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ABSTRACT: Bilayer graphene (BLG) exhibits distinct physical properties A
under external influences, such as torsion and structural defects, setting it 0.151
apart from monolayer graphene. In this study, we explore the synergistic

effects of carbon vacancies, in conjunction with phosphorus dopants, across 0.104

[l Metrics & More | @ Supporting Information

BLG, focusing on their impact on structural, magnetic, electrical, and S
hydrogen adsorption properties. Our findings reveal that the substitutional @ 0.05-
doping of a phosphorus atom into a single carbon vacancy in a graphene %
layer induces substantial structural distortion in BLG. In contrast, doping % 0.004

phosphorus into a double vacancy maintains the flat structure of graphene

layers. These distinct layer structures affect the electron distribution and 0,054
spin arrangement, leading to varied electronic configurations and intriguing
magnetic behaviors. Furthermore, the presence of abundant unsaturated
electrons around the vacancy promotes the capture and bonding of
hydrogen atoms. Hydrogen adsorption on BLG results in substantial orbital hybridization, accompanied by significant charge
transfer. The calculated Gibbs free energies for hydrogen adsorption on BLG range from —0.08 to 0.09 eV, indicating exceptional
catalytic activity for the hydrogen evolution reaction. These findings carry implications for optimizing the properties of graphene
layers, making them highly desirable for applications such as catalysis.
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1. INTRODUCTION

Graphene, as the pioneering monolayer two-dimensional (2D)
material successfully synthesized, stands out prominently
within the realm of 2D materials.””> Comprising single-atom-
thick hexagonal carbon structures, graphene’s carbon atoms
engage in sp” orbital hybridization, forming a 7z-bond on the
surface. This unique electronic configuration results in a

Alternatively, graphene can undergo external modulation to
finely adjust its electronic properties to amplify active sites and
ultimately to enhance its intrinsic catalytic activity. Manipulat-
ing graphene by doping or introducing carbon vacancies stands
as a widely employed strategy to improve its catalytic activity
in H, production. For instance, Denis et al. investigated the
dual-doped graphene systems and found that AI-O, S—N, P—

distinctive energy band structure characterized by a zero band
gap and Dirac cone, contributing significantly to graphene’s
exceptionally high electron mobility and electrical conductiv-
ity.3_5 Moreover, graphene boasts a high specific surface area
and exceptional light absorption properties, among other
advantageous traits. These versatile features render graphene
widely applicable in the fields of electronics, energy storage,
and catalysis.%”

It is crucial to recognize that the intrinsic monolayer
graphene lacks inherent catalytic activity for producing
hydrogen (H,), a promising clean energy source. Currently,
graphene is commonly employed as a substrate for active
materials, forming a heterostructure catalyst. For instance,
Chen et al. developed a nickel-doped molybdenum disulfide
with graphene as a substrate, proving to be an efficient material
for the hydrogen evolution reaction (HER) catalyst.® Wu et al.
theoretically confirmed the positive role of graphene substrates
in the catalytic behavior of GeP; and SnP; monolayers.’

© 2024 The Authors. Published by
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O, and Si—B (para)-codooped graphene presented extraordi-
nary chemical reactivity.'” Zhang et al. proposed nitrogen,
phosphorus, and fluorine tridoped graphene as a multifunc-
tional catalyst, demonstrating outstanding catalytic properties
for the oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), and HER."' Kumatani et al. revealed that the
synergy of chemical doping and boundary engineering in
graphene can significantly enhance its catalytic activity for
HER."”

With extensive research on graphene, attention has gradually
expanded to the study of bilayer graphene (BLG). In
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comparison to monolayer graphene, bilayer graphene possesses
additional degrees of freedom such as stacking manners,
interlayer spacing, and rotation angle between layers. These
degrees of freedom contribute to the emergence of distinctive
physical properties, enhancing the intrigue and fascination
surrounding research on BLG. For example, the magic-angle
graphene, achieved by precisely twisting BLG to a specific
angle, triggers a strong correlation effect among electrons,
leading to the manifestation of distinctive characteristics such
as superconductivity and ferromagnetism.'*"*

