structure is calculated along the one-dimensional Bril-
louin zone using the Monkhorst-Pack method,* leveraging self-
consistent results. This approach provides a comprehensive
understanding of the electronic properties of the systems under
investigation.

3 Results and discussions

The 7-AGNR system is created by cutting the graphene sheet
along its armchair edges and four hydrogen atoms (purple
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balls) are added to the edge carbon atoms (brown balls) to
saturate the dangling bonds and stabilize the structure. Fig. 1(a)
shows that the 7-AGNR consists of 7 dimer lines. Carbon atoms
labeled C1 to C14 represent potential adsorption sites for
hydrogen atoms. The edge-saturated hydrogen atoms labeled
H1 to H4 are bonded to carbon atoms at the edges of the
nanoribbon. For investigation of hydrogen adsorption, the most
optimal adsorption position of the hydrogen atom (adatom) is
found at the top site (adatom stabilizing on the top of carbon
atom) among other bridge and hollow sites, regardless of any
adatom concentrations. Notedly, different kinds of adsorption
atoms could result in different optimal adsorption sites on the
graphene nanoribbons.** The optimal adsorption adatoms
are labeled from H5 to H14 as increasing adsorption adatom
numbers. As a result, two typical adsorption sites can represent
all other sites: e.g., H adatom on the edge carbon atoms (C1, C2,
C13, C14) and H adatom on other non-edge carbon atoms. The
two typical optimal adsorption sites for the single adatom are
termed Hegge.c1 and Hpop-cdge-cs configurations. Besides, with
the increased number of H adatoms, the single-side and
double-side adsorptions are considered. The single-side
adsorption means all H adatoms are situated in the same
plane, while the double-side adsorption means that H adatoms
are located in both opposite planes. Notably, the adsorption
concentration (concentration) is defined by the ratio of H ada-
toms per C atoms. Following these definitions, the single H
adsorption on the edge carbons of 7-AGNR is denoted as
(1H)eqge-c1 and presented in Fig. 1(b). Notably, this hydrogen
adsorption induced local structural buckling, as evident from

Table 2 Band gap (eV), magnetic moment (ug), and magnetism of the pristine and hydrogen-adsorbed 7-AGNR configurations

Ratio of H adatom  Concentration Magnetic Nonmagnetism (NM)/
System Configuration and C atom (%) PBE/HSEO06 bandgap (eV) moment (ug)  ferromagnetism (FM)
7-AGNR Pristine X X PBE/HSE06: 1.62/1.93 0 NM
(1H)edge-c1 1H:14C 7.14% PBE/HSE06 (up): 0.9/1.16 1.0 FM
PBE/HSE06 (dn): 1.08/1.67
(1H)non-cdge-cs 1H :14C 7.14% PBE/HSE06 (up): 0.94/1.34 1.0 FM
PBE/HSEO06 (dn): 1.24/1.80
(2H)c1-c13-double 2H:14C 14.28% PBE: 0.99 0 NM
(3H)c1-to-C3-double 3H:14C 21.42% PBE (up): 1.06 1.0 FM
PBE (dn): 1.12
(4H)c1-to-Ca-double 4H:14C 28.57% PBE: 0.41 0 NM
(5H)c1-co-C5-double 5H:14C 35.71% PBE (up): 1.42 1.0 FM
PBE (dn): 1.52
(6H)c1-co-Co-double 6H :14C 42.85% PBE: 2.42 0 NM
(7H)c1-to-C7-single 7H :14C 50% PBE (up): 3.09 7.0 FM
PBE (dn): 2.94
(7H) G 1-t0-C7-double 7H:14C 50% PBE (up): 1.37 1.0 FM
PBE (dn): 1.62
(8H)c1-o-Co-double 8H:14C 57.14% PBE: 1.60 0 NM
(9H) ¢ 1-co-Co-double 9H :14C 64.28% PBE (up): 1.76 1.0 FM
PBE (dn): 2.04
(10H)¢1c0-cro-double  10H :14C 71.42% PBE: 0.83 0 NM
(11H)crco-cri-double  11H:14C 78.57% PBE (up): 2.72 1.0 FM
PBE (dn): 2.85
(12H)c1cocro-double  12H:14C 85.71% PBE: 4.36 0 NM
(13H)c1c0.Cra-double  13H:14C 92.85% PBE (up): 3.18 1.0 FM
PBE (dn): 3.06
(14H)c1-t0-cra-dounle  14H:14C 100% PBE: 4.24 0 NM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimal geometric structures of (a) pristine 7AGNR, (b) (1H)egge-c1. (€) (7TH)c1-to-c7-single: @Nd (d) (14H)c1-to-c14-double CONfigurations. The
solid black number along the y direction (dimer line) and red rectangle display the width of the system and its unit, respectively. The C positions in
the unit cell from C1 to C14 illustrate the possible adsorption positions of H atoms.

