
RSC Advances

PAPER
How do the dop
aHo Chi Minh City University of Technolog

District 10, Ho Chi Minh City, Vietnam. E

hcmut.edu.vn
bVietnam National University Ho Chi Minh C

District, Ho Chi Minh City, Vietnam
cInstitute of Physical Chemistry “Ilie Murgu

Independentei 202, Sector 6, 060021 Bucha
dDepartment of Civil and Environmental Eng

and Technology, NO-7491 Trondheim, Norw
eNamur Institute of Structured Matter (NIS

Namur, 61 Rue de Bruxelles, B-5000 Namur

† These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 19560

Received 24th February 2021
Accepted 14th May 2021

DOI: 10.1039/d1ra01506k

rsc.li/rsc-advances

19560 | RSC Adv., 2021, 11, 19560–19
ing concentrations of N and B in
graphene modify the water adsorption?

Thi Tan Pham,†ab Thanh Ngoc Pham,†ab Viorel Chihaia,c Quang Anh Vu,ab

Thuat T. Trinh, d Trung Thanh Pham,e Le Van Thang*ab and Do Ngoc Son *ab

Understanding the interaction of water and graphene is crucial for various applications such as water

purification, desalination, and electrocatalysis. Experimental and theoretical studies have already

investigated water adsorption on N- and B-doped graphene. However, there are no reports available

that elucidate the influences of the N and B doping content in graphene on the microscopic geometrical

structure and the electronic properties of the adsorbed water. Thus, this work is devoted to solving this

problem using self-consistent van der Waals density functional theory calculations. The N and B doping

contents of 0.0, 3.1, 6.3, and 9.4% were considered. The results showed that the binding energy of water

increases almost linearly as a function of doping content at all concentrations for N-doped graphene but

below 6.3% for B-doped graphene. In the linear range, the binding energy increases by approximately 30

meV for each increment of the doping ratio. Analyses of the geometric and electronic structures

explained the enhancement of the water–graphene interaction with the variation in doping percentage.
1. Introduction

The interface between water and graphene plays an important
role in diverse applications such as wetting, water purication,
desalination, and electrocatalysis owing to its frictionless
properties.1,2 The water–graphene interface has been intensively
investigated by experimental and computational methods.2–10

Experimentally, the interface can be studied bymeasuring static
water contact angles, providing macroscopic understanding,
and different values of the water contact angles were reported
for water droplets on graphene.1–4 The discrepancy in the re-
ported data originates from several factors, i.e., the number of
graphene layers, the underlying substrate, and the effects of
doping. Hong et al. showed that the supporting substrate and
physical doping by applying a voltage can unambiguously affect
the hydrophilicity of graphene, which was later conrmed by
Ashraf et al.3,4 Both studies claimed that the origin of the
physical doping-induced wettability of graphene is the shi of
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the Dirac point away from the Fermi level of graphene. To
provide an atomistic understanding, density functional theory
(DFT) calculations have been widely employed to investigate the
adsorption of water on graphene.5–10 Nevertheless, the different
computational parameters result in a discrepancy in the
binding energy (Eb) of the water monomer on graphene, which
is mainly due to lack of treatment of the van der Waals inter-
actions. By using the conventional GGA-PBE method, the Eb is
30 meV, whereas the vdW-DF2C09x result6 is 80 meV, which is
more consistent with the random-phase approximation (98
meV) and the diffusion Monte Carlo method (100 meV).8 The
variance between the GGA-PBE and vdW inclusive methods is
about 50 meV; however, Brandenburg et al. found that a change
in Eb of H2O on graphene of 50 meV leads to the graphene
surface changing from hydrophobic to hydrophilic.8 This
highlights the importance of using van der Waals inclusive DFT
methods to study the water–graphene interaction.7,8 To eluci-
date the wetting dynamics of water on graphene, classical
molecular dynamics simulations were employed.11,12 Andrews
et al. pointed out that at rather low coverage, water molecules
tend to spread out and form water layers on graphene, whereas
water nanodroplets are formed when more water molecules are
exposed.11 Similarly, Akaishi et al. also found that water forms
a double layer covering the entire graphene surface, followed by
the formation of three-dimensional water clusters. Their results
indicated that the pristine graphene itself exhibits hydrophi-
licity and the stabilization of the water double layer on graphene
leads to the hydrophobicity observed in experiments.12 The
predictions of two previous theoretical studies have been
proved by recent experiments on the water–graphite interface.13
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Wang et al. experimentally observed amonolayer of water grown
on the graphite surface using STM imaging.13 By using DFT
calculations, they also found that all water molecules within
this monolayer form a strong hydrogen bonding network, giving
rise to the stabilization of this water monolayer.