Bilayer graphene also holds promising applications in the
field of energy storage and is anticipated to emerge as a
favorable electrode material for secondary batteries.> ™"
Several studies on the fundamental properties of doped bilayer
graphene have been reported previously."*™' Besides, bilayer
graphene codoped with FeN,—HIfN, and FeN,~IrN, has been
reported for its remarkable catalytic prowess in the realms of
HER, OER, and ORR.*” The bilayer heterojunction composed
of CoN,-embedded graphene and B-doped graphene has been
documented to exhibit outstanding oxygen reduction electro-
catalytic activity.”> Recently, it was reported that phosphorus-
doped monovacancy at the hollow site of bilayer graphene is a
promising alternative to Pt/C catalysts under acidic conditions
for the oxygen reduction reaction (ORR).**

Applying high-energy atomic/ion bombardment to graphene
layers can generate C (mono- and bi-) vacancies, enablin§ the
relatively high-energy process of single-atom doping.™>~>*
Consequently, the synthesis of P-doped graphene layers is
feasible, and the creation of a composite material consisting of
both P-doped and defective graphene layers is within
reach.”” ™!

In contrast to single metal atom catalysts, nonmetallic single-
atom catalysts demonstrate heightened stability and durability
during catalytic reactions. Moreover, nonmetallic atoms offer
environmental friendliness and cost-effectiveness in both
preparation and utilization processes, further emphasizing
their advantageous characteristics.”> However, thus far,
research on nonmetallic atom-doped BLG in the field of
HER catalysis remains scarce. Furthermore, defective config-
urations in BLG, along with the resulting structural character-
istics and significant changes in physical properties, have
garnered substantial interest due to their potential impact on
HER catalysis.

In this study, we explore the collaborative effects of
phosphorus doping and carbon vacancies on the structural,
magnetic, electronic, and catalytic properties of BLG by using
first-principles density functional theory (DFT) calculations.
The DFT calculations reveal that substituting a phosphorus
(P) atom into the single carbon (C) vacancy of a graphene
layer causes significant out-of-plane distortion in BLG, leading
to nonflat layer structures. However, when doping occurs
within a double C vacancy, the flat layer structure of graphene
is well-preserved. These structural distortions also result in
variations in the interlayer spacings of BLG. The interlayer
interactions across BLG involving P dopants and C vacancies
in different layers not only result in different geometrical
configurations but also bestow distinct electronic, magnetic,
and catalytic properties. Several combinations containing a P-
doped layer exhibit outstanding catalytic activities for HER, as
reflected by the H adsorption Gibbs free energies (—0.08—0.09
eV), approaching the optimal zero value. Hydrogen adsorption
on BLG causes substantial orbital hybridization accompanied
by significant charge transfer. These findings highlight the

significant impact of interlayer interactions between the P
dopant and C vacancies on the catalytic properties of graphene
layers.

2. COMPUTATIONAL METHODS

Spin-polarized density functional theory (DFT) calculations
were conducted using the Vienna Ab initio Simulation
Package.” The calculations employed the projector-aug-
mented wave method and the Perdew—Burke—Ernzerhof
exchange—correlation functional. To include the effects of
long-range van der Waals interactions, a semiclassical
dispersion correction scheme (DFT-D3) was used.”* The
plane-wave cutoff energy was set to 550 eV. In structural
optimization, all atoms underwent full relaxation until the
forces acting on each atom reached values less than 0.01 eV/A,
adhering to the energy convergence criterion of 1 X 1077 eV.
We constructed a 4 X 4 supercell for the defective BLG,
utilizing a 5§ X 5 X 1 mesh to sample the 2D Brillouin zone.

The configurations of BLG with C vacancies and P dopants
fall into four groups: (1) configurations with C vacancies only,
(2) a single graphene layer doped with P, (3) two graphene
layers doped with P, and (4) BLG with interstitial P doping.
These BLG configurations are denoted by the number of C
vacancies and the presence of a P dopant, 0V-1V represents a
BLG configuration with one layer without a C vacancy and the
other layer with one C vacancy, while P,y-1V signifies a BLG
configuration with one layer having P doped substitutionally
into a double C vacancy and the other layer with a single C
vacancy. Additionally, BLG with interstitial P doping is
denoted by BLG-P.