the side view of the (1H)egge-c1- This suggests that the further
increase of adatoms leads to higher buckling. The single-side
adsorption with the possible maximum number of H adatoms
on the 7-AGNR is only the seven hydrogen adatoms, which can
adsorb on the seven specific carbon atoms of C1, C3, C5, C7, C9,
C11, and C13. This highest single-sided H adsorption is deno-
ted by the (7H)c1-to-c7-single cONfiguration, as shown in Fig. 1(c).
In contrast, the maximum number of 100% Hgouble-side
adsorption is doubly higher than that of the single-side one,
whereas each H adatom covers each carbon atom in both
opposite planes. This maximum double-side H adsorption can
be denoted as (14H)ci-to-c1a-double configuration, which is
depicted in Fig. 1(d). Furthermore, the 7-AGNR optimally
adsorbed with other H concentrations are created using the
aforementioned rule: e.g., (2H)ci-c13-doubles (3H)c1-to-c3-doubles
(4H)C1—tofC4fdouble; (SH)Cl—tofCSfdouble; (6H)C1—t07C67doubley (7H)C1—tof
C7-double) (SH)Cl-to-CS-doubley (QH)Cl-to-CQ-doublea (10H)C1-t0-010-
doubles (11H)C1»t0-011»d0ubley (12H)C1»t0-012-doubley and (13H)C1-to-
c13-double cONfigurations presented in Tables 1 and 2, in which

the 2H or 13H, subscript C1-C13 or C1-to-C13, and subscript
double illustrate for the number of adsorbed H adatoms, the H

27142 | RSC Adv,, 2025, 15, 27139-27153

adsorbed on specific C sites at C1 and C13 (C1-C13) or at C1-
C2-C3-C4-C5-C6-C7-C8-C9-C10-C11-C12-C13  (C1-to-C13),
and double-side adsorptions, respectively. For clear figure out
of the specific H adsoprtion sites, we have included the all
posible adsorption sites of the typical 2H adsorbed on 7-AGNR
in the supporting Fig. S1.f

The initially created pristine and hydrogen-adsorbed 7-
AGNR systems configurations are rigorously optimized to ach-
ieve the most optimal configurations. As a result, the optimal
structural parameters of the most optimal configurations,
including the C-C bond lengths at the edge and non-edge
carbon atoms (1st and 2nd C-C), H-C bond lengths, C-C-C
bond angles, and buckling features, are presented in Table 1.
Besides, the adsorption energies (E.q), which can reveal the
stability of these nanoribbons, are reported in Table 1. For the 7-
AGNR system with n number of hydrogen atoms adsorbed, the
E,q can be calculated as the average difference between the
ground-state energies of the hydrogenated system (Eioa), the
pristine 7-AGNR system (Epristine), and n isolated carbon atoms
(Ecarbon), which the formula for the E,q is established as E,q =
(Etotal — Epristine — Ecarbon)/1- As reported in Table 1, the E,q of all

© 2025 The Author(s). Published by the Royal Society of Chemistry
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configurations is negative, indicating that the formation of
hydrogenated 7-AGNR systems is energetically favorable. All
these configurations are stable, with E,q ranging from —3.71 eV
to —1.73 eV. The values of E,q4, as reported in Table 1, reveal
arule that the adsorption of an even number of hydrogen atoms
results in a more stable structure than the odd number of
hydrogen atoms, which signifies that the H-H bonding is more
stable than the H-C bonding. Specifically, for the lowest H
adsorption concentration, the (1H)cqge-c1 configuration is much
more stable than the (1H)qon-cdge-cs configuration: e.g., Eq =
—2.4939 eV for (1H)egge-c1 configuration and E,q = —1.7289 eV
for the (1H)non-eage-cs configuration. As the number of hydrogen
atoms exceeds (12H), the adsorption energy (E.q) slightly
decreases. This result can be explained through orbital
hybridization, where the H-1s orbitals interact with the C-2p,
orbitals, denoted as s-p, hybridization, for further discussion.
As the concentration of hydrogen increases, the (13H)c1-to0-c13-
double aNd (14H)c1-t0-c14-double cONfigurations may cause some
minor rearrangement of orbital orientation, making the struc-
ture less stable owing to its higher E,q4. Significantly, when seven
H atoms are added to one side of the pristine 7-AGNR called the
(7H)c1-to-c7-single  configuration, the orbital distribution
symmetry is notably disrupted, making it much less stable (E.q
= —1.92 eV) compared to its double-side (7H)ci-to-c7-double
configuration (E,q = —3.52 eV). The much higher stability of the
double-side structure than the single-side structure remains
valid for all adatom concentrations. This implies that the
double-side configurations should be preferably considered for
experimental synthesis.

Moreover, modification in optimal structural parameters of
the adsorbed configurations is identified by comparing the
structural difference of the adsorbed configurations with the
pristine configuration, as reported in Table 1. For the pristine 7-
AGNR configuration, the 1st C-C (bond between edge C atoms)
and 2nd C-C (bond between non-edge C atoms) are 1.375 A and
1.43 A, respectively. The different C-C bond lengths throughout
the pristine 1D system are owing to its finite-size edge termi-
nation. The non-identical bond lengths are the typical feature of
the 1D nanoribbons compared with the uniform bond lengths
of its 2D derivative. In the (1H)eqge-c1 and (1H)non-edge-cs
configurations, the 1st C-C bond lengths remain the same
because the 1st C-C bond lengths in pristine 7-AGNR are pref-
erably affected by the edge H passivation. On the other hand,
the 2nd C-C bond lengths increase by 0.06-0.07 A because the
orbital interaction weakens these bonds. Furthermore, an
increase in the number of H adatoms adsorbed leads to an
increase in the 2nd C-C bond lengths in all high H configura-
tions, except for the (7H)ci-to-c7-single cONfiguration. At 92.85%
adsorption (13H)c1-to-c13-double aNd 100% adsorption (14H)c; o
C14-doubles the 1st C-C bond lengths become shorter and longer,
respectively. Because the s-p, is out-of-plane orbitals, it mainly
causes structural buckling with a slight effect on the symmetry
of the hydrogenated 7-AGNRs. As reported in Table 1, the C-C-C
angle in the pristine 7-AGNR is 121.25°, which nearly remains
the same in the (1H)egge-c1 and (1H)non-cdge-cs Structures. At
higher hydrogen concentrations, this angle slightly changes to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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108.30°-114.67°. This result signifies that the H-1s orbitals also
interact with C-2p,, orbitals.