Compared to the wealth of information concerning water on
pristine graphene, the physical properties of water on nitrogen
(N) and boron (B)-doped graphene are not fully understood
yet.14,15 N-doped graphene quantum dots showed hydrophilicity
(hydrophobicity) with mono-layered (multi-layered) struc-
tures.16 Graphene doped with boron has been synthesized and
used in various applications.17 Dai et al. theoretically investi-
gated the adsorption of water and gases on single site X-doped
graphene (X ¼ B, N, Al, and S) using the GGA-PBE method,
and N and B doping enhanced the adsorption strength of
water.18 Yang et al. studied water/uorinated graphene using
DFT calculations with the vdW-DF functional and found that
uorine doping could increase the Eb of the adsorbed water and
change the water dipole moment.19 Recently, Xu et al. investi-
gated water on hydrogenated pyridinic N-doped, graphitic, and
pyrrolic N-doped graphene using the GGA-PBE approximation
with Grimme’s D2 dispersion correction.20 It was found that
both the Eb and the orientation of the water molecules are
signicantly altered upon N doping. Cardozo-Mata et al. also
studied water dimers on the N terminated vacancies of gra-
phene and found that the interaction mainly originates from
hydrogen bonding between water H and N.21 All of the previous
reports considered water adsorption on N- and B-doped gra-
phene at a specic doping content and on the N terminated
graphene edges and defects; however, the inuences of the N
and B doping content on the water–substrate interaction
remain unknown. Therefore, this work addresses this issue by
systematically considering the water adsorption on graphene
with N and B doping at the graphitic sites and low concentra-
tions of 0.0, 3.1, 6.3, and 9.4%. Using DFT calculations with the
rev-vdW-DF2 functional, we elucidated a microscopic picture of
the structural–electronic property relationships for water–gra-
phene systems. There are several types of doping in graphene.
The graphitic type refers to replacing the C atoms in graphene
with dopant atoms like N and B, which retains the honeycomb
structure of perfect graphene, and the pyridinic and pyrrolic
types indicate doping accompanied by the creation of vacancies
and edges. The graphitic type of doping22–25 was considered in
the current work because it exhibits higher stability than the
pyridinic and pyrrolic types26,27 and also has potential applica-
tions in fuel cells, Li-ion batteries, photocatalysis, and electro-
chemical sensing.28 Clarication of the hydrophilicity and
hydrophobicity of water on N,B-doped graphene with variation
of the doping content is out of scope. Also, we only focused on
doping with single components of N and B without mixing of
these elements.

2. Computational details

All our DFT calculations were performed within the periodic
supercell approach using the Quantum ESPRESSO package.29

Core electrons are represented by Vanderbilt’s ultraso
© 2021 The Author(s). Published by the Royal Society of Chemistry
pseudopotentials30 with the GBRV library,31 whereas the valence
states were expanded in plane waves with cut-off energies of 50
and 600 Ry for wave functions and augmented charge densities,
respectively. We used the rev-vdW-DF2 exchange–correlation
functional,32 which has been shown to give reasonable accuracy
for water on carbon materials,33 as well as other systems.34–37 All
atoms are allowed to relax until the force acting on them is less
than 0.02 eV �A�1. A G-centered 6 � 6 � 1 k-point mesh is used
for structural optimizations. To accurately calculate the density
of states (DOS), a G-centered 16 � 16 � 1 k-point mesh is
employed. To estimate the vacuum level and thus the work
function accurately, we employed dipole moment correction to
eliminate the spurious electric eld in the surface normal
direction.38 This correction is used only for the calculation of
the work function, and it is omitted during structural
optimization.