The interlayer binding energy per atom (Ez) was calculated
using the equation: Ez = (Eppg — Ein — Ej)/N, where
Eppig Eiu and E, is the total energy of defective BLG (D-
BLG) and first and second graphene layer of D-BLG,
respectively, and N represents the total atom number in D-
BLG.

The formation energy (Eg) of defects in BLG is defined as

Er = Ep.pig — Npﬂp + Ny — Egi

Here, Ep g represent the total energy of BLG, N, and N,
represent the number of P dopants and carbon vacancies,
respectively, u, is the energy of single phosphorus atom in its
bulk structure, and p. is per carbon atom in pristine graphene.
The H adsorption energy, denoted as AEy, is defined as the
difference between the total energy of the investigated BLG
system with adsorbed H (E,y), the total energy of the
corresponding BLG system without H (E,), and half of the
total energy of H, (Ey,). This is expressed by the formula

1

sys+H — Esys - ZEHZ

AEy =E
The overall HER reaction process begin with the Volmer
reaction, expressed as H" + e~ + ¥ — H¥*. In this context, H,
e”, * and H* represent the proton, electron, the active site, and
the adsorbed H, respectively. Subsequently, the Tafel (H* +
H* + e~ > H,) or Heyrovsky reactions (H* + H* — H,) take
place.35 The Volmer reaction, recognized as the most critical
component in the HER, can be evaluated through the
assessment of the H adsorption Gibbs free energy (AGy),
calculated by AGy = AEy; + AE;p; — TAS. AE,pg denotes the
zero-point energy correction for H,, while AS signifies the
entropy difference between the adsorbed H atom and molecule
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Figure 1. Optimized atomic geometries for (a) pristine BLG and defective BLG with a P dopant or C vacancies: (b) 1V—0V, (c) 2V—-0V, (d) 1V—
1V, (e) 1V=2V, (f) 2V=2V; (g) Py-0V, (h) Pyy-1V, (i) P12V, (j) Pyy-0V, (k) Poy-1V, (1) P2V, (m) Pyy-Pyy, (n) Pyy-Pyy, and (0) Pyy-Poy
configurations. Gray and blue circles represent C and P atoms, respectively. The locations of the C vacancies are marked by red dashed circles.

in the gas phase under the standard conditions. This
relationship is expressed by the formula
Lo
AS = ESHZ

where S is the entropy of a H, gas molecule.*

3. RESULTS AND DISCUSSION

The investigation commenced with an analysis of pristine BLG.
Figure la displays the optimized structure of the AB-stacked
BLG. The pristine BLG exhibits nonmagnetic properties, with

an interlayer spacing of 3.38 A and a calculated interlayer
binding energy of —24 meV/per atom, consistent with
previous studies.”’~*' Subsequently, our investigation explores
the impact of C vacancies and P doping on the structural and
energetic properties. Figure 1b—f highlights the lowest energy
configurations when introducing only C vacancy (XV-YV, see
the Computational Methods section for notation), revealing a
slight increase in layer spacing by only 0.02—0.06 A compared
to pristine BLG. It is noteworthy that the flat layered structure
is maintained. The interlayer binding energy changes slightly
compared to that of pristine BLG, by —2.97 to 2.3 meV. For P

https://doi.org/10.1021/acsomega.4c00495
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Table 1. C Interlayer Spacing (d), Magnetic Moment (M), Relative Interlayer Binding Energy Per Atom (AEg), Defective
Formation Energy (Eg), H Adsorption Energy (AEy) and Corresponding Free Energy (AGy) on Extralayer (Interlayer) in