Halogens and transition metal adatoms are well-known to
induce ferromagnetism in graphene and silicene by modifying
their structures.*** To gain deeper insights into the structural
modifications and their impact on electronic properties, we
calculated the bandgap, magnetic moment, and magnetism of
pristine and hydrogenated 7-AGNR configurations reported in
Table 2. Interestingly, the 7-AGNR absorbed with an even
number of hydrogen atoms, the (2H)ci-ci13-doubles (4H)c1-to-ca-
doubles; (6H)c1-to-Co-doubles (8H)c1-to-cs-doubles (10H)c1-to-C10-doubles
(12H)C1-t0-C12-double7 and (14H)C1-t0-014-d0ub1e Conﬁgurations
exhibit non-magnetic semiconducting behavior. In contrast,
those with an odd number of hydrogen atoms, the (1H)cqge-c1,
(1H)non-edge-C5y (3H)C1—to-C3-doubley (SH)Cl-to-CS-doubley (7H)C1-to-C7-
doubles; (9H)c1-to-co-doubles (11H)c1-to-c11-double; aNd (13H)c1-to-c13-
double configurations, are ferromagnetic semiconductors with
consistent magnetic moment of 1 ug. Critically, the (7H)c1-t0-c7-
single configuration displays the maximum magnetic moment of
7 up. However, the magnetic stability of the (7H)c1-to-c7-single
configuration is significantly smaller than its double-side
(7H)c1-to-c7-double configuration. Due to these unique character-
istics, the 1D electronic band structures of the even-
hydrogenated 7-AGNR configurations are presented without
spin-splitting bands (Fig. 2). In contrast, the spin-splitting 1D
electronic band structures are accompanied by the odd-
hydrogenated 7-AGNR configurations (Fig. 3).

Fig. 2(a) depicts the non-spin-splitting 1D band structure of
the pristine 7-AGNR, with the contribution analysis of the C-2s,
C-2pyy, and C-p, orbitals highlighted in cyan, blue, and red,
respectively. Unlike 2D graphene, a zero-gap material, the
quantum confinement in the 1D structure of the 7-AGNR
introduces a bandgap of 1.62/1.93 eV (PBE/HSE06), as reported
in Table 2. This bandgap separates the conduction band
minimum (CBM) and valence band maximum (VBM), both
located at the G-point of the Brillouin zone, making the pristine
7-AGNR with a direct bandgap. The C-2p, orbitals play a crucial
role in the electronic structure of the pristine 7-AGNR, signifi-
cantly contributing to low-lying energies to create the = bands.
In contrast, the C-2p,, orbitals primarily contribute at energy
levels below —3 eV, while the C-2s orbitals begin to emerge
around —5.5 eV. The C-2p,, and C-2s related bands belong to
the o bands. At deeper energy levels in the valence bands, the C-
2p, orbitals interact with the C-2p,;, and C-2s orbitals. Since the
C-2p, orbitals correspond to 7 orbitals and the C-2s and C-2py,
orbitals correspond to ¢ orbitals, their hybridization reflects an
overlap between sp” and sp® orbitals. This observation will be
further investigated through its latter density of states analysis.

Previous DFT studies have suggested that hydrogenation of
7-AGNRs reduces aromaticity while increasing aliphatic char-
acter, typically resulting in a larger bandgap.” However,
experimental measurements by Sung et al. revealed an unex-
pected decrease in the bandgap of hydrogenated 7-AGNRs.
Without explicit electronic structure calculations, they attrib-
uted this bandgap reduction to interactions between the 7-
AGNRs and the Au (111) substrate.*® Firstly, the nanoribbons’
bandgap variation is shown to originate from the complex
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Fig.2 Orbital- and atom-decomposed electronic band structures of (a) pristine 7AGNR, (b) (2H)c1-c13-doubte: (€) (4H)c1-to-ca-doubtes (d) (BH)c1-to-
c6-doubles (€) (BH)c1-to-cs-double: (f) (10H)c1-to-c10-doubte: () (12H)c1-t0-c12-doubte: @Nd (h) (14H)c1-10-c14-double CONfigurations. The cyan, blue, and red
stars show for the C-2s, C-2p,,, and C-2p, orbitals, respectively, and the green and magenta circles expose the C and H atoms.
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Fig.3 Spin-splitting energy bands of (a) (1H)egge-c1. (D) (1H)non-edge-cs. (€) (BH)c1-to-c3-double: (d) (SH)c1-to-c5-doubte: (€) (7TH)c1-to-c7-singte. () (7H)c1-
to-C7-doubler (@) (OH)c1-to-co-doubte: aNd (h) (13H)c1-to-c13-double CONfigurations. The solid red and blue lines display the spin-up and spin-down
bands, respectively.
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orbital hybridization, where 7 orbitals play an essential role.*
Secondly, the distribution and concentration of adatoms are
also crucial factors affecting the electronic properties of the
nanoribbons.*® Therefore, our comprehensive electronic struc-
ture calculations of various hydrogen-adsorbed 7-AGNR systems
can clarify the underlying mechanism of the bandgap reduc-
tion. Our calculated bandgaps of hydrogen-adsorbed 7-AGNR
configurations are reported in Table 2, whereas both bandgap
reduction/enlargement are observed below/beyond the critical
concentration, respectively. Except for some exclusive cases, the
bandgap initially decreases with low H concentrations (up to
57%) but significantly increases at higher H concentrations.
This behavior can be attributed to the distribution of hydrogen
adatoms on the 7-AGNR, which can alter the C-C bond lengths
and C-C-C angles and orbital hybridization between hydrogen
and carbon atoms. To gain deeper insights into these effects,
the atom-decomposed 1D electronic band structures of the
(ZH)Cl—CISfdoubley (4H)C1—tofc4—doubley (6H)C1—tofC67doub1ey (8H)C1—t07
C8-double) (1OH)C1-to»C10-double7 (12H)C1-t0-C12-d0ubley and (14H)C1-t0-
C1a-double CONfigurations are analyzed, as depicted in Fig. 2(b) to
(h), respectively. The size of the magenta and green circles
illustrates the contribution intensities of the H adatoms and C
atoms.