The pristine and doped graphene lms were modeled by
using a unit cell of lateral (4 � 4) periodicity composed of 32 C
atoms with a vacuum of 18�A in the normal surface direction. To
evaluate the stability of graphene doped with N and B, the
formation energy is calculated by

Ef ¼ Egra � NX � mX, (1)

where Egra, mX, and NX stand for the total energy of the graphene
system, the chemical potential of element X, and the number of
atoms of element X (X ¼ C, N, B), respectively. We used the total
energy per atom of graphene, gas-phase N2, and bulk a-rhom-
bohedral boron, represented by mC, mN, and mB, respectively.

The binding energy of water on pristine and doped graphene
is estimated by

Eb ¼ (Ewater + Egra) � Ewater/gra, (2)

where the total energies of isolated water, the graphene
substrate, and the water–graphene system are Ewater, Egra, and
Ewater/gra, respectively. Within our denition, the preferential
adsorption of water on graphene corresponds to a positive value
of Eb. The charge rearrangement upon the adsorption of water
is dened as

Dr ¼ rwater/gra � rwater � rgra. (3)

Here, rwater/gra, rwater, and rgra are the charge densities of
water adsorbed on graphene and of the fragments, i.e., water
and graphene in their adsorbed atomic geometries.

3. Results and discussion
3.1. N- and B-doped graphene

Various positions of N and B substitutions for C atoms are
shown in Fig. 1. The dopant contents in the graphene sheet are
ca. 3.1, 6.3, and 9.4% for single, double, and triple site
replacement, respectively, and are comparable with the N
content in experimentally reported N-doped graphene.22,39

Formation energies are estimated and summarized in Table 1.
We found that all formation energies are positive, and thus

the formation of doped graphene is thermodynamically
RSC Adv., 2021, 11, 19560–19568 | 19561



Fig. 1 Atomic configurations of single, double, and triple substitutions
with dopant X (X ¼ N, B) in graphene. The positions for the double
substitutions are AC, AB, and AA, whereas those for triple substitutions
are ABB and AAB. A periodic 4� 4 supercell of graphene is used. Color
scheme: carbon (brown); dopant (orange). Single, double, and triple
site doping are denoted by X1, X2, and X3, respectively.

Table 1 Formation energy (Ef), energy difference between the Fermi
level and the Dirac point (3F � 3D), and the work function (f) of doped
graphene

N doping B doping

Structure Ef/eV

3F
�
3D/eV f/eV Structure Ef/eV 3F � 3D/eV f/eV

N1 0.885 0.82 3.74 B1 1.131 �0.87 5.15
NAC
2 1.994 1.24 3.48 BAC

2 2.659 �1.38 5.43
NAB
2 2.187 1.17 3.55 BAB

2 2.788 �1.19 5.36
NAA
2 1.817 1.03 3.72 BAA

2 2.362 �1.14 5.15
Ndimer
2 2.815 1.32 3.63 Bdimer

2 3.564 �1.19 5.20
NABB
3 3.414 1.12 3.61 BABB

3 4.071 �1.30 5.31
NAAB
3 3.566 1.22 3.59 BAAB

3 4.243 �1.32 5.37
Graphene 4.47

Fig. 2 Adsorption configurations of a water monomer on pristine
graphene. A periodic 4 � 4 supercell of graphene was used. Color
scheme: carbon (brown), oxygen (red), and hydrogen (blue). The angle
(q) is between the water dipole moment ðp.Þ and the surface normal
ðn.Þ.
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unfavorable with respect to gas-phase N2, and bulk boron. It
should be noted that the calculated positive formation energies
are not abnormal, as discussed earlier by Okamoto.40 Experi-
mentally, N- and B-doped graphene are usually synthesized by
the chemical vapor deposition (CVD) method in which the N
and B sources are not gas-phase N2 and bulk boron. For
example, double substitution of N in graphene can be achieved
by CVD with NH3 and CH4 as precursors.22–26 In addition, the
atomic conguration of N- and B-doped graphene can be tuned
by using different synthesis methods and a less stable cong-
uration can be obtained.22–27,40,41 As shown in Table 1, the Fermi
level shis relative to the Dirac point calculated by 3F � 3D are
positive and negative for N- and B-doped graphene, respectively,
indicating that N and B doping correspond to n- and p-type
doping, respectively. The formation energies of both types of
doped graphene increase in the order X1 < XAA

