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Abstract

Both intentional and unintentional doping of graphene is a common occurrence, as its carrier concentration can be modulated through various
mechanisms. While extensively explored in electronics for achieving desirable conductivity, other aspects of doping remain largely untapped,
presenting opportunities for further innovation. This study demonstrates that carrier concentration serves as a powerful and selective tool for
modulating the interaction between molecular adsorbates and graphene. The effects are tunable and evident for both n-type and p-type doping, with
low-to-medium modulation at doping levels of ±1012 e/cm2, and substantial enhancements, with interaction strength increases exceeding 150%
and hundreds of meV, at doping levels of ±1013 e/cm2. These effects are also molecule-specific, with significant enhancements for species such
as water (H2O), ammonia (NH3), and aluminum chloride (AlCl3), while having minimal impact on species like hydrogen (H2). This finding not
only elucidates the fundamental chemical behavior of graphene but also provides a versatile method to tailor its surface chemistry for applications
in sensors, catalysis, and electronic devices. The insights from this research pave the way for advanced material design strategies, leveraging the
tunable nature of graphene’s properties to optimize its interaction with various molecular species.
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1. Introduction

Graphene, a two-dimensional (2D) material, has captivated the sci-
entific community with its extraordinary properties since its discov-
ery. Its exceptional electrical, mechanical, and thermal properties [1–
3], stemming from its unique honeycomb lattice structure, have at-
tracted attention for a plethora of powerful applications across various
fields, including energy storage and conversion [4–6], catalysis [7–9],
sensing [10–12], and electronics [13, 14]. Moreover, recent advance-
ments in sheet transfer and epitaxial growth have enabled transforma-
tive progress in graphene-based device fabrication [15–19]. Paired with
refinements in characterization methods [20–22], these developments
have significantly broadened the potential applications for graphene-
based 2D/3D systems, propelling them towards even greater utility and
innovation [23–27].

Despite the promising potential and extensive efforts, fundamental
challenges persist in effectively utilizing graphene in many technologi-
cal applications [28–30]. Chief among these challenges is the intricate
interplay between graphene and its substrate, necessitating the mitiga-
tion of negative effects and the exploitation of positive ones, all while
comprehensively understanding the impact of such interactions on the
monolayer via secondary effects. For example, it is well-documented
that the chemical bonding between graphene and the substrate can in-
duce a transition in the hybridization of carbon atoms from the origi-
nal sp2 to sp3 [31–34], resulting in significant alterations to graphene’s
properties. Consequently, methods of decoupling have been exten-
sively explored [35–39]. However, even when chemically decoupled,
and thus retaining the linear dispersion of their π bands, the proper-
ties of graphene remain affected. These sheets still have their carrier
concentration (n) modulated by the substrate type and surface defects,
with both electron and hole doping possible, typically on the order of
1012 and 1013 cm−2 [40–45]. However, higher values have also been
reported [46, 47].

While much attention has been devoted to the influence of doping
on electronic applications [48–51], other potential effects have received
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limited consideration. Notably, changes in carrier concentration should
directly affect the charge availability on graphene’s surface, which has
been shown to be extremely effective in modulating adsorption inter-
actions on other 2D materials [52–54]. Although speculative, a simi-
lar effect could occur in graphene. Given the prevalent role of carrier
modulation in graphene-based 2D/3D systems, this development could
prove particularly relevant, with wide-reaching implications for the ap-
plication of these systems in novel technological solutions.

The molecular adsorption on graphene has been extensively inves-
tigated, with a plethora of adsorption species examined. However, such
studies have generally not considered the effects of charge availability
on the surface of graphene, nor its correlation with carrier concentra-
tion. In most cases, the monolayer has been considered free-standing
and neutral in carrier concentration [55–59], providing little insight into
the potential effect of carrier-doping enhanced activity of graphene. In
other cases where substrates have been considered, results show that
molecular adsorption on 2D/3D substrates is generally stronger than on
2D monolayers [60, 61]. However, the slabs used in these computations
are often relatively thin and not designed to induce the experimentally-
reported carrier concentrations in graphene, with this aspect not consid-
ered, and thus predicted concentrations not reported. Moreover, in such
cases, the impact on adsorption encompasses several factors, making
it difficult to directly associate differences in interaction solely with
the availability of charge on the surface of graphene. As such, despite
extensive exploration of adsorption on graphene, the potential for en-
hanced chemical activity via charge carrier modulation remains uncer-
tain and potentially unaccounted for in the majority of studies.

In response to this pressing need, the present study employs density
functional theory (DFT) methods in a computational approach specif-
ically designed to elucidate the relationship between carrier concen-
tration and adsorption interactions on graphene. In it, carrier concen-
tration is controlled via total charge, and the effects on adsorption are
examined for selected molecules with iterative changes in carrier con-
centration. Molecular hydrogen (H2), water (H2O), ammonia (NH3),
and aluminum chloride (AlCl3) are chosen as analytes to encompass a
range of interaction types, providing comprehensive insights into the
effects of carrier concentration on adsorption phenomena. Through
this computational approach, we aim to elucidate the intricate interplay
between carrier concentration and molecular adsorption on graphene,
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offering valuable insights for the design and optimization of graphene-
based systems in diverse applications.