In Fig. 2(b), (c), (e) and (f), the s-bands of H adatoms are
predominantly located in the deeper valence energy bands
(magenta circles). In contrast, they are co-dominated by the
bands of C atoms (green circles). The co-domination of the
bands of H adatoms and C atoms at more profound valence
energies implies the hybridization of H-1s and C-(2p, and 2p,,)
orbitals. This disrupts the extended m-electron network and
leads to the formation of localized electronic states. Conse-
quently, the m-electrons lose their delocalization across the
hydrogenated 7-AGNRs, reducing band gaps. As summarized in
Table 2, the bandgaps of the (2H)c1-c13-doubler (4H)c1-to-ca-doubles
(8H)c1-to-cs-doubley  aNd  (10H)cqto-c10-double ~ cONfigurations
decrease to 0.99 eV, 0.41 eV, 1.6 eV, and 0.83 eV, respectively.
These effects are sensitive to the spatial distribution of
hydrogen atoms. In contrast, for the (6H)c1-to-ce-double CONfigu-
ration, shown in Fig. 2(d), the co-domination of H adatoms and
C atoms appears at upper energy levels within the valence
bands. This implies that the H-1s orbitals hybridize with the C-
2p, orbitals at upper valence energies. This hybridization
enhances the delocalization of -electrons, significantly
increasing the bandgap to 2.42 eV. At higher hydrogen
concentrations, such as 85.71% and 100%, a high contribution
density of the bands of H adatoms occurs in wider valence
energy bands, where the H-1s orbitals strongly hybridize with
the C-2p, orbitals. As a result, the bandgaps of the (12H)c1-to-c12-
double aNd (14H)c1-to-c14-double cONfigurations increase dramati-
cally to 4.36 eV and 4.24 eV, respectively, shown in Fig. 2(g) and
(h). The mechanism for changing the bandgap caused by
different H concentrations is identified as follows: the H-1s
orbitals can either enhance or inhibit the delocalization of -
electrons via hybridization with 7 orbitals of C, leading to
a corresponding increase or decrease in the bandgap. Specifi-
cally, at sufficiently high H concentrations (from 78.57% to
100%), the sufficiently high density of H-1s orbitals becomes
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prominent at the upper valence bands, significantly widening
the bandgap (Table 2). Below the critical concentration of
78.57%, the bandgaps are decreased or increased, strongly
dependening on the specific concentrations and distributions
(Table 2). The mechanism for bandgap modification of the 2D
systems under different external factors has been observed in
previous studies.>*">

The spin-splitting 1D energy bands for the hydrogen-
adsorbed 7-AGNR configurations with odd H numbers of
(1H)edge-C1’ (1H]non—edge-C5y (3H)C1-to-C3—doubley (SH)Cl-to—CS-doubley
(7H)C1-t0-c7-single7 (7H)c1-to-c7-doubles  (9H)c1-to-co-double  and
(13H)¢1-to-c13-double are presented in Fig. 3(a) and (h), respec-
tively. The spin-up bands are depicted with red lines, while blue
lines illustrate spin-down bands. Except for the (7H)c1-to-c7-single
configuration, all other odd-hydrogenated 7-AGNRs exhibit
similar electronic features, including a distinct spin-splitting in
the vicinity of the Fermi level, resulting in a uniform magnetic
moment of 1 ug. In these structures, the VBM is composed of
spin-up bands, while the CBM is composed of spin-down bands.
As a result, these odd-hydrogenated 7-AGNR configurations are
ferromagnetic semiconductors with the spin-splitting bandgaps
reported in Table 2. As for the (7H)ci-to-c7-single cOnfiguration
with all seven H adatoms adsorbed on the same side, it
possesses a higher spin-splitting 1D electronic band structure
as depicted in Fig. 3(e), in which there are more spin-up (red
lines) and spin-down (blue lines) bands appearing in the upper
valence and lower conduction bands, respectively. The energy
levels deeper than —2.4 eV in the valence band and those higher
than 2 eV in the conduction band are filled with slightly sepa-
rate blue and red lines, signifying the spin-splitting in these
energy levels. Closer to the Fermi level, the upper valence energy
bands from —1 eV to below the Fermi level are exclusively
composed of spin-up bands, and the higher conduction energy
bands from 0.5 to 2 eV are formed solely by spin-down bands.
This substantial spin-splitting feature results in the most
considerable magnetic moment of 7 uy for the (7H)gingle-cdge
configuration, which is also an unusual ferromagnetic semi-
conductor. As shown in Table 2, the spin-up/spin-down 1D
bandgaps for odd double-side configurations of (1H)eqge-c1,
(1H)non-edge-C5; (3H)C1-t0-c3-double; (SH)Cl-to-CS-double» (7H)C1-to-C7»
doubles (9H)c1-to-co-double aNd (13H)c1-to-c13-double ar€ 0.9/1.08 eV,
0.94/1.24 eV, 1.06/1.12 eV, 1.42/1.52 eV, 1.37/1.62 eV, 1.76/
2.04 eV, 2.72/2.85 eV, 3.18/3.06 eV, respectively. Unlike the
double-side (7H) configuration, the spin-up/spin-down bandg-
aps of the (7H)c1-co-c7-single cOnfiguration show different values
of 3.09/2.94 eV. Unlike even-hydrogenated 7-AGNRs, the spin-
splitting 1D bandgaps of odd-hydrogenated 7-AGNRs consis-
tently increase with hydrogen concentrations. This suggests
that hydrogen pairs may weaken the interaction between H-1s
and C-2p, orbitals at deeper energy levels in the valence band.
The later discussion considers the density of states (DOS) of
these configurations to further elucidate this behavior.