2 < XAC
2 < XAB

2 <
Xdimer
2 < XABB

3 < XAAB
3 (X¼ N, B), implying that single substitution

is preferable in comparison to double and triple substitution.
For double site doping by N atoms, the calculated formation
energy and 3F� 3D of NAA

2 are the lowest, in good agreement with
other theoretical studies.22,24,40 We found that the formation
energies of doped graphene correlate with 3F � 3D; namely the
lower perturbation of the p-electrons of graphene results in
19562 | RSC Adv., 2021, 11, 19560–19568
a more stable conguration, and the observation that higher
concentration of dopant results in higher formation energy
agrees with the literature.42–45 Experimentally, the
NAB
2 conguration was found to be present in more than 80%

of N doping sites.22 In contrast, the calculated formation energy
of the NAB

2 conguration is greater than that of NAA
2 by 0.37 eV,

indicating that NAB
2 is less stable than NAA

2 . Therefore, the
positions of the N dopants in graphene strongly depend on the
experimental synthesis conditions.22 For B-doped graphene, the
B1 and BAA

2 congurations are found experimentally.17,25 The
BAA
2 conguration is synthesized by doping two B atoms into

polyaromatic hydrocarbon precursors.25 B-doped graphene can
also be formed by incorporating B atoms within the graphene
vacancies.46 For triple site doping, we consider two doping
congurations, namely XABB

3 and XAAB
3 , where the dopants

alternatively replace the C atoms in graphene. These congu-
rations are similar to the C3N4 family, which has proved to have
excellent catalytic activity for several important reactions.47

Here, we don’t consider the doping congurations with large
distances between the dopant atoms because these congura-
tions cause effects similar to single-site doping.48

The work functions of pristine and doped graphene are also
listed in Table 1. The work function of pristine graphene is
about 4.47 eV which is in good agreement with other theoretical
studies (4.38 eV) and experimental values (4.45–4.5 eV).49 The N-
and B-doped systems exhibit lower and higher work functions
than pristine graphene and also the BCN monolayer, respec-
tively.44,49 The different work functions have different effects on
the adsorption conguration of water on the substrates, as
shown in the below section.

3.2. Water adsorption on graphene substrates

As a reference for the doped systems, the adsorption of water on
a pristine graphene substrate was studied. Three stable
congurations of water adsorbed on pristine graphene, namely
1-leg, 2-leg, and O-down, were obtained aer the geometric
optimization (see Fig. 2). The binding energies (Eb), the struc-
tural parameters, and the work functions for these three
adsorption congurations are summarized in Table 2. We
found that 1-leg and 2-leg are more favorable than O-down,
implying that the water molecule prefers making H bonds to
the pristine graphene surface, and 1-leg is the most favorable
structure. Also, the rev-vdW-DF2 functional provided a binding
© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 2 Water binding energy (Eb), the vertical bond distance (hO)
from the oxygen atom to the graphene surface, and the angle (q)
between the water dipole moment ðp.Þ and the surface normal ðn.Þ on
pristine graphene. The work function (f) and work function change
(Df) relative to the clean surface are also included

Conguration Eb/meV hO/�A q/� f/eV Df/eV

1-leg 115 3.38 128 4.86 0.39
116a

2-leg 110 3.34 178 5.26 0.79
110a

O-down 99 3.07 3 3.54 �0.93
101a

a The results using a projector augmented wave scheme50 with an energy
cut-off of 80 Ry for the wave function.

Paper RSC Advances
energy for water in good agreement with the results obtained by
the diffusion Monte Carlo method (100 meV)8 and the projector
augmented wave method.50 The 1-leg and 2-leg congurations
also have a longer vertical bond distance to the surface and
a wider dipole moment angle compared to the O-down struc-
ture. In addition, the work function variation is positive for 1-leg
and 2-leg, while it is negative for the O-down structure.