BLG Configurations with and without Defects®

d (A) M (uB) AEy (meV) Eg (eV) AEy (eV) AGy (eV)
BLG 3.38 0 0 137 (L1.5) 1.6 (1.74)
1V-0V 341 1.54 0.042 7.94 -1.17 —-0.93
2V-0V 3.42 0 0.58 8.56 -0.8 —0.56
1V-1V 3.4 3.36 —-2.97 15.73 —-1.11 -0.87
1v-2v 3.44 1.52 2.3 16.46 —1.94 -1.7
2V-2V 3.41 0 1.23 17.12 —-0.43 -0.19
P,y-0V 335 1 —0.37 2.83 —0.32 (1.2) —0.08 (1.44)
Pyy-1V 3.56 0.71 —23.74 927 022 (~1.32) 0.46 (—1.08)
P2V 3.54 0 21.62 1122 —0.03 (—=2.09) 021 (—1.85)
Py-0V 34 0 0.82 4.1 —0.19 (—0.01) 0.05 (0.23)
Pyy-1V 3.38 112 -1.87 11.92 —0.15 (—1.88) 0.09 (—1.64)
P,y-2V 342 0 312 12.7 —0.21 (—0.82) 0.03 (—0.58)
Pyy-Pyy 3.89 0 123 5.68 0.04 (1.4) 0.28 (1.64)
Pyy-Day 3.46 0 —13.66 6.17 021 (0.76) 045 (1.0)
Pyy-Pyy 338 0 10.01 8.16 —0.187 (—0.08) 0.053 (0.16)
BLG-P 4.89 1 4.76 0.04 (—1.26) 0.28 (—1.02)

“For AEj, the value of the pristine BLG is set to zero.
(@) [1v-ov 154 1 ®) [Tvav 336 4y as illustrated in Figure S1. The BLG-P configuration

(©) [1vav 1525 | (@) [P0V 15,

Figure 2. Spin density results for magnetic BLG configurations. The
yellow isosurface is drawn at a density of 0.004 e A=,

doping, the BLG structure depends highly on the number of C
vacancies of the P-doped layer: BLG containing a layer with P
doped substitutionally into a single C vacancy (denoted as
P,y) undergoes substantial structural distortion, while BLG
with P,y layers maintains the flat layered structure. This trend
is because double C vacancy can offer ample space for P
doping.

The concurrent presence of a P dopant and C vacancies
induces variation in the interlayer spacing of BLG, ranging
from 3.35 to 3.89 A. Simultaneously, the interlayer binding
energy changes from —23.74 to 21.62 meV, as detailed in
Table 1. To provide a comprehensive understanding, we also
explored interstitial P doping between layers of BLG (BLG-P),

16595

demonstrates a substantial increase in the interlayer spacing,
measuring 4.89 A. The P dopant in the Py layer tends to be
located toward to the C vacancies of the other layer, as shown
in Figure 1h,i. This is in sharp contrast to the case of P -0V,
where P protrudes outward of BLG (Figure 1g). The trend is
understandable because C vacancies possess dangling bonds
that are known to often attract other atoms or molecules with
unsaturated electron configurations, such as p.*43

The formation energy (Ep) of defects in BLG was
investigated to determine the stability of the defective BLG
configurations. The calculated Eg values, as listed in Table 1,
for all of the considered defective BLG configurations are
positive, indicating that the formation of defects in BLG is
endothermic. The difference in the Eg between 1V-0V and 2V-
0V (7.94 and 8.56 eV, respectively) is only 0.62 eV, suggesting
that inducing a second C vacancy is facilitated when a single
vacancy exists. The formation energy of Py-0V is 2.83 eV,
considerably lower than those of P,,-0V (4.1 eV) and BLG-P
(4.76 eV), indicating that substitutional P doping into a single
C vacancy is energetically more favorable.

The distinct structural features arising from different doping
and vacancy configurations led to varying magnetic properties.
It is widely recognized that a C vacancy within a graphene layer
leads to the emergence of magnetic moments, stemming from
the presence of unpaired electrons surrounding the defect.**
The calculated magnetic moment in this work is 1.53 puj,
consistent with previous studies.”” In contrast, within a
graphene layer containing a double C vacancy, these localized
magnetic moments vanish. This occurs due to an even number
of dangling bonds, allowing for the pairing of all unpaired
electrons. Consequently, the total magnetic moment becomes
zero. For the BLG, our DFT calculations revealed similar
magnetic trends. The magnetic moments for the 1V-0V
(Figure 2a) and 1V-2V (Figure 2¢) configurations are nearly
identical, measuring 1.54 piy and 1.52 iy, respectively. Notably,
the magnetic moment of 1V-1V is slightly higher than twice
the value of a single 1V layer (3.36 ), implying the effects of
interlayer interactions.