Fig. 4(a) presents the total DOS and orbital-decomposed
DOSs of the pristine 7-AGNR, whereas the Fermi level is set at
0 eV, as remarked by the dashed line. The black curve represents
the total DOS, while the contributions from the C-2s, C-2p,y,
and C-2p, orbitals are shown in cyan, blue, and magenta curves,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Orbital-decomposed density of states (DOSs) (a) pristine 7AGNR, (b) (2H)c1-c13-doubter (€) (4H)c1-to-ca-double: (d) (6H)c1-to-co-double: (€)
(12H)c1-to-c12-doubte: @Nd (f) (14H)c1-to-c14-double CONfigurations. The solid cyan, blue, magenta, and green curves display the C-2s, C-2p,,, C-2p,,

and H-1s orbitals, respectively.

respectively. In Fig. 4(a), the total DOS reveals a bandgap of
1.62 eV, separating the valence and conduction bands. This
corresponds to the direct bandgap observed in the electronic 1D
band structure of Fig. 2(a), where both the VBM and CBM are
located at the G-point of the Brillouin zone. Furthermore, the C-
2p, orbitals contribute to the 7t-states, while the C-2s and C-2p,,
orbitals form the o-states. The upper valence energy bands,
ranging from —2.5 eV below the Fermi level, primarily comprise
T-states. Below —2.5 eV, the deeper valence energy bands are
strongly dominated by o-states that are hybridized with 7-states
in the range of —7.5 to —2.5 eV. The hybridization of C-2p,, and
C-2s orbitals forms the sp* hybridization, which maintains the
planar structure of the pristine 7-AGNR. Meanwhile, the
hybridization between © and ¢ orbitals weakens the 7-bonds.
The lowest conduction bands are mainly dominated by m-states.
At higher energy levels (>3.5 eV), the weak sp® hybridization
occurs, involving C-2p,,, C-2p;, and C-2s orbitals.

As for even-hydrogenated 7-AGNR configurations, their total-
and orbital-decomposed DOSs are shown in Fig. 4(b)-(f). The

© 2025 The Author(s). Published by the Royal Society of Chemistry

contributions from the C-2s, C-2p,,, C-2p., and H-1s orbitals are
represented in cyan, blue, pink, and green, respectively. As
illustrated in Fig. 4(b) for the DOSs of the (2H)gi-ci3-double
configuration, the adsorption of two hydrogen atoms induces
the formation of sp® orbitals at energy levels below —3 eV, where
hybridization between the H-1s, C-2p,,, and C-2p, orbitals
occurs. This sp® hybridization causes a buckling of the (2H)
structure, as detailed in Table 2. Simultaneously, the intensity
of the C-2p, orbitals near the Fermi level decreases significantly,
disrupting the delocalized m-electron network and resulting in
a reduced bandgap. The DOSs intensity of the conduction
bands also diminishes markedly, with the C-2p, orbitals
remaining the dominant contribution at these energy levels. For
the DOSs of the (4H)ci-to-cadouble configuration, shown in
Fig. 4(c), the adsorption of higher hydrogen atoms amplifies
these effects. The hybridized orbital intensities below —3 eV
increase substantially, reducing the intensity of the C-2p,
orbitals near the Fermi level. This leads to a dramatic drop in
the bandgap to 0.41 eV. With more hydrogen atoms adsorbed,
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the structural symmetry of the nanoribbon changes, redis-
tributing the H-1s orbitals. In the (6H)c1-to-ce-doubles (12H)c1-to-
Ciz-doubley, aNd  (14H)c1-to-c1a-double configurations, shown in
Fig. 4(d)-(f), the H-1s orbitals interact with the C-2p,,, and C-2p,
orbitals at deeper energy levels in the valence bands. This
interaction significantly increases the density of C-2p, orbitals
near the Fermi level, resulting in a notable enlargement of the
bandgap. Additionally, the DOSs intensity of the lowest
conduction bands of these high-even H configurations
decreases significantly, reflecting further modifications in their
electronic band structures.