2. Computational Details

Material modeling of graphene was conducted using a 2D periodic
slab within a 5 × 5 supercell (unless otherwise specified), with vacuum
region between slabs along the [001] direction. In this model, adsorp-
tion occurs solely on the upper surface of the monolayer, leaving the
lower side pristine. This asymmetry results in a dipole moment per-
pendicular to the surface, caused by charge transfer between the adsor-
bates and the graphene sheet. Due to the periodic boundary conditions,
this configuration creates an artificial electric field between neighbor-
ing slabs. To counteract this effect, a dipole correction layer (DCL)
was introduced in the middle of the vacuum region [62]. Therefore, to
accommodate the DCL without it overlapping with the adsorption re-
gion above the monolayers, the vacuum width was set at approximately
25 Å.

All computations for this study employed DFT with pseudopoten-
tials, plane waves, and the projector-augmented wave (PAW) method,
as implemented in the Quantum ESPRESSO code [63–65]. The pseu-
dopotentials included scalar-relativistic and nonlinear core corrections.
The cutoff energies for the wavefunctions and charge density were set
at 60 Ry and 500 Ry, respectively. Brillouin zone integration of the
supercell utilized a Monkhorst-Pack grid of 4×4×1 [66]. Tests were
carried out to evaluate the optimal cutoff energies and k-point grids,
revealing that higher values had minimal effect on the modeled prop-
erties. During structure optimization, all atom positions were adjusted
until the forces reached a convergence criterion of less than 10−4 Ry/au
and the total energy reached a convergence criterion of less than 10−5

Ry. The Perdew-Burke-Ernzerhof (PBE) functional was employed for
approximating the electron exchange–correlation energy [67, 68], as
it produced comparable results to the more computationally expensive
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [69] during the test-
ing phase of the project.

Carrier density in the model systems was controlled by modulating
the total charge. Consequently, all computations were executed with

unrestricted spin due to some model scenarios having an odd number
of electrons. The estimation of partial charges was carried out using
Löwdin population analysis. All atomic schematics depicted in Figures
3, 5, 7, and 9 were generated using the XcrySDen program [70].

3. Results and Discussion

3.1. Impact of doping on intrinsic properties of graphene
Freestanding graphene is well-known for its exceptional carrier

mobility, stemming from the linear energy-momentum dispersion of
its π bands (see Figure 1b). These electronic bands form both the max-
imum of the valence band and the minimum of the conduction band,
meeting at the Dirac point (ED). In freestanding graphene, the Dirac
point coincides with the Fermi energy (EF), resulting in high resistance
due to the minimal availability of charge carriers. However, as the car-
rier concentration increases through the addition of electrons (n-type
doping) or holes (p-type doping), the Fermi level shifts away from the
Dirac point, leading to an increase in the density of states at the Fermi
level. This results in a greater number of available charge carriers,
thereby reducing the resistance.

In n-type graphene, the electron population increases, leading to
a Fermi level shift above the Dirac point (see Figure 1a), where con-
duction is primarily due to electrons. Conversely, in p-type graphene,
the Fermi level moves below the Dirac point (see Figure 1c), and holes
become the dominant charge carriers. Given the symmetrical shape of
the π bands near the Dirac point, opposite values of the Fermi shift
correspond to comparable levels of electron and hole doping, respec-
tively (see Figure 1d). This ambipolarity allows for versatile electronic
applications and is crucial for the design of graphene-based devices,
impacting conductivity, mobility, and overall electronic behavior. Con-
sequently, the focus on the electronic implications dominates consid-
erations of the effects of carrier concentration in graphene. However,
such doping may also facilitate secondary effects by modulating prop-
erties beyond just work function and carrier concentration. This could
be particularly impactful since charge carrier modulation is quite com-
mon in graphene, arising from multiple sources.
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Figure 1: Electronic band structures of graphene when (a) n-doped, (b) neutral, and (c) p-doped. (d) Difference between the Dirac-point and Fermi energies. Results
were obtained from calculations for an unit cell of graphene. Carrier concentrations in panels (a) and (c) are −1.43 and 1.43 × 1013 e/cm2, respectively.
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The primary sources of graphene doping include self-doping in-
duced by intrinsic defects, substrate bulk doping, and spontaneous po-
larization. Self-doping arises from charge accumulation near defects,
such as vacancies or adsorbates [71]. Substrate bulk doping depends
on the specifics of band bending at the surface, which is influenced by
the type and concentration of bulk dopants, determining the location of
the chemical potential within the band gap [72]. Spontaneous polariza-
tion arises in dielectric crystals where dipole distributions align along
the surface normal. Within the bulk phase, periodic boundary condi-
tions ensure a net zero electric field across the unit cell. However, at
the surfaces, translation symmetry is disrupted, allowing the dipoles to
accumulate and create an uncompensated polarization field. This spon-
taneous polarization leads to a pseudo-charge at the surface, akin to an
acceptor layer, which can cause significant doping [73].

The doping should be intrinsically linked with the charge avail-
ability on graphene surfaces. This is because the π bands, which form
the valence band maximum and conduction band minimum, consist ex-
clusively of the carbon 2p(z) orbitals. Consequently, any alteration in
charge carrier concentration directly impacts their electron population.
The C 2p(z) orbitals extend outward and are geometrically available for
interaction with adsorbates. In contrast, the 2p(x) and 2p(y) orbitals of
carbon are predominantly confined to the plane of the monolayer, ex-
hibiting limited outward projection. Therefore, changes in carrier con-
centration in graphene should disproportionately affect charge avail-
ability, with n-type doping increasing and p-type doping decreasing it.
This variation is likely to influence the chemical activity of graphene
surfaces, as charge availability has been reported as a potent mecha-
nism for modulating surface interactions in other 2D materials [52–54].