https://doi.org/10.1021/acsomega.4c00495
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Figure 3. Optimized hydrogen adsorption configurations on the surface of (a) P;y-0V, (b) P1y-1V, (c) Pyy-2V, (d) Poy-0V, (e) P,y-1V, and (f) Pyy-
2V, (g) Py-Pry, (h) Pyy-Pyy, and (i) P,y-P,y. Gray, blue, and pink circles represent C, P, and H atoms, respectively.
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Figure 4. Calculated hydrogen adsorption Gibbs free energy values
(AGy) for the configurations with concurrent presence of the P
dopant and C vacancies. The AGy in Py-0V, Pyy-0V, P,y -1V, Pyy-2V,
and P,y-P,y are close to 0 eV, where H adsorbed at the top site of P.
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Figure S. Adsorption configuration of the two H atoms in P,y-1V and
P,y-2V, where the first H atom adsorbs on the vacancy sites and the
second H atom adsorbs on the (a) inner and (b) outer surfaces of
P,y-1V and the (c) inner and (d) outer surfaces of P,y-2V.
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Figure 6. Partial electron densities obtained from the states within the

energy range of E; —1 eV < E < Eg. The iso-surfaces were taken at
charge densities of 0.008 e A~

We now investigate the effects of P doping on the magnetic
properties of BLG. In the P,y-0V configuration (Figure 2d),
three of the valence electrons in P form three ¢ bonds with the
neighboring C atoms, while the fourth replaces the missing C
and forms one 7 bond. The remaining one unpaired valence
electron exists as a lone pair and reduces the magnetic moment
to 1 pp. Interestingly, the interlayer interactions of the P-doped
P,y and defective 1V layers result in an interlayer ferrimagnetic
spin ordering with opposite spin orientations, as illustrated in
Figure 2e. The total magnetic moment of Py-1V is 0.71 ug,
even lower than that of P,-0V. When combined with the
nonmagnetic 2V layer, the P,y layer also becomes nonmagnetic

https://doi.org/10.1021/acsomega.4c00495
ACS Omega 2024, 9, 16592—16600
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Figure 7. Differential charge density plots for (a, c) P,,-0V and (b, d)
P,y-2V before and after H adsorption. The yellow and blue iso-
surfaces are drawn at the density of 0.0003 and —0.0003 e A™3 for (a,
b) and 0.0004 and —0.0004 e A™3 for (c, d), respectively.

following the 2V layer. The unsaturated electrons of P are
uniformly transferred to the four C atoms around the vacancies
in the 2V layer. As a result, the total magnetic moment of P y-
2V is zero. Similarly, the P-doped 2V layer (P,y) is
nonmagnetic with zero magnetic moment. The defect
geometry of the 2V layer significantly affects the bonding
configuration of the P dopant in the layer. The five valence
electrons of P are saturated by forming four C—P ¢ bonds and
one 7 bond, resulting in no unpaired electron. Therefore, in
BLG with P,-0V and P,y-2V configurations, the magnetic
moments are zero. In contrast, P,y-1V exhibits a nonzero
magnetic moment of 1.12 pp, mainly distributed around a
single vacancy in the 1V layer (see Figure 2f).

The interlayer interactions between two P dopants across
the BLG can affect the magnetic ordering. For example,
although P,y alone has a magnetic moment of 1 yz, BLG with
both P,y-P,y and P y-Py configurations exhibit zero magnetic
moments. When a Py layer with unsaturated electrons
encounters a structurally symmetrical P,y layer, the resulting

nonmagnetic behavior aligns with that of P,y-2V. Nevertheless,
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Figure 8. Calculated density of states for (a) BLG, (b) H adsorption on BLG, (c) P,,-0V, (d) H adsorption on P,,-0V, (e) P,,-2V, and (f) H
adsorption on P,y-2V. The Fermi energy level is set to be 0 eV.
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in the scenario where two P,y layers with unsaturated electrons
converge, the symmetrical configuration between the layers
results in the charge transfer between P atoms to form a P—P
bond. This interlayer interaction renders the Py-Py system
showcasing a lack of magnetism.

In contrast, the flat P,y-P,y configuration, distinguished by
the absence of redundant electrons, inherently exhibits a
nonmagnetic nature. However, in the case of BLG-P, the
magnetic moment with 1 yp becomes localized around the P
atom, as illustrated in Figure S2. This phenomenon is
attributed to the presence of one excess unsaturated electron
associated with the P atom.