In terms of verifying the spin-splitting 1D band structures of
the odd-hydrogenated 7-AGNR configurations and clarifying the
mechanism inducing these magnetic properties, their orbital-
and spin-projected DOSs are considered via Fig. 5. The solid
cyan, blue, magenta, and green curves represent the contribu-
tions of the C-2s, C-2p,,, C-2p,, and H-1s orbitals, respectively.
The positive DOS values correspond to spin-up states, while
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negative DOS values correspond to spin-down states. As for the
DOSs of the (1H)egge-c1 configuration shown in Fig. 5(a), the low-
lying valence energy bands near the Fermi level are primarily
composed of the C-2p, orbitals and a minor part of H-1s
orbitals, the hybridization of which is responsible for -
bonding. The energy level of —3 eV can be considered a critical
point; below this point, the contributions of C-2p,, and C-2s are
recognizable. These deeper valence bands are characterized by
the hybridization of C-2p,, H-1s, and C-2p,,, orbitals to form sp’-
hybridized bonds, leading to the observed buckling in the
(1H)egge-c1 configuration. The conduction bands are predomi-
nantly composed of C-2p, orbitals. In the valence bands, while
the C-2p,, orbitals exhibit symmetric spin-up and spin-down
states through the horizontal line, the H-1s and C-2p, orbitals
show significant spin polarization. This spin polarization is
most pronounced near the Fermi level, where both H-1s and C-
2p. orbitals contribute. This spin polarization ultimately gives
rise to a magnetic moment of 1 ug, classifying the (1H)egge-c1

DOS (States/eV.unit cell)

10—
Bl <65 <473 224l
Ev<(eV)

Fig.5 Orbital- and spin-decomposed density of states (DOSs) (a) (1H)eqge-c1. (0) (3H)c1-to-c3-doubte: (€) (5H)c1-to-c5-doubte: (d) (7TH)c1-to-c7-single: (€)
(7H)c1-to-c7-double: aNd (f) (13H)c1-t0-c13-dounle CONfigurations. The solid cyan, blue, magenta, and green curves display for the C-2s, C-2p,,, C-2p,,
and H-1s orbitals, respectively, and the positive and negative DOSs display for the spin-up and spin-down states.
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configuration as a ferromagnetic semiconductor. For the posi-
tive DOS component, the bandgap between the highest spin-up
valence band and the lowest spin-up conduction band is 0.94 eV
(as reported in Table 2). This corresponds to the red curves’
spin-up bandgap visualized in Fig. 3(a). Similarly, for the
negative DOS, the bandgap gap between the spin-down valence
band and the spin-down conduction band is 1.08 eV, as indi-
cated in Table 2 and represented by the blue curves in Fig. 3(a).
As the number of hydrogen atoms adsorbed on the 7-AGNR
increases, the spin polarization remains constant. Fig. 5(b), (c),
(e) and (f) depict the DOSs of the (3H)c1-to-c3-doubles (5H)c1-t0-05-
doubles (7H)c1-to-c7-doubles a0 (13H)c1-to-c13-double CONfigurations,
respectively. In these cases, the hybridization with additional H-
1s orbitals significantly enhances the intensity of both spin-up
and spin-down C-2p, orbitals. Notably, the C-2p, peaks near
the Fermi level become sharper and more intense. Still, the
difference in spin-up and spin-down densities remains
constant, resulting in a unique magnetic moment of 1 ug for all
four configurations. With the increase of the hydrogen atoms,
the spin-up peaks at the Fermi level become thinner. To provide
a clearer view of this region, a zoomed-in portion is displayed in
the top right corner of each figure. Changes in the DOSs result
in significant alterations to the bandgap. In the deeper valence
bands, the hybridization between the H-1s, C-2p,y, and C-2p,
orbitals is substantially enhanced, strengthening the sp® char-
acter of the orbitals. This hybridization shifts the critical point
to upper energy levels within the valence bands, amplifying its
impact on the C-2p, orbitals near the Fermi level. As a result, the
bandgap increases with the number of hydrogen atoms in the
odd-hydrogenated 7-AGNRs, as summarized in Table 2.
Significantly, the adsorption of 7 hydrogen atoms on only
one side of the 7-AGNR, the (7H)ci-to-c7-single coOnfiguration,
causes strong asymmetry in the DOS structure, which can be
observed in Fig. 5(d). Only spin-up orbitals occupy the valence
bands from —1.5 below 0 eV, while only spin-down orbitals
occupy the conduction bands from 0.5 to 2 eV. The significant
difference in density of spin-up and spin-down peaks causes
a high magnetic moment of 7 up, making it a strong ferro-
magnetic semiconductor. This is due to creation of seven
unpaired electrons in the system, in which each unpaired
electron contributes 1 ug, leading to its net magnetic moment
equal to 7 ug.** The critical point is shifted to a more bottomless
valence band at —5 eV; below this point, the sp® hybridizations
of the H-1s, C-2p,,, and C-2p, orbitals on positive and negative
components of the DOS spectrum are still symmetric like other
four configurations. The significant difference is that the sp®
hybridizations are also observed in the strong spin polarization
region near the Fermi level. Consequently, the bandgap of
(7H)c1-t0-c7-single 1S significantly widened to 3.09 eV (spin-up)
and 2.94 eV (spin-down). These bandgaps are comparable to
those of the (13H)g1-to-c13-dounle cONfiguration, even though the
number of the H adatom in the (7H)c1-to-c7-double cOnfiguration
is about half of that in the (13H)c1-to-c13-double cONfiguration.
As mentioned earlier, the adsorption of hydrogen atoms on
7-AGNR induces significant changes in its structural, electronic,
and particularly magnetic properties. These effects are highly
dependent on hydrogen atoms' concentration and spatial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution. To better understand the mechanisms driving
these changes, the charge density distribution and charge
density difference for the pristine 7-AGNR, as well as the
(1H)edge»C1; (7H)Cl—t0-C7-doubley (13H)C1-to—C13»doubley and (14H)C1-to»
cia-double configurations, are presented in Fig. 6. The charge
density is measured in ea, >, where e is the elementary charge
and q, is the lattice constant. The maximum charge density is
represented in red isosurface, while the minimum is shown in
blue isosurface. For the charge density distribution of the
pristine 7-AGNR configuration, as illustrated in Fig. 6(a), the
region between two carbon atoms appears to be a dense red
color, indicating the highest electron concentration in this area.
This high electron density corresponds to the strong covalent ¢
bonding arising from the C-2s and C-2p,, orbitals, as shown in
Fig. 4(a). Surrounding the C-C bond, the green regions indicate
a lower electron concentration associated with forming -
bonds. This observation is consistent with the upper valence to
low conduction bands in Fig. 4(a), which are predominantly
occupied by the C-2p, orbitals. Under hydrogen adsorption
effects, the charge density distributions are significantly modi-
fied, and the charge density differences are also formed. The
modified charge density and charge density difference for the
(1H)cqge configuration are depicted in Fig. 6(b) and (c), respec-
tively. Notably, the hydrogen adatom has a slightly lower elec-
tronegativity than the carbon atom, meaning the adsorbed H
atom cannot significantly attract electrons from the carbon
atom. However, Fig. 6(b) reveals a distinct electron distribution
(red region) between the H and C atoms. This electron sharing
arises from the interaction of the H-1s orbital with the C-2p,,
and C-2p, orbitals, forming sp® hybridized orbitals. These
hybridized orbitals create new energy states for electron occu-
pancy, leading to the redistribution of electrons. This process,
termed charge accretion, is visualized as yellow regions, while
areas of electron depletion appear as blue regions. The sp?
hybridization is depicted in Fig. 6(c): the upper yellow sphere
represents the overlap of the H-1s and C-2p, orbitals, while the
three remaining yellow lobes correspond to the interaction
between H-1s and C-2p,, orbitals. This hybridization induces
local buckling in the structure, as reported in Table 2. Addi-
tionally, weaker charge transfer occurs at the second and third
neighboring carbon atoms, forming smaller yellow regions.
Consequently, the extent of the red region between two C atoms,
as shown in Fig. 6(b), is diminished. The green regions
encompassing the C-C and H-C bonds signify the presence of
elongated and weaker m-bonds, reflecting the structural and
electronic alterations introduced by the H adsorption.