Due to the common charge-transfer mechanisms on graphene across
different doping levels, the charge availability on its surfaces can be
evaluated by inspecting the planar averages of its total electron density
against distance (avg. ρ(z)). Hence, to examine the impact of carrier
concentration on charge availability, we compare the planar averages
for doped and neutral sheets, as illustrated in Figure 2. The data is pre-
sented for varying carrier concentrations, indicated by the color gradi-
ent from red to blue. Red hues represent n-doped graphene, whereas
blue hues represent p-doped graphene. The chosen range of carrier con-
centrations aims to reflect common doping levels in the sheet [40–45].

Findings reveal the significant influence of carrier concentration
on charge availability on graphene surfaces. In n-doped graphene (red
hues), the average electron-density difference is higher near the gra-
phene surface, decreasing as the distance increases. Conversely, for
p-doped graphene (blue hues), the difference in density is lower near
the surface and increases with distance. The magnitude of these differ-
ences correlates systematically with the carrier concentration. At the
highest doping levels (±7.57 × 1013 e/cm2), the electron density differ-
ence at 1 Å from the surface reaches ±4.33 × 10-4 e/au3, whereas at
the lowest doping levels (±0.76 × 1013 e/cm2), this difference is only
±0.43 × 10-4 e/au3. However, at both doping levels, these differences
decrease to nearly zero around 3.5 Å away from the graphene plane.
The symmetry of the graph implies that both n-doping and p-doping in-
troduce comparable but opposite changes in electron density. Positive
values (above the neutral plane) signify increased electron availability
due to n-doping, while negative values (below the neutral plane) indi-
cate reduced electron availability due to p-doping. The most substan-
tial charge redistribution occurs near the graphene surface, tapering off
rapidly away from it. This behavior suggests that the functional impact
of doping on electronic properties is highly localized near the graph-
ene sheet, potentially exerting a significant influence on the chemical
activity of graphene surfaces.

3.2. Interplay between carrier concentration in graphene and
its chemical activity

Given that carrier concentration effectively modulates charge avail-
ability on graphene, it is crucial to examine how this effect influences
interactions on its surface. However, these effects may vary depending
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Figure 2: The differences in planar averages of the total electron density be-
tween doped and neutral sheets plotted against distance from graphene. Varying
carrier concentrations are indicated by the color gradient changing from red to
blue. Red hues represent n-doped graphene with increasing electron concentra-
tion, whereas blue hues represent p-doped graphene with increasing hole con-
centration.

on the adsorbate’s dominant interaction mechanism. Therefore, it is
essential that the chosen analytes have the propensity to facilitate dif-
ferent interaction modes with graphene. For this purpose, four molecu-
lar species have been selected. H2 generally favors weak physisorption
dominated by vdW forces, lacking an intrinsic dipole moment and hav-
ing limited potential for its induction. In contrast, H2O has an intrinsic
dipole moment of 1.85 D and the potential for hydrogen bonding. NH3,
with a dipole moment of 1.42 D, is a Lewis base with a filled orbital
containing an electron pair that can be shared with acceptor species
(Lewis acids) to form a dative bond. Finally, AlCl3 has an empty or-
bital capable of accepting an electron pair from donor species (Lewis
bases), making it prone to dative bonding as a Lewis acid.

Considering that some interactions may require specific adsorption
configurations, the adsorption of molecular species was evaluated at
two adsorption sites: one on top of a carbon atom of graphene and
the other centered above a hexagonal ring. Additionally, two molecu-
lar configurations were considered for each adsorbate (except AlCl3),
resulting in fourteen distinct adsorption systems. These systems were
examined on neutral graphene as well as on twenty doped sheets (ten
n-type and ten p-type) at varying doping levels. Altogether, this effort
presents 294 distinct adsorption cases.

3.2.1. Effects for H2

To assess the impact carrier concentration has on the chemical ac-
tivity of graphene, it is crucial to first characterize the molecule-sheet
interactions. Following the methodology employed in other studies
[52–59], this is primarily quantified by calculating the adsorption en-
ergy, which can be expressed as:

Eads = E(mol.@MLG) − E(free mol.) − E(free MLG), (1)
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Figure 3: (a) Adsorption energy of H2 on graphene calculated using Equation (1). Change in electronic density resulting from adsorption in configurations (b–d) B
and (e–g) A, given by Equation (2). Red indicates electron accumulation, wheres blue a depletion.

where E(mol.@MLG), E(free mol.), and E(MLG) represent the total
energy of the adsorbate-substrate system, free molecule, and monolayer
graphene, respectively.

Figure 3a illustrates the evolution of the adsorption energy of H2

on graphene as a function of the sheet’s carrier concentration. The
results are shown for two configurations: configuration A, where the
molecule is oriented vertically over a carbon atom, and configuration
B, where the molecule is oriented horizontally above it. The configura-
tions centered at the hexagonal ring are not included, as the interaction
with H2 is primarily dominated by vdW forces, making it dispersive in
nature. Consequently, the lateral position of the molecule does not sig-
nificantly affect the interaction characteristics, providing no additional
insight into the impact of carrier concentration on adsorption.