For the adsorption of H2O on N- and B-doped graphene,
many possible congurations of water were considered. Aer
performing the DFT optimization, the O-down and 1-leg
congurations were found on the N- and B-doped substrates,
respectively. For each substrate, the most favorable adsorption
sites are presented in Fig. 3, and the binding energies are listed
in Table 3. Notably, the 2-leg conguration was not found on the
N- and B-doped substrates. For single site doping with N, the
preferential position of water is on top of the N atom. However,
for double and triple site doping with N and all cases of B
doping, the water adsorbs stably near the doping atoms.
Furthermore, the N-doped substrates retain their planar struc-
ture upon water adsorption, while the structure of
Fig. 3 Adsorption configurations of a water molecule on doped graphe
carbon (brown), nitrogen (green), boron (orange), oxygen (red), and hyd

© 2021 The Author(s). Published by the Royal Society of Chemistry
BAAB
3 becomes corrugated, leading to a much higher binding

energy. Therefore, we predict that a further increase in the
concentration may cause the doped substrates to become
unstable towards the adsorption of water.

The binding energies of the water molecule on single site N-
and B-doped graphene obtained by the rev-vdW-DF2 functional
in the present work are signicantly improved compared to
those obtained by the GGA-PBE method.18 Also, they are in good
agreement with those obtained by Grimme’s D2 method with
van der Waals treatment.20 Single site N and B doping increase
the Eb by 39 and 33 meV, respectively, relative to the most
favorable conguration (1-leg) on pristine graphene. The order
of preference for the adsorption of water on double site N- and
B-doped graphene was found to be AB > AC > AA. Doping in the
AB positions provides the best substrate for improving the
binding energy of H2O. Noticeably, the AC and AA structures
have a higher scattering level of the doping atoms in compar-
ison to the AB structure, and the binding energy of the water
molecule on the AC and AA substrates approaches that for
single site doping. Therefore, a signicant increase in the
binding energy can be achieved if the doping atoms are located
close together. Also, double site doping with N and B further
enhanced the binding energy of H2O by 33 and 34 meV upon
comparing NAB

2 and BAB
2 to N1 and B1, respectively. Notably,

triple site N doping (NAAB
3 ) enhances the binding energy of H2O

by 21 meV compared to the best double site doping (structure
NAB
2 ). In contrast, the BAAB

3 substrate increases the binding
energy by 98 meV compared to BAB

2 . Notably, the BAAB
3 structure

is deformed by water adsorption. Fig. 4 shows that the binding
energy increases almost linearly as a function of doping content
at all considered concentrations for N-doped graphene but
below 6.3% for B-doped graphene. We estimated that each
increase in N and B doping concentration in the linear range
could increase the binding energy of H2O by around 30 meV,
indicating that the increase in doping content enhances the
water–graphene interaction.
ne. A periodic 4 � 4 supercell of graphene was used. Color scheme:
rogen (blue).

RSC Adv., 2021, 11, 19560–19568 | 19563



Table 3 Water binding energy (Eb) and vertical bond distance (hO) from the oxygen atom to the N- and B-doped graphene. The dipole moment
angle (q), the work function (f), and the work function change (Df) with respect to the clean surface are also included

N doping B doping

Structure Eb /meV hO/Å q/� f/eV Df/eV Structure Eb /meV hO/Å q/� f/eV Df/eV

H2O/N1 154 2.97 30 3.10 �0.65 H2O/B1 148 3.30 106 5.52 0.37
60a 40b

140b 180b

H2O/N
AC
2 163 3.01 42 3.25 �0.23 H2O/B

AC
2 152 3.26 105 5.84 0.41

H2O/N
AB
2 187 2.86 12 2.90 �0.65 H2O/B

AB
2 182 3.10 92 5.75 0.39

H2O/N
AA
2 160 2.89 30 3.04 �0.68 H2O/B

AA
2 144 3.24 107 5.41 0.26

H2O/N
ABB
3 194 2.80 23 2.79 �0.74 H2O/B

ABB
3 170 3.28 119 5.77 0.05

H2O/N
AAB
3 208 2.85 14 2.77 �0.81 H2O/B

AAB
3 280 2.72c 89 5.51 0.13

a GGA-PBE results in ref. 18. b PBE + Grimme D2 results in ref. 20. c The vertical bond distance between the O of H2O and the topmost atom of the
substrate.

Fig. 4 The binding energy of the water molecule versus N and B
doping content.
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The vertical bond distance from the oxygen atom to the
surface decreases from 3.38 > 2.97 > 2.86z 2.85�A (3.38 > 3.30 >
3.10 > 2.72�A) for pristine graphene, N1, N

AB
2 , and NAAB

3 (pristine
graphene, B1, B

AB
2 , and BAAB

3 ), respectively. This trend in the
bond distance was found to correlate with the increase in the
binding energy. The angle q of the dipole moment relative to the
surface normal is acute and obtuse for the O-down and 1-leg
congurations of the water molecule on the N-doped and B-
doped substrates, respectively, which have the dipole moment
pointing away from and towards the surface, in that order. In
addition, the increase in the binding energy was found to
closely correlate with the reduction of the dipole moment angle,
i.e., 128 > 30 > 12z 14� (128 > 106 > 92 > 89�) for H2O on pristine
graphene, N1, N

AB
2 , and NAAB

3 (pristine graphene, B1, B
AB
2 , and

BAAB
3 ), respectively. This result implies that the water molecule

rotates to minimize the dipole moment angle and stabilize its
adsorption on the substrates upon the increase in doping
content. The angle change is useful for experiments on static
water contact angles.1–4 Furthermore, the work function
decreases and increases relative to the clean surface upon the
adsorption of water on N-doped and B-doped graphene,
respectively. Also, the work function change Df is negative and
positive for water on N- and B-doped graphene, respectively,
which correlates with the corresponding O-down and 1-leg
congurations. The literature showed that the higher the work
function, the higher the vacuum level of the substrate should
19564 | RSC Adv., 2021, 11, 19560–19568
be,51,52 and therefore, the longer the distance from the surface of
the substrate over which the intermolecular forces can take
effect on the water molecule. Thus, pristine graphene and B-
doped graphene with their high work functions can adsorb
water at longer vertical bonding distances (hO), and hence there
is a higher probability of nding the most stable conguration
to be the 1-leg structure. Whilst N-doped graphene with its
lower work function could only offer the O-down conguration
as the most favorable structure, which is located at a shorter
vertical bond length. In short, the higher work function of B-
doped graphene provides a more extended vacuum space
from the substrate surface, allowing the water molecule to
orient its structure to form a H bond with the surface, while the
lower work function of N-doped graphene only allows the O-
down conguration of water to stabilize. It should be noted
that the average vertical distance from the water oxygen atom to
the surface is shorter for N-doped graphene than B-doped
graphene.

In reality, experiments have investigated the adsorption of
water monomers and small water clusters via STM13,53 and AFM
techniques.54 Therefore, we also expect that experiments will be
set up to conrm our ndings on the correlation of the
geometrical and physical parameters upon variation of the
doping concentration in the considered graphene systems for
water adsorption. Our results demonstrated that the increase in
doping concentration enhances the water–substrate interac-
tion. Thus, the wettability of graphene is controllable, which is
useful for many applications such as electrocatalysis1,2 and
water condensation.3 For instance, the dissociation of H2O in
the water-splitting reaction becomes easier if the water–gra-
phene interaction increases.

3.3. Electronic structure analysis

Elucidation of the charge rearrangement, the point charges
of atoms, and the atomic orbital projected density of states
can help us understand the underlying physics determining
the interactions of water with the substrates. Fig. 5 shows
that the interface regions of O-down H2O/graphene, H2O/N1,
H2O/N

AB
2 , and H2O/N

AAB
3 present charge depletion, while

those of 1-leg H2O/graphene, H2O/B1, H2O/B
AB
2 , and H2O/
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Charge density difference upon the adsorption of water on the substrate: (a) O-downH2O/pristine graphene, (b) H2O/N1, (c) H2O/NAB
2 , (d)

H2O/NAAB
3 , (e) 1-leg H2O/pristine graphene, (f) H2O/B1, (g) H2O/BAB

2 , and (h) H2O/BAAB
3 . Isosurfaces are plotted at 0.0003 e� Bohr�3. Yellow and

cyan indicate charge accumulation and depletion, respectively. Color scheme: carbon (brown), nitrogen (green), boron (orange), oxygen (red),
and hydrogen (blue).

Paper RSC Advances
BAAB
3 exhibit charge accumulation. The quantitative charges

of each species are given in Table 4. The hydrogen and
oxygen atoms of the water always lose and gain charge,
respectively. However, the water molecule retains its neutral
charge for O-down H2O/graphene and gains or loses charge
for the others. Therefore, the substrate doesn’t exchange
charge with the water for O-down/graphene, but it exchanges
charge with the water for the other structures. The charge
exchange is ignorable for the N-doped substrates, but it is
signicant for the 1-leg H2O/graphene and the B-doped
systems. In addition, the charge exchange for 1-leg H2O/
graphene is higher than that for O-down H2O/graphene,
which explains why the binding energy is higher for the
former than the latter. Furthermore, the N atoms accumulate
charge while the B atoms donate charge, which is in good
agreement with the n-type and p-type nature of N and B
doping, respectively. Finally, the obtained binding energies
of the water molecule on the different substrates of below
280 meV and the small charge exchange between H2O and
the substrates indicate that the water molecule is phys-
isorbed on the surfaces.

Generally, the interaction between the adsorbate and the
substrate is created by the attraction between the unoccu-
pied states of the adsorbate and the occupied states of the
substrate, or the occupied states of the adsorbate and the
unoccupied states of the substrate.55 The atomic orbital
Table 4 Bader charges (in e) of the atoms

H2O/substrate O-down H2O/graphene H2O/N1 H2O/N
AB
2 H

2H �1.259 �1.170 �1.618 �
O 1.259 1.175 1.624 1.
H2O 0.000 0.005 0.006 �
C atoms 0.000 �1.115 �5.248 �
N (B) atoms 1.110 5.242 8.
Substrate 0.000 �0.005 - 0.006 0.

© 2021 The Author(s). Published by the Royal Society of Chemistry
projected density of states in Fig. 6 shows that an increase
in N doping content shis the C pz and N p orbitals down-
ward relative to O-down/graphene to increase the occupation
at the valence band maximum (VBM). Simultaneously, the
lowest unoccupied s orbital (LUMO) of the water also shis
downward towards the Fermi level. Therefore, the energy
difference between the LUMO of the water and the VBM
decreases in the order: 2.3 > 1.9 > 1.7 > 1.5 eV for the O-down
H2O/graphene, H2O/N1, H2O/N

AB
2 , and H2O/N

AAB
3 structures,

respectively. Contrastingly, an increase in B doping concen-
tration shis the C pz and B p orbitals upward towards the
Fermi level to increase the unoccupied states at the
conduction band minimum (CBM) of the substrate. Simul-
taneously, the highest occupied peak of the water p orbital
(HOMO) moves upward to reduce the energy difference
between the HOMO and the CBM to 2.6 > 1.9 > 1.5 z 1.5 eV
for the 1-leg H2O/graphene, H2O/B1, H2O/B

AB
2 , and H2O/

BAAB
3 congurations, respectively. The reduction of the

energy differences between the LUMO of water and the VBM
of the substrate, and the HOMO of water and the CBM of the
substrate was found to correlate with the enhancement of the
water binding energy. Furthermore, the position of the p
orbital peak of the 1-leg conguration is also closer to the
Fermi level than that of the O-down conguration. Therefore,
the interaction of the water molecule with the substrate is
stronger for the 1-leg structure than the O-down structure.
2O/N
AAB
3 1-leg H2O/graphene H2O/B1 H2O/B

AB
2 H2O/B

AAB
3

1.243 �1.169 �1.245 �1.231 �1.275
234 1.183 1.265 1.253 1.306
0.009 0.014 0.020 0.022 0.031
8.365 �0.014 2.980 5.978 8.969
375 �3.000 �6.000 �9.000
009 �0.014 �0.020 �0.022 �0.031
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Fig. 6 Atomic orbital projected density of states of water in the O-down and 1-leg configurations on pristine graphene and on N- and B-doped
graphene.
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4. Conclusions