As the number of hydrogen atoms increases, the interaction
between the H-1s, C-2p,,, and C-2p, orbitals becomes increas-
ingly pronounced. These orbital hybridizations concentrate
more electron density around the hydrogen atoms, as evidenced
by the larger red regions surrounding hydrogen atoms in the
charge density plots for the (7H)ci-to-c7-doubles (13H)c1-to-c13-
doubles aNd (14H)c1-to-c14-double configurations (Fig. 6(d), (f) and
(h), respectively). Concurrently, the red regions between carbon
atoms diminish significantly, indicating weaker o-bonding.
However, the elevated electron density on both carbon and
hydrogen atoms confirms the formation of stronger m-bonds.
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Flg 6 Charge density distribution of (a) pristine 7-AGNR, (b) (1H)edge-C1r (d) (7H)C1—to—C7-doubIEr (f) (13H)C1-to-C13-doubler (h) (14H)C1—to—C14—double
Conﬁgurations; Charge density difference of (C) (1H)edge,(:1, (e) (7H)C17tofc7fd0ublel (g) (13H)C1—t07C137double: and (|) (14H)C17tofcl4fdouble

configurations.

These observations are further supported by the charge density
difference plots in Fig. 6(e), (g) and (i) for the (7H)c1-to-c7-doubles
(13H)c1-to-c13-doubles  aNd  (14H)cy-to-c14-double  configurations,
respectively. In these configurations, yellow spheres become
more prominent, highlighting the enhanced overlap of H-1s
and T-orbitals. Meanwhile, the oc-orbitals transition from
large yellow lobes into smaller, more localized yellow spheres
near the carbon atoms. This aligns well with the DOS results
shown in Fig. 5, where the hybridization of the H-1s and C-2p,,
orbitals shifts to lower energy levels as the number of hydrogen
atoms increases.

As discussed in previous sections, adsorption of an odd
number of H atoms causes orbital intensity and distribution

27150 | RSC Adv, 2025, 15, 27139-27153

changes, leading to structural and electronic modifications.
Fig. 6(a) depicts the charge density distribution of the pristine 7-
AGNR, in which the electron clouds (in red) are evenly
concentrated on the sp® carbon bonds, indicating a stable
delocalized m-electron system along the nanoribbon. This
structure contrasts with the hydrogenated cases, where distinct
regions of charge accumulation and depletion appear. In each
of the Fig. 6(c), () and (g), there is one unpaired sp® hybridized
orbital because the number of H atoms in the (1H)eqge-c1,
(7H)c1-to-c7-doubles and (13H)ci-to-c13-double configurations are
odd. This unpaired sp® orbital is expected to cause magnetic
moments in the odd-hydrogenated 7-AGNR systems. To gain
better insight into this characteristic, the spin density

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig- 7 Spin deﬂSity distribution of (a) (1H)edge—C1: (b) (1H)non—edge—CS, (C) (3H)Cl—to—Cl3—doubler (d) (SH)Cl—to—CS—doubler (e) (7H)C1—to—C7—singler (f) (7H)C1—to—
c7-doubler () (11H)c1-to-c11-double: @aNd (M) (13H)c1-to-c13-double CONfigurations. The magenta and green balls show for the spin-up and spin-down

orientations, respectively.