The results reveal that carrier concentration in graphene affects the
adsorption of H2 on its surface, although the effect is relatively limited
and depends on the molecular orientation and the type of doping. For
a neutral sheet, the adsorption energy is −62 meV for configuration A
and −59 meV for configuration B. In configuration A, the adsorption
energy generally becomes more negative (indicating stronger binding)
as the concentration increases towards both higher positive and nega-
tive doping values, reaching −67 meV and −75 meV at −7.57 × 1013

e/cm2 and 7.57 × 1013 e/cm2, respectively. The exception are the con-
centrations around of −1.5 × 1013 e/cm2 where the interaction weakens
slightly. In configuration B, the adsorption energy exhibits a similar
but steeper trend with increasing hole concentration, becoming more
energetically favorable around carrier concentrations of 4 × 1013 e/cm2

and reaching −76 meV at 7.57 × 1013 e/cm2. Conversely, electron dop-
ing generally destabilizes the adsorption of hydrogen, with adsorption
energies higher than those on a neutral sheet.

To better understand the underpinnings of these changes, it is pru-
dent to inspect the redistribution of charge resulting from molecule-
sheet interactions. This can be assessed by calculating the total charge
density of the adsorption system, denoted as ρ(mol.@MLG), and sub-
tracting the charge densities of its individual constituents.

δρ = ρ(mol.@MLG) − ρ( free mol.) − ρ(MGL). (2)

The results demonstrate that the adsorption of H2 on neutral graph-
ene results in minimal charge redistribution, which indicates a lack of
substantial dipole induction upon adsorption (see Figures 3c and 3f).
This somewhat changes for doped sheets, where a more significant re-
distribution of charge occurs in the vicinity of the molecule. For n-
doped graphene, charge polarization in the sheet leads to a depletion of
electronic density between H2 and graphene, with an accumulation of
charge near the molecule away from the sheet (Figures 3b and 3e). In
contrast, for p-doped graphene, the polarization is opposite, and thus
charge redistribution becomes reversed (Figures 3d and 3g). This dif-
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Figure 4: (a) Vertical separation of the molecule from the graphene. (b) Charge
transfer between H2 and graphene given by Equation (3).

ference is likely responsible for the variation in adsorption energy be-
tween doping types since the accumulation of charge between the ad-
sorbate and the substrates should facilitate a stronger interaction. That
said, it should be emphasized that this dipole formation has a limited
impact on the overall strength of the molecule-sheet interaction, with
its energy changing by only 15 meV or less.

The low impact of doping is also reflected in the molecule-sheet
distances (see Figure 4a). The vertical separations between H2 and
neutral graphene in configurations A and B are 2.82 Å and 3.19 Å, re-
spectively, with doping introducing variations of 0.07 Å or less. These
distances align with the weak adsorption of H2, and the variation re-
mains particularly low in comparison.

It is also crucial to emphasize that the redistribution of electronic
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density near H2, seen in Figures 3b–g, does not equate to charge trans-
fer between the molecule and the graphene sheet. Rather, the mini-
mal change in electronic density near graphene (see Figure 3) suggest
limited transfers. Consequently, this aspect of the interaction warrens
further clarification. By calculating the charge transfer, given by

δQ = Q(mol.@MLG) − Q(free mol.), (3)

where Q(mol.@TMD) and Q(free mol.) are the net charges of the ad-
sorbed and free molecule, respectively, it becomes evident that its val-
ues are very low for neutral graphene and remain low for doped sheets
(see Figure 4b). This indicates that H2 does not become partially charged
upon adsorption despite doping, and thus, there is no additional elec-
trostatic component to the interaction. Therefore, the interaction is pre-
dominantly influenced by the dipole moment induced in the molecule,
rendering the effects of carrier concentration in graphene somewhat in-
effective in modulating H2 adsorption.

3.2.2. Effects for H2O
Figure 5a illustrates the evolution of the adsorption energy for H2O

as a function of graphene’s carrier concentration. The results are shown
for two configurations: A, where the molecule is oriented vertically
with its hydrogen atoms facing graphene, and B, where its oxygen atom
faces the sheet. Both configurations are centered above a carbon atom
in graphene. The positioned at the hexagonal ring are not included,
as the interactions with H2O are strongly dispersive, making different
lateral positions of the molecule result in qualitatively equivalent inter-
actions.

The results reveal a significant modulation of the adsorption inter-
action through sheet doping, with a strong interplay between molecular
orientation and doping type. For neutral graphene, configuration A
is more favorable, with an adsorption energy of −125 meV. This in-
teraction is characterized by a notable charge accumulation below the
molecule, dispersed over a relatively large area of the graphene sur-
face, electron depletion between hydrogen atoms, and an accumulation
centered on the oxygen atom of the molecule (see Figure 5f). This in-
teraction is further enhanced on n-type graphene, where the adsorption
energy of H2O scales linearly with the electron concentration in the
sheet, reaching −299 meV at −7.57 × 1013 e/cm2 (see Figure 5a).

In this scenario, n-type doping enhances the intrinsic molecular-
sheet interaction rather than altering it, as indicated by differences in
electron densities shown in Figures 5e and 5f. Comparing these panels
reveals that interactions on both neutral and electron-doped graphene
follow the same pattern of charge redistribution, which is simply in-
tensified on n-type graphene. This intensification is likely facilitated
by the excess electronic charge in the doped sheet, making electrons
more readily available to accumulate on the surface of graphene below
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Figure 6: (a) Vertical separation of the molecule from the graphene. (b) Charge
transfer between H2O and graphene given by Equation (3).

the molecule. This, in turn, induces a more pronounced polarization in
H2O, enhancing the interaction. This enhancement is further evidenced
by a reduction in the molecule-sheet distance from 2.73 Å for neutral
graphene to 2.58 Å at a doping level of −7.57 × 1013 e/cm2 (see Figure
6a), and an increase in electron transfer to the molecule from −0.009 e
to −0.016 e (see Figure 6b).

Conversely, this adsorption is destabilized on p-type graphene as its
energy increases, and at 3.79 × 1013 e/cm2, the molecule spontaneously
flips into configuration B. This effect is associated with a reversal in
charge redistribution, where electrons accumulate on hydrogen atoms,
and there is minor depletion near oxygen (see Figure 5g). This likely
occurs because such redistribution opposes the intrinsic polarization in
the molecules, and although it still coincides with electronic accumu-
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Figure 5: (a) Adsorption energy of H2O on graphene calculated using Equation (1). Change in electronic density resulting from adsorption in configurations (b–d)
B and (e–g) A, given by Equation (2). Red indicates electron accumulation, wheres blue a depletion.
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lation on the graphene surface, electrons are less available due to the
hole doping of the sheet. Consequently, the resulting destabilization
is accompanied by increased molecule-sheet distances (see Figure 6a)
and reduced charge transfers (see Figure 6b).

Interestingly, the effects of doping on the adsorption of H2O in
configuration A are reversed for configuration B. For neutral graphene,
B-type adsorption is less favorable, with an energy of −89 meV. This
interaction results in charge depletion on the graphene surface directly
below H2O and accumulation on the oxygen atom of the molecule (see
Figure 5c). The adsorption is quickly destabilized on n-type graphene,
as its energy increases linearly (see Figure 5a), coinciding with lim-
ited effects on charge redistribution (see Figure 5b) and charge transfer
(see Figure 6b), but an increase in molecule-sheet distance (see Figure
6a). Consequently, at −1.51 × 1013 e/cm2, the molecule spontaneously
flips into configuration A. This destabilization is likely facilitated by
the negatively charged oxygen atom in H2O still necessitating an elec-
tronic depletion below the molecule despite the electron doping.

In contrast, B-type adsorption is enhanced on p-type graphene. In
this case, hole doping increases the intrinsic molecular-sheet interac-
tion rather than altering it. This is indicated by differences in electron
densities shown in Figures 5c and 5d. A comparison of these panels
reveals that interactions on both neutral and hole-doped graphene fol-
low the same pattern of charge redistribution, which is intensified on
p-type graphene. This intensification is likely facilitated by the lack of
electronic charge in the doped sheet, making holes more readily avail-
able to accumulate on the surface of graphene below the molecule. As
a result, this induces a more pronounced polarization in the molecule,
enhancing the interaction. This enhancement is reflected in the adsorp-
tion energy of H2O, which scales linearly with the hole concentration
in the sheet, reaching −332 meV at 7.57 × 1013 e/cm2 (see Figure 5a).
It also affects the molecule-sheet distance, reducing it from 3.22 Å for
neutral graphene to 3.09 Å at a doping level of 7.57 × 1013 e/cm2 (see
Figure 6a). However, the effects on charge transfer are negligible (see
Figure 6b).

Taken together, the results reveal that carrier concentration effec-
tively modulates the orientation of water molecules on graphene. On
the neutral sheet, H2O adopts both A- and B-type configurations, with
a statistical tendency toward orientations with hydrogen atoms facing
graphene. Conversely, n-type doping predominantly facilitates A-type
configurations, while p-type doping favors B-type configurations. This
insight could help engineer catalytic processes that require specific ori-
entations of water molecules or benefit humidity monitoring.

3.2.3. Effects for NH3

Figure 7a depicts the variation in NH3 adsorption energy as a func-
tion of the carrier concentration in graphene. The data is presented for

two distinct configurations: in configuration A, the NH3 molecule is
oriented vertically with its hydrogen atoms directed toward the graph-
ene surface, while in configuration B, the nitrogen atom faces the sheet.
Both configurations have the molecule centered above a carbon atom.
The configurations with NH3 positioned over the hexagonal ring are
excluded due to the dominance of dispersive interactions with NH3, re-
sulting in qualitatively similar adsorption regardless of the molecule’s
lateral position.

The results reveal a sizable modulation of the adsorption interac-
tion through sheet doping with a strong correlation between NH3 ori-
entation and the doping type, analogous to H2O. For neutral graphene,
configuration A is more favorable, with an adsorption energy of −125
meV. This interaction involves minimal charge redistribution, with neg-
ligible electronic charge accumulation on nitrogen in NH3 and slight
depopulation on the graphene surface (see Figure 7g). This the adsorp-
tion is then enhanced on n-type graphene, where its energy decreases
nearly linearly with electron concentration up to −6.06 × 1013 e/cm2,
reaching −231 meV (see Figure 7a). The electron doping modulates
the molecular-sheet interaction, leading to increased electronic charge
accumulation near nitrogen and more substantial depletion below the
molecule (compare Figures 7f and 7g). The enhanced interaction is
likely facilitated by excess electronic charge in the doped sheet, in-
ducing more pronounced polarization in the molecule. This is further
evidenced by a reduction in the molecule-sheet distance from 3.13 Å
for neutral graphene to 3.03 Å (see Figure 8a), and a minor increase
in electron transfer to the molecule from −0.005 e to −0.008 e (see
Figure 8b). For electron concentrations beyond −6.06 × 1013 e/cm2,
the increase in interaction strength slows substantially (see Figure 7a),
coinciding with a slower decrease in the molecule-sheet distance. In-
terestingly, this shift does not correspond with significant changes in
charge redistribution due to the molecule-sheet interaction (compare
Figures 7e and 7f), suggesting potential saturation in NH3 polarization
and thus reduced effectiveness in modulating adsorption by electron
doping.

Conversely, NH3 adsorption becomes destabilized on p-type graph-
ene, with the adsorption energy increasing nearly linearly up to a hole
concentration of 5.3 × 1013 e/cm2, reaching −63 meV at that point.
This destabilization is associated with a reversal in charge redistribu-
tion around the molecule, where electrons accumulate on the hydro-
gen atoms, and there is a minor depletion near the nitrogen (see Figure
7h), similar to the p-doping effects observed for H2O. This redistri-
bution likely opposes the intrinsic polarization of NH3, reducing its
dipole moment. Consequently, the destabilization is accompanied by
increased molecule-sheet distances (see Figure 8a) and a slight reduc-
tion in charge transfer (see Figure 8b).

However, beyond a hole concentration of 5.3 × 1013 e/cm2, the
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adsorption energy of NH3 begins to decrease, breaking the previous
trend. This coincides with a rapid change in charge transfer, where the
molecule donates up to −0.118 e to the graphene (see Figure 8b), and
a substantial decrease in electronic density near the nitrogen atom in
NH3 (see Figure 7i). This effect is likely facilitated by the reduced elec-
tronic charge in the doped sheet, making substantial electron transfer to
the graphene favorable despite the initial adsorption configuration. As
a result, the molecule becomes charged, enhancing electrostatic inter-
actions.

For neutral graphene, the adsorption energy in configuration B is
−106 meV (see Figure 7a). This interaction is characterized by elec-
tron accumulation on the nitrogen atom, minimal depletion on the hy-
drogen atoms, and pronounced depletion on the graphene surface be-
neath the molecule (see Figure 7c). Unlike configuration A, n-type
doping destabilizes adsorption in configuration B. The adsorption en-
ergy increases nearly linearly with electron concentration, leading to
complete destabilization above −4.54 × 1013 e/cm2. Moreover, there is
also a systematic increase in the molecule-sheet distances (see Figure
8a). The destabilization is associated with changes in charge redistribu-
tion: electrons accumulate on the hydrogen atoms, less on the nitrogen,
and there is intensified depletion on the graphene surface (see Figure
7g). As such, this likely occurs because the redistribution opposes the
intrinsic polarization of the molecule, and in addition requiring more
hole accumulation on the graphene surface despite electron doping.

In contrast, B-type adsorption on p-type graphene demonstrates an
energy that scales almost linearly with hole concentration, reaching
−339 meV at 7.57 × 1013 e/cm2. This effect is associated with hole
doping enhancing the intrinsic interaction between the molecule and
the graphene sheet rather than changing it, as indicated by the electron
density differences shown in Figures 7c and 7d. A comparison of these
figures shows that the interactions on both neutral and hole-doped gra-
phene follow the same pattern of charge redistribution, but it is more
pronounced on p-type graphene. This is likely facilitated by the excess

holes in the doped sheet, enabling a more significant depletion of elec-
trons on the graphene surface beneath the molecule. As a result, there
is greater polarization in the molecule, which enhances the interaction.
The enhancement is further evidenced by a reduction in the molecule-
sheet distance from 3.33 Å for neutral graphene to 3.24 Å at a doping
level of 7.57 × 1013 e/cm2 (see Figure 8a), and an increase in electron
transfer to the sheet from −0.001 e to −0.017 e (see Figure 8b).

Taken together, the results reveal that carrier concentration mod-
ulates the orientation of NH3 molecules on graphene. The effects are
similar to those observed for H2O; however, due to the atomic struc-
ture of NH3, carrier concentration is less effective in destabilizing its
adsorption.

3.2.4. Effects for AlCl3
Figure 9a illustrates the evolution of the adsorption energy of AlCl3

on graphene as a function of the sheet’s carrier concentration. The re-
sults are presented for two configurations: configuration A, where the
molecule is oriented flat with the aluminum in AlCl3 directly above a
carbon atom, and configuration B, where it is centered above the hexag-
onal ring of the graphene sheet.

For neutral graphene, configuration A is more favorable, with an
adsorption energy of −457 meV. This interaction is notably stronger
than those previously considered, due to AlCl3’s propensity for da-
tive bonding when interacting species can share their lone pair elec-
trons. While the 2p(z) orbitals of carbon are not fully occupied in gra-
phene, only those that can effectively overlap with aluminum orbitals
are needed for dative bonding. This results in a charge transfer within
graphene to increase the population in the 2p(z) orbitals of selected
carbon atoms, as indicated by a substantial accumulation of electronic
charge between aluminum in AlCl3 and the carbon atom directly be-
low it (see Figure 9g). This coincides with a dispersed decrease in
electronic density on the graphene surface, indicating charge transfers,
and additional accumulation on chlorine atoms, originating from a non-
negligible electron transfer to AlCl3 of −0.072 e.

That said, a fully-formed dative bond would generally result in
lower adsorption energies for AlCl3 than observed on neutral graphene
[74], and its covalent nature would also demand a shorter molecule-
sheet distance than the 3.17 Å observed here. Furthermore, forming
a dative bond would require aluminum to transition from a flat sp2

hybridization to a pyramidal sp3, resulting in a visible change in the
molecule’s atomic structure. However, upon adsorption on neutral gra-
phene, AlCl3 remains relatively flat, with Cl atoms shifting only 0.18
Å above Al, indicating nearly sp2-hybridized Al, and thus limited ef-
fectiveness of dative bonding.