In our investigation of H adsorption on various defective
BLG configurations, we further observe a significant enhance-
ment in adsorption strength compared to pristine BLG.
Specifically, in the case of interstitial P doping (BLG-P), H
atoms exhibit the formation of a strong C—P bond with the
interstitially doped P, as indicated by the H adsorption energy
(AEy) of —1.26 eV. Furthermore, interstitial P doping
enhances H adsorption on BLG surfaces, with a calculated
AEy of 0.04 eV—significantly lower than the value (1.5 eV)
observed in pristine BLG. In BLG with C vacancies, H atoms
tend to adsorb onto vacancies within the graphene layer, as
illustrated in Figure S3. All configurations display robust C—H
bonds, with AEy ranging from —1.94 to —0.43 eV.

When P doping is introduced into the C vacancies of BLG,
the H adsorption properties are examined in both the outer
surface and inner surface. In cases where the P-doped layer
coexists with the vacancy layer, the adsorption of H atoms on
the inner surfaces tends to occur at the vacancy sites within the
vacancy layer, as illustrated in Figure S4. The AEy values for
P.y-1V, Py-2V, P,y-1V, and P,y-2V are —1.32, —2.09, —1.88,
and —0.82 eV, respectively. In contrast, for the configurations
consisting solely of P-doped or pristine graphene layers (P -
0V, P,y-0V, Py-Pry, Poy-Poy, Piy-P,y), the inner-surface H
adsorption is relatively weak, as reflected by AEy; ranging from
1.4 to —0.08 eV. Interestingly, we observe that in the BLG
configurations involving a P-doped layer with Py, where the P
dopant is located toward the other layer, the H atoms adsorbed
on the outer surface tend to form tilted C—H bonds with the C
atoms around P (see Figure 3b,c,g). On the contrary, in the
other configurations, the adsorbed H atoms adhere to the P
top site of the P,y layer (Figure 3d—fh,i). Additionally, H
atoms adsorbed on the outer surface exhibit relatively
weakened adsorption compared to adsorption on the inner
surface in configurations containing both vacancy and P-doped
layers. More importantly, for the P,y-0V, P,y-0V, P,y-1V, Pyy-
2V, and P,y-P,y configurations featuring H adsorption at the P
top site, the corresponding adsorption Gibbs free energy values
(AGy) range from —0.08 to 0.0S eV, which closely approaches
the optimal value (AGy = 0 eV) for HER, as shown in Table 1
and Figure 4. These results suggest their potential as promising
hydrogen catalysts.

Given that the H atoms adsorbed on the inner surface in
P,-1V and P,y-2V form robust C—H bonds with C in the
vacancy layer, our subsequent investigation delves into the
adsorption of the second H atom. In P,y -1V, the AEy of the
second H atom on the P top site (outer surface) is —0.11 eV,
slightly higher than that (—0.15 eV) of the first H atom. On
the other hand, the adsorption of the second H atom on the
inner surface causes substantial structural distortion in the 1V
layer due to the repulsive interactions between the two
adsorbed H, as shown in Figure Sa. The calculated AEy is

—0.98 eV, indicating that the inner-surface adsorption of the
second H atom is stronger than that of the outer surface. For
P,y-2V, the corresponding AEy of the outer (inner) surface is
0.17 (—0.21) eV. As a result, AGy closest to the optimal zero
value is 0.03 eV for P,,-2V (inter surface) and 0.13 eV for P,y-
1V (outer surface), suggesting that these configurations can
still provide activity sites for other H atoms in the presence of
already adsorbed H in the vacancy graphene layer.

Our subsequent investigation reveals that distinct H
adsorption behaviors of the different defect configurations
are intricately linked to the electron distribution in the
occupied states near the Fermi level. The partial electron
density plot in Figure 6 indicates that, in comparison, the 1V
configuration possesses the densest electron density around the
vacancy site, followed by 2V, while the charge around the 0V
configuration is nearly negligible. The abundant electron
distribution serves as an active site, attracting hydrogen atoms
for reaction and forming strong C—H bonds. Under the
influence of P, the P,y layer in various defective BLG
configurations manifests distinct charge distributions. In the
Py-0V configuration, electrons are primarily distributed
around the P dopant. In the P,y-1V configuration, the P
dopant located toward the inner side of BLG induces charge
localization at the C atoms around P and the C vacancy in the
1V layer. The electrons are more localized compared with
those of P;y-2V. The localized electron distribution results in
the formation of robust C—H bonds. The P,y layer shows 4-
fold symmetric charge distribution that is primarily concen-
trated around the P dopant, which accounts for the fact that P
is the most favorable site for the H adsorption. In contrast, P,y-
0V, P,y-1V, and P,y-2V configurations display distinguishing
electron distribution mainly within the vacancy layer. As the
1V layer possesses a higher electron density, it demonstrates
the most robust H adsorption in P,y-1V. Overall, the notable
electron distribution on C atoms surrounding the vacancy
results in the formation of strong C—H bonds, aligning with
the calculated AEy,.

The P,y-Py and Pyy-P,y configurations have less electronic
states near the Fermi level, which can account for their higher
AEy. The charge distribution in the P,y layer in P,y-P,y is
nearly identical to that in P,y-OV. Consequently, these two
configurations demonstrate nearly identical hydrogen adsorp-
tion behavior on the P,y surface, including the preferred H
adsorption site and adsorption strength.

The outstanding catalytic activities of P,-0V and P,y-2V
can be interpreted by significant charge transfer. The
differential charge density plots in Figure 7ab highlight
considerable charge transfer in P,-0V and P,y-2V across
BLG. Upon H adsorption, substantial charge transfer occurs
between the P dopant and adsorbed H atom, as shown in
Figure 7¢,d. Our Bader charge analysis reveals that in P,-0V
(P,y-2V), the H atom gains 0.4¢ (0.33Se), while the P dopant
loses 0.23¢ (0.16¢). The appropriate amount of charge transfer
between the H and P atoms results in a moderate H adsorption
strength, which is desirable for the HER.

The density of states (DOS) reveals that the states near the
Fermi level originate primarily from C vacancies and P dopants
in P,y-0V and P,y-2V. These electronic structures facilitate
orbital hybridization with H atoms, leading to the adsorption
preference on the vacancy and dopant. In contrast to the
narrow-gap semiconducting characteristics of pristine BLG
(Figure 8a), the P,,-0V configuration exhibits an upward shift
of the valence band maximum, increasing the DOS at Eg
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(Figure 8c). The calculated band gaps for pristine BLG and
P,y-0V are 0.019 and 0.23 eV, respectively. In contrast, the
P,-2V configuration is completely metallic (Figure 8e). The H
adsorption gives rise to a prominent peak at the Eg in BLG
(Figure 8b), signifying the presence of highly localized
electrons. This suggests a subtle orbital hybridization between
the adsorbed H atoms and the C atom of the adsorption site.
In contrast, P,-0V and P,y-2V show no prominent peak at the
Fermi level due to substantial orbital hybridization of P and H.
As depicted in Figure 8d,f, the projected densities of states of P
and H align well with each other, indicating s—p orbital
hybridization. This interaction weakens the electronic hybrid-
ization between P and C, resulting in a downward shift of the
C states near the Fermi level.

4. CONCLUSIONS

In summary, we have investigated the collaborative effects of P
doping and C vacancies on the structural, magnetic, electronic,
and catalytic properties of BLG. The findings reveal that the P
dopants within the P,y layer tend to be situated toward the
inner layer of BLG, while the P,y layer maintains a flat
configuration. The distinct defective configurations result in
varied electron distribution, giving rise to intriguing magnetic
behaviors. Notably, the electron distribution near the Fermi
level has a crucial impact on H adsorption behavior. More
importantly, P,y-0V, P,y-0V, P,y-1V, P,-2V, and P,y-Poy
exhibited AGy close to 0, with H adsorb at the top site of
P, signifying excellent catalytic activity for HER. Further
investigations demonstrate that the charge transfer between H
atoms and adsorbed P atoms plays a facilitating role in the
catalytic reaction. It is also noteworthy that, in the scenario
where a H atom initially occupies the vacancy site in the 2V
layer of P,y-1V and P,-2V, the catalytic activity remains
excellent for the second H adsorption. These findings suggest
that structural changes by the interactions of the P dopant and
C vacancies also modify the electronic distribution and spin
ordering significantly. This work offers implications for the
application of graphene layers in HER catalysis.
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