distributions of all odd-hydrogenated 7-AGNRs are calculated
and presented in Fig. 7. Magenta and green balls represent spin-
up and spin-down orientations, respectively. As shown in Fig. 5,
the H-1s orbitals can hybridize with both spin-up and spin-
down orbitals of the carbon atoms, leading to significant
changes in the spin density of the C atoms. Furthermore, Fig. 6
illustrates that the H-1s orbitals can also influence the spatial
arrangement of the C orbitals. These interactions enable
hydrogen atoms to modify the spin distribution in 7-AGNRs.
The spin density distribution plots for the (1H)eqge.ci and
(1H)non-edge-cs configurations, shown in Fig. 7(a) and (b),
respectively, highlight the impact of the adsorbed H5 adatom.
This adatom induces notable distortions in the spin density
distribution, affecting both edge and non-edge regions.
Specifically, it alters the spin density at edge positions while
eliminating spin polarization at non-edge positions. As a result,
the overall spin densities in both (1H)egge-c1 and (1H)non-edge-cs
configurations are non-zero, which induces a magnetic
moment. The spin density distributions for the (3H)c1-t0-c3-
double; (5H)c1-to-cs-doubles (7H)ci1-to-c7-doubles (11H)c1-to-c11-doubles
and (13H)c1-to-c13-double cONfigurations are presented in Fig. 7(c),
(d), (), () and (h), respectively. In these cases, the adsorbed
hydrogen atoms similarly affect the spin density distribution.

© 2025 The Author(s). Published by the Royal Society of Chemistry

However, this effect is limited by the pairing of hydrogen atoms,
as the spin contributions of paired hydrogen atoms effectively
cancel each other. Consequently, the resulting magnetic
moment for these configurations remains constant at 1 ug, as
reported in Table 2, regardless of the number of hydrogen
atoms adsorbed. Due to the adsorption of all H atoms on one
side of the 7-AGNR, the difference in spin polarization in (7H)¢;-
to-C7-single 15 not limited by the pairing of hydrogen atoms.
Fig. 7(e) shows that the nanoribbon is filled with spin-up on one
side. Such strong asymmetry in spin orientation results large
magnetic moment of the (7H)single-side cONfiguration, which is 7
up as reported in Table 2.

4. Concluding remarks

Using DFT calculations, we demonstrate the impact of various
hydrogen adsorptions on the 7-AGNR system, shedding light on
the underlying adsorption mechanisms. Specifically, we
construct various hydrogenated 7-AGNR configurations, incor-
porating both even-numbered (2, 4, 6, 8, 10, 12, and 14) and
odd-numbered (1, 3, 5, 7, 9, 11, and 13) hydrogen adatoms. Our
evaluation encompasses their structural, electronic, and
magnetic properties. The results indicate that hydrogenation
with an even number of hydrogen atoms yields non-magnetic

RSC Adv, 2025, 15, 27139-27153 | 27151
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semiconductors while introducing an odd number of hydrogen
adatoms results in ferromagnetic semiconductors. The bandg-
aps of hydrogenated 7-AGNR systems may either increase or
decrease as the number of hydrogen adatoms rises. This
observation challenges the prevailing understanding that
hydrogen adsorption invariably enlarges the bandgap by dis-
rupting the delocalized m-orbitals within the 7-AGNRs. To
further elucidate these discrepancies, we conduct an in-depth
analysis of the orbital-projected 1D electronic band structures,
atom-decomposed electronic band structures, spin-splitting
electronic band structures, as well as the orbital- and spin-
decomposed DOSs. Additionally, we explore charge density
distribution, charge density differences, and spin density
distributions. Our analysis reveals significant interactions
between the H-1s orbitals and C-2p, orbitals across a broad
energy range, while H-1s orbitals also interact with C-2p,,
orbitals in lower valence bands. This dual interaction leads to
two notable effects: the formation of sp® hybridization, which
induces local buckling in the hydrogenated 7-AGNRs, and the
development of strongly localized orbitals that diminish the
delocalized Tt-orbitals, ultimately resulting in a reduction of the
band gap. As the quantity of hydrogen atoms increases, the
interaction between H-1s and C-2p, orbitals in higher valence
bands prevails, thereby enhancing delocalized m-orbitals and
expanding the band gap. Interestingly, in cases where hydro-
genation occurs with an even number of hydrogen adatoms, we
observe a potential reduction in the band gap, as paired
hydrogen adatoms on the same plane can counterbalance one
another's effects. In contrast, the adsorption of an odd number
of hydrogen adatoms consistently increases the band gap, with
this effect becoming more pronounced with the addition of
hydrogen adatoms due to the asymmetric distribution on one
side of the nanoribbon. Regarding magnetic properties, the
hydrogen adatom interacts with the C-2p, and C-2p,, orbitals,
influencing the density of spin-up and spin-down orbitals and
affecting the shape and orientation of the carbon orbitals.
Consequently, an odd number of hydrogen adatoms generates
distinct magnetic moments. When hydrogen adatoms are
uniformly distributed on both sides of the 7-AGNRs, the
resulting paired atoms exhibit a consistent magnetic moment
of 1 up, irrespective of the total number of hydrogen adatoms;
this equals the number of hydrogen adatoms present on
a single side; notably, the (7H)ci<o-c7-single configuration
prevents spin cancellation and yields a net magnetic moment of
7 ug, whereas symmetric double-side adsorption produces only
1 up due to the pairing effect. Our theoretical results contribute
to a comprehensive understanding of the enriched funda-
mental properties of hydrogen-adsorbed 7-AGNR systems. The
enhanced electronic and magnetic characteristics of these
varied hydrogen-adsorbed 7-AGNR systems hold considerable
promise for applications in advanced electronics, optoelec-
tronics, and spintronics.
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