The limited effectiveness of the dominant bonding mechanism en-
ables this interaction to be effectively modulated by electron doping of
graphene. The excess electrons facilitate their transfer into the 2p(z)
orbitals of carbon atoms directly facing the molecule, as indicated by
a substantial increase in electronic density between the aluminum and
carbon atoms (see Figure 9f). This significantly enhances the interac-
tion, resulting in an adsorption energy of −723 meV at a concentration
of −7.57 × 1013 e/cm2 (see Figure 9a), accompanied by a reduction in
the molecule-sheet distance to 2.36 Å (see Figure 10a) and a notably el-
evated electron transfer of −0.354 e (see Figure 10b). Additionally, the
effects of this interaction are evident in the structure of the molecule
and the graphene sheet. At −7.57 × 1013 e/cm2, Cl atoms in the ad-
sorbed AlCl3 shift 0.64 Å above Al, indicating a more sp3-hybridized
Al (see Figure 10c). Similarly, the adsorption causes the carbon atom
bonding with aluminum to shift 0.34 Å above the neighboring atoms in
the sheet, indicating that the dative bonding also alters the hybridization
in graphene, making it more sp3 in one of its atoms (see Figure 10d).

It should be emphasized that electron doping enhances the intrin-
sic molecular-sheet interaction but does not change its mechanisms, as
indicated by differences in electron densities shown in Figures 9f and
9g. Comparing these panels reveals that interactions on both neutral
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and electron-doped graphene follow the same pattern of charge redis-
tribution, which is simply intensified on n-type graphene.

Conversely, hole doping of graphene alters the adsorption mecha-
nism of AlCl3, as it does not facilitate an increased electron population
in the 2p(z) orbitals of carbon; rather, it works against it. In this sce-
nario, the interaction breaks the planar symmetry of the molecule. The
Cl atoms face the sheet, with Al shifting above them (see Figure 10c).
This change results in electron depletion above the molecule and accu-
mulation below it, coupled with accumulation on the graphene surface
directly beneath the molecule and more dispersed depletion elsewhere
on the surface (see Figure 9h). This indicates that the interaction be-
comes more dispersive, with increased interaction strength (see Fig-
ure 9a) likely stemming from enhanced electrostatic attraction between
positively charged graphene and negatively charged Cl atoms in AlCl3.

Given the directional nature of the dative bonding, the adsorption
site notably affects its potential. For neutral graphene, the adsorption
energy in configuration B is −398 meV (see Figure 9a). This interaction
exhibits a charge redistribution pattern similar to configuration A, but
the position of the molecule causes the accumulation below to be more
dispersed, overlapping with several neighboring carbon atoms (see Fig-
ure 9d). Excess electrons in n-type graphene facilitates a charge trans-
fer into the 2p(z) orbitals of carbon atoms, increasing the electronic
density between the aluminum and carbon atoms in configuration B
(see Figure 9c). However, unlike in configuration A, n-type doping
destabilizes the adsorption. This likely occurs because the interactions
become more dative, but the aluminum position requires a four-center
two-electron bond, which is at odds with the hybridization in graph-
ene. This trend reverses only for electron concentrations above −5.3
× 1013 e/cm2 (see Figure 9a), coinciding with a substantial increase in
charge transfers (see Figure 10b). This suggests that only at sufficiently
high populations of 2p(z) orbitals does the more dative-like interaction
become feasible. However, because several neighboring carbon atoms
are involved, the resulting electronic charge accumulation below the
molecule becomes more dispersed (compare Figures 9b and 9f). On
the other hand, p-type doping of graphene favors a more dispersed in-
teraction character. Therefore, for p-type graphene, adsorption in con-
figurations A and B becomes qualitatively identical, with comparable
adsorption energies (see Figure 9a), molecule-sheet distances (see Fig-
ure 10a), charge transfers (see Figure 10b), molecule deformation (see
Figure 10c), graphene corrugation (see Figure 10d), and charge redis-
tribution (compare Figures 9e and 9h).

Overall, the results reveal that doping of graphene can effectively
modulate the adsorption of AlCl3. Both doping types enhance the in-
teraction, but n-type doping makes one adsorption site notably more
favorable, while p-type doping makes different sites more equivalent.
Consequently, n-type graphene should facilitate more uniform adsorp-

tion of AlCl3 compared to p-type sheets.

3.3. Significance of doping at different doping level
As demonstrated in section 3.2, sheet doping can significantly im-

pact interactions with graphene, though the effects vary between adsor-
bates and doping levels. This means that, while doping generally influ-
ences interactions, its relevance can range, with the potential for both
negligible and major implications for practical applications of graph-
ene. Therefore, it is essential to assess the significance of doping and
consider how impactful it can be at key levels.

For this purpose, two doping regimes will be examined. One will
quantify the impact of doping on adsorption when on the level of 1012

e/cm2, and the other at 1013 e/cm2. The analysis will focus on adsorp-
tion energy, as it is the primary indicator of interaction modulation.
Moreover, changes in adsorption energy impact macroscopic proper-
ties such as sheet adsorption coverage and sensitivity [54]. To evaluate
the significance of modulation, both absolute and relative changes in
adsorption energy will be examined, using formulas

∆(ads.) =
∣∣∣Eads(doped) − Eads(neutral)

∣∣∣ , (4)

∆(rel.) =
∣∣∣∣∣Eads(doped) − Eads(neutral)

Eads(neutral)

∣∣∣∣∣ , (5)

where Eads(doped) and Eads(neutral) are the adsorption energies on doped
and neutral graphene. The former, represent the values at the doping
levels of ±0.76 or ±7.57 × 1013 e/cm2.

Table 1 summarizes the absolute and relative changes in the ad-
sorption energy of the investigated species between different doping
regimes. The results demonstrate that doping levels on the order of
1012 e/cm2 have virtually no impact on the adsorption of H2, with both
n-type and p-type doping resulting in less than a 1% change, corre-
sponding to less than 1 meV in adsorption energy. The effect is some-
what enhanced at doping levels on the order of 1013 e/cm2. In this
regime, n-type doping results in a 4% modulation, while p-type doping
leads to a more substantial 22% change. However, it should be em-
phasized that these relative changes correspond to variations of only 3
meV and 14 meV, respectively. Hence, in most practical cases, the ef-
fects of doping on the adsorption of H2 should be considered generally
low on graphene. Moreover, given the mechanism by which the doping
affects the interaction with H2, modulation for N2 and O2 may also be
somewhat limited.

In contrast, doping is about ten times more effective in modulat-
ing the adsorption of H2O and NH3. The results demonstrate that even
at doping levels on the order of 1012 e/cm2, it can result in changes of
16% (20 meV) for H2O and 9% (11 meV) for NH3. The effects become
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Figure 10: (a) Vertical separation of the molecule from the graphene. (b)
Charge transfer between AlCl3 and graphene given by Equation (3). (c) Vertical
separation between Al and Cl atoms in AlCl3. (d) Vertical separation between
C atoms in graphene.

even more substantial at doping levels on the order of 1013 e/cm2. In
this regime, p-type doping is shown to be more effective in modulating
the adsorption interaction for both H2O and NH3, resulting in substan-
tial enhancements of 165% (207 meV) and 171% (214 meV) for H2O
and NH3, respectively. Consequently, while 1012 e/cm2 doping con-

Table 1: Absolute and relative change in the adsorption energy facilitated by
differed doping regimes in graphene.

×1012 e/cm2 × 1013 e/cm2

n-type p-type n-type p-type

H2 ∆(abs.)a (meV) <1 <1 3 14
∆(rel.)b (%) <1 <1 4 22

H2O ∆(abs.) (meV) 20 13 173 207
∆(rel.) (%) 16 10 138 165

NH3 ∆(abs.) (meV) 11 11 113 214
∆(rel.) (%) 9 8 90 171

AlCl3 ∆(abs.) (meV) 3 9 266 251
∆(rel.) (%) <1 2 58 55

a ∆(abs.) is calculated using Equation (4). b ∆(rel.) is calculated using Equation (5).

centrations may not be universally significant, the sheet’s response is
critically dependent on molecular coverage, which is highly sensitive
to adsorption energy. Thus, even at 1012 e/cm2, the modulation of ad-
sorption interactions could significantly affect the effective sensitivity,
given sufficient molecule-sheet charge transfers. On the other hand,
at 1013 e/cm2, the impact on adsorption becomes substantial enough
to be considered universally significant, with implications for surface
catalysis, heterostructure fabrication, energy storage, and environmen-
tal monitoring. Given the mechanism by which the doping affects in
interactions with H2O and NH3, comparable modulation may be also
possible for H2S, NO2, SO2, PH3, and other similar species.

In the case of AlCl3, doping graphene at a level of 1012 e/cm2 has a
relatively low impact on the adsorption of the molecule, with changes
in adsorption energy of 2% (9 meV) or less. Given the already strong
interaction, this modulation is generally negligible. However, at higher
doping levels of 1013 e/cm2, the effects become quite substantial, with
n-type doping resulting in a 58% (266 meV) change and p-type doping
leading to a comparable 55% (251 meV). Consequently, at such dop-
ing levels, the effect on the adsorption of AlCl3 should be considered
significant, potentially influencing the growth of metal oxides, such as
Al2O3, on graphene surfaces. Given the mechanism by which doping
affects interactions with AlCl3, similar modulation may also be possi-
ble for other Lewis acids, such as Al(CH3)3, Al(OH)3, and BF3.

4. Conclusions

This study elucidates the intricate impact of carrier concentration
on the interaction between molecular adsorbates and graphene. By
employing DFT methods, we examined how the adsorption of various
species evolves for graphene doping concentrations between −7.57 ×
1013 e/cm2 and 7.57 × 1013 e/cm2, revealing distinct patterns of changes
characteristic to each adsorbate. The effects of charge carrier concen-
tration in graphene are shown to be intrinsic to the adsorbed species,
due to the unique underlying chemistry that modulates the interaction
in response to varying charge availability on the graphene’s surface.

This complex interplay makes carrier concentration a powerful and
selective tool for modulating the interaction between molecular adsor-
bates and graphene. The effects are tunable and evident for both n-
type and p-type doping. Low-to-medium doping levels (±1012 e/cm2)
show modest modulation, whereas high doping levels (±1013 e/cm2)
yield substantial enhancements, with interaction strength increases ex-
ceeding 150% and hundreds of meV. Moreover, the molecule-specific
nature of these effects highlights the versatility of carrier concentration
as a tool for tailoring graphene’s surface chemistry. This modulation is
crucial for advancing applications where precise control over molecular
interactions is essential.

Consequently, the insights gained from this study not only deepen
our understanding of graphene’s surface chemistry but also pave the
way for innovative applications in sensing, catalysis, and beyond. The
ability to modulate molecular adsorption through charge carrier con-
centration offers a powerful tool for enhancing the functionality and
versatility of graphene-based materials.
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