Density functional theory calculations with the rev-vdW-DF2 func-
tional have been used to explore the effects of N and B doping and
also the doping concentration in graphene on water adsorption.
The most favorable adsorption congurations of water are O-down
and 1-leg for the N and B dopants, respectively. The increase in
doping content enhances the binding energy of water. The increase
in doping concentration enriches the occupied states at the VBM
for N doping and the unoccupied states at the CBM for B doping,
which originates from the corresponding contributions of the C pz
and N p orbitals and the C pz and B p orbitals, respectively.
19566 | RSC Adv., 2021, 11, 19560–19568
Simultaneously, with increasing doping content, the unoccupied s
orbital (LUMO) of water shis closer to the VBM of N-doped gra-
phene, while the occupied p orbital (HOMO) of water moves closer
to the CBM of B-doped graphene. This shi reduces the energy gap,
favors the water–graphene interaction, and hence improves the
water binding energy. Furthermore, the water molecule was found
to rotate its structure to minimize the dipole moment angle relative
to the surface normal upon increasing the doping content.
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10 G. Revilla-López and N. López, A unied study for water
adsorption on metals: meaningful models from structural
motifs, Phys. Chem. Chem. Phys., 2014, 16, 22426.

11 J. E. Andrews, S. Sinha, P. W. Chung and S. Das, Wetting
dynamics of a water nanodrop on graphene, Phys. Chem.
Chem. Phys., 2016, 18, 23482.

12 A. Akaishi, T. Yonemaru and J. Nakamura, Formation of
Water Layers on Graphene Surfaces, ACS Omega, 2017, 2,
2184.

13 Y.-R. Wang, J.-Y. Xu, C.-K. Ma, M.-X. Shi, Y.-B. Tu,
K. S. S. Meng and J.-Z. Wang, Ice II-like Monolayer Ice
Grown on Graphite Surface, J. Phys. Chem. C, 2019, 123,
20297–20303.

14 J. Fujiki and K. Yogo, Water adsorption on nitrogen-doped
carbons for adsorption heat pump/desiccant cooling:
Experimental and density functional theory calculation
studies, Appl. Surf. Sci., 2019, 492, 776.
© 2021 The Author(s). Published by the Royal Society of Chemistry
15 K. V. Kumar, K. Preuss, Z. X. Guo and M. M. Titirici,
Understanding the Hydrophilicity and Water Adsorption
Behavior of Nanoporous Nitrogen-Doped Carbons, J. Phys.
Chem. C, 2016, 120, 18167.

16 N.-J. Kuo, Y.-S. Chen, C.-W. Wu, C.-Y. Huang, Y.-H. Chan and
I. P. Chen, One-Pot Synthesis of Hydrophilic and
Hydrophobic N-Doped Graphene Quantum Dots via
Exfoliating and Disintegrating Graphite Flakes, Sci. Rep.,
2016, 6, 30426.

17 S. Agnoli and M. Favaro, Doping graphene with boron:
a review of synthesis methods, physicochemical
characterization, and emerging applications, J. Mater.
Chem. A, 2016, 4, 5002.

18 J. Dai, J. Yuan and P. Giannozzi, Gas adsorption on graphene
doped with B, N, Al, and S: a theoretical study, Appl. Phys.
Lett., 2009, 95, 232105.

19 Y. Yang, F. Liu and Y. Kawazoe, Adsorptionof water on
uorinated graphene, J. Phys. Chem. Solids, 2019, 124, 54.

20 A. Xu, L. Shi, L. Zeng and T. S. Zhao, First-principle
investigations of nitrogen-, boron-, phosphorus-doped
graphite electrodes for vanadium redox ow batteries,
Electrochim. Acta, 2019, 300, 389.

21 V. A. Cardozo–Mata, J. A. Pescador–Rojas, A. Hernández–
Hernández, L. A. Hernández–Hernández, A. Miralrio,
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