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A B S T R A C T

In this work, we performed ab initio calculations to investigate the structural stability, carrier mobility, and CO2

separation and capture ability of mono-layered group III nitrides (XN) and phosphides (XP) (X = Al, Ga, In). The
results showed that all the six two-dimensional sheets exhibit indirect band gaps, ranging from 1.35 eV for InP to
4.02 eV for AlN by using HSE functional. Mobility calculations performed using deformation potential theory
shows that the mobility is dominated by holes as compared to electrons and reaches a value of

×1.7 103 cm2 − −V s1 1 for AlN and ×6.9 102 cm2 − −V s1 1 AlP. Density functional perturbation theory was used to
predict the frequency of Raman active modes, the results showed a red shift in the calculated Raman peak
frequency with increase in the mass of metal ion. The calculated adsorption energy of CO2 is in the range of
−0.19 eV to −0.22 eV over XN, whereas the adsorption energy varies from −0.51 eV to −1.12 eV over XP,
which is larger than that of graphene and hexagonal boron nitride. The adsorption energy of CO2 on various
nanostructures follows the order as > >E E EInN GaN AlN and> > >E E EInP GaP AlP. On the other hand, it is seen
that N2 show significantly weaker interaction with the surfaces of XN and XP as compared to CO2, indicating
high selectivity of sheets towards CO2 capture.

1. Introduction

In response to the ever increasing calamity of global warming, the
capture and storage of carbon dioxide (CO2) released by burning of
fossil fuels will be an essential technology in the context of energy and
environment [1]. Thus, identifying stable materials with improved
capability for CO2 capture has become an important target for capture
and storage technologies [2,3]. Due to the increased emission rate of
effluent gases (for instance, COx, SOx, NOx etc.) from industries, gas
adsorbent materials have engrossed a substantial attention form many
researchers across the globe [4]. Among these greenhouse gases
(GHGs), concentration of CO2 in the atmosphere has increased rapidly
(from 313 ppm in 1960 to 407 ppm in 2017), and is associated with the
increased dependence on fossil fuels in the past century [5]. Therefore,
reducing and capturing GHGs (e.g. CO2) from the atmosphere is a most
challenging problem in environmental protection [6]. In recent years,
processes such as adsorption, absorption, and use of membranes was
used at large scale for capture and separation, however, these techni-
ques pose a serious challenge in terms of efficiency [7]. In order to
tackle the issue of global working, efficient capture of CO2 and other
GHGs through industrially proven and simple processes like adsorption

is of utmost importance. Although many gas adsorbent materials have
been developed computationally and experimentally in the past,
nevertheless, nanostructured materials possess potentially revolu-
tionary advancements in the rapidly growing technological fields like
environmental and sustainability engineering, energy storage and har-
vesting, and molecular sensing, etc [2,3,8,9]. This has lead to a rapid
increase in the development of gas adsorbent materials.

Among these nanostructured materials, 2D nanomaterials have re-
ceived greater attention because of their unique properties that are
attributed to their ultrathin thickness emerging due to quantum effects
[5,10,11]. The 2D materials, which now can be synthesized either in
single or multi-atomic layered forms have seen a huge interest from the
past two decades [12–14]. Mono-layer materials not only exhibit a
variety of new and useful optical, electronic and mechanical applica-
tions, but also show tremendous potential in the environmental appli-
cation such as CO2 capture and storage [15,16] as stated earlier.

In this work, we propose to investigate the group III metal nitrides
and phosphides in the honeycomb crystal structure for CO2 capture
from flue gas using density functional theory (DFT). This paper is or-
ganized as follows: in Simulation methodology, we provide the details
of the methods employed in the present work. In Results and discussion,
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discuss the crystal structure and stability of XN and XP nanostructures
and also through light on their Raman spectra. Then band structure and
carrier mobility will be investigated. Subsequently, we present the ad-
sorption energy of CO2 and N2 on XN and XP. We concluded the paper
by giving a detailed summary of the main results of the present study
with prospects of XN and XP nanostructures.

2. Simulation methodology

Density functional theory (DFT) calculations were performed to
investigate the ground state properties of XN and XP (X = Al, Ga and
In) mono-layers using QUANTUM ESPRESSO [17] code. The electro-
n–ion interaction was described by Perdew-Burke-Ernzerhof [18]
functional with generalized gradient approximation (GGA) [19]. To
obtain optimized structure, the Kohn–Sham wave-functions were ex-
panded by a plane wave basis set with a kinetic energy cutoff of 50 Ry
for wave-function and 300 Ry for charge density. Brillouin zone (BZ)
integration was done using a uniform Γ-centered Monkhorst–Pack [20]
k-point grid of × ×5 5 1 for geometry optimization and × ×15 15 1 for
self-consistent field calculations. The atomic positions and cell para-
meters were fully relaxed until an energy convergence of −10 10 eV is
achieved and force on each atom was smaller than 0.03 eV/ Å−1. Van
der Waals interactions were included using DFT-D3 dispersion correc-
tions [21]. A vacuum of 20 Å was used in the z-direction to avoid any
spurious interaction between periodic images. For calculation of gas
phase atomic energies of CO2 and N2, a simulation box was used with
dimensions 15 Å to avoid interaction between periodic images. The
energy of the molecular species in isolated form were calculated at the
Gamma-point only. Also, to obtain a better description of the band gaps
and more accurate positions of the CBM and VBM, we used HSE func-
tional as implemented in QUANTUM ESPRESSO code, where the ex-
change part in the HSE functional consists of 25% from Hartree–Fock
and 75% from GGA-PBE contributions. For calculations employing the
HSE functional, we have used a k mesh of × ×5 5 1 to describe the
Brillouin zone. The density functional perturbation theory (DFPT) was
employed to calculate the phonon dispersion and Raman spectra in the
linear response approach [22,23]. For phonon dispersion calculation,
we used q-point grid of × ×4 4 1. The standard norm-conserving local
density functional (LDA) pseudopotentials [24] were used for Raman
spectra calculations. The carrier mobility of various systems was also
calculated in the deformation potential theory approximation using the
relation [25–27],
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where m∗ represents the effective mass of charge carriers, Ei is the
deformation potential constant of the conduction band minimum
(CBM) for electrons or valence band maximum (VBM) for holes along
the transport direction and is defined as, = E εE Δ /i
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denotes the total energy of the deformed system and A is the area of the
system at equilibrium. The strain was varied from −2% to 2% in steps
of 0.5. All these parameters were calculated using PBE functional. The
temperature used for mobility calculation was 300 K.

3. Results and discussions

3.1. Crystal structure and stability

The representative crystal structure of metal nitrides (XN) and
phosphides (XP) (X = Al, Ga, and In) is presented in Fig. 1, in which
hexagonal unit cell is marked by solid lines and lattice parameter by a1.
For calculating the carrier mobility using deformation potential theory,
we constructed a rectangular super-cell which fulfills an intuitive pre-
sentation of carrier conduction along the zigzag (a) and armchair (b)
directions. The calculated lattice parameters of the various 2D materials
for the hexagonal unit cell are listed in Table 1. It is seen that both for
nitrides and phosphides, the lattice parameter increases as the size of
metal ion increase with GaP as an exception whose lattice parameter
was found smaller than AlP. The results are consistent with the previous
theoretical reports with a = 3.13Å, 3.21Å, and 3.61Å for AlN [28],
GaN [29] and InN [30], respectively. For AlP, the calculated value of
lattice parameter is also consistent with the theoretical results (3.92 eV)
of Liu et al. [31]. Experimentally, Chen et al. has measured the lattice
parameter of GaN in the range of 2.9–3.32 Å [32]. It can be inferred
from these results that the structures and computational method we
offered are reliable and accurate. Also, stability is an important factor of
2D materials for practical applications. The thermodynamic stability of
XN and XP mono-layers were examined by calculating cohesive energy
(Ecoh) using the equation = − =E E n E n i[ ]/ ( 1, 2)coh tot i X , where Etot
denotes the total energy of a system, EX represents the gas phase atomic

Fig. 1. Atomic structure model of mono-layer XN and XP (X = Al, Ga, and In)
sheets. The dashed lines represent the rectangular cell used for mobility cal-
culation have lattice constants a and b. The hexagonal unit cell with lattice
constant a1 is shown by solid lines. Four adsorption sites are shown by green
circles. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Lattice parameters (Å), band gap values (eV) and cohesive energy per atom (eV)
of metal nitrides and phosphides.

System a1 (Å) −dX N P/ (Å) PBE E( )gap HSE E( )gap atomE /coh

AlN 3.13 1.80 2.91 4.02 −4.83
GaN 3.23 1.86 2.07 3.82 −3.77
InN 3.58 2.06 0.59 1.57 −2.65
AlP 3.93 2.27 2.33 3.22 −1.50
GaP 3.89 2.26 1.21 1.93 −1.15
InP 4.25 2.45 0.38 1.35 −0.42
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energy of various elements and ni is the total number of atoms in the
sheet. The calculated cohesive energy calculated at PBE level of theory
are shown in Table 1. Cohesive energy per atom calculated was
−4.83 eV, −3.77 eV and −2.65 eV for AlN, GaN and InN. One can see
that cohesive energy decreases as the size of metal ion increase, which
is consistent with the order of lattice parameter of the corresponding
system. Other theoretical results also show similar behavior in cohesive
energy for AlN(−5.36 eV) and GaN(−4.04 eV) [28,29]. The dis-
crepancy in the calculated and literature values may be attributed to
pseudopotentials and smearing method used. In our calculations, we
have employed PBE functional with fermi–dirac smearing technique
while the literature work was performed using Projected Augmented
Wave method with gaussian smearing. For metal phosphides (AlP, GaP
and InP) a similar trend in the cohesive energy was seen as displayed by
metal nitrides, however, we did not find any theoretical or experi-
mental literature on XP (except lattice parameter of AlP) to compare
our results with. From cohesive energy results, it is apparent that metal
nitrides are comparatively more stable than metal phosphides, which
indicates that the former has strong bonded network compared to the
latter. Moreover, the phonon dispersion of metal nitrides and phos-
phides were also calculated to explore their lattice dynamic stability as
shown in Fig. 2. It is well known fact that phonon dispersion showing
any soft mode (negative frequency) indicates the instability of a lattice
[33]. From phonon dispersion, it is apparent that no soft modes are
shown by the mono-layer metal nitrides, thus representing their dy-
namic stability. On the other hand, it is observed that metal phosphides
contain soft phonon branches in the phonon dispersion, which indicates
instability of their lattices. The highest phonon frequency of XN
(A = Al, Ga and In) mono-layers are about 1000, 838, and 700 cm−1,
which are much higher than the highest frequency of 580 cm−1 in si-
licene [34], 473 cm−1 in MoS2 [35] mono-layer, indicating robust X-N
bonds in XN mono-layers.

The Raman spectra of mono-layer metal nitrides was also simulated
as shown in Fig. 3 (we did not simulate Raman spectra of metal phos-
phides as their phonon dispersion contained softmodes). In the Raman
spectra, there exists one peak (Eg modes) in each of the structures,
which are all doubly degenerate in-plane modes. Raman spectra pro-
vide evidence to identify synthesized 2D materials in experiments. The
Raman peak frequencies calculated for AlN, GaN, and InN were
815 cm−1, 740 cm−1, and 685 cm−1, respectively. The peak

frequencies were fitted by Gaussian profile with 5 −cm 1 line width using
Magicplot software [36]. A red shift is seen in the peak frequency from
AlN to InN, which is attributed to the mass of the metal ions, i.e. as mass
increases, the frequency decreases.

3.2. Electronic band structure and mobility

Fig. 4 shows the band structures of mono-layer XN and XP at PBE
level. All the structures are semiconductors and were found to show
indirect band gaps. The conduction band minimum (CBM) is situated at
the Γ-point and valence band maximum (VBM) occurs along the Γ-X
direction of the irreducible Brillouin zone. As expected the VBM is
mainly attributed to the p orbital of pnictogen atom (N/P) while the
CBM is associated mainly with p orbital of X (X = Al,Ga, and In) as
shown in Figs. S1 and S2. The calculated band gaps at PBE level were
2.91 eV, 2.07 eV and 0.59 eV for AlN, GaN and GaP whereas the band
gaps calculated for AlP, GaP and InP are 2.33 eV, 1.21 eV and 0.38 eV,
respectively. Theoretical band gaps predicted for AlN and GaN mono-
layers were 2.9 eV [28] and 2.16 eV [29] at PBE level are consistent
with our results calculated at the same level of theory. It is found that

Fig. 2. Phonon band structure of AlN, GaN, InN, AlP, GaP, and InP exhibiting
their lattice dynamic stability.

Fig. 3. The calculated Raman active modes of metal nitrides. A convolution of
the computed DFT spectra with Gaussian profile and 5 cm−1 line-width was
performed for better visualization using Magicplot software [36] The inset
shows the corresponding representative vibrational mode. In the inset, Red and
gray balls indicate metal and nitrogen atom, respectively.

Fig. 4. The electronic band dispersion of metal nitrides and phosphides cal-
culated at PBE level. The Fermi energy is set at 0 eV.
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metal phosphides show comparatively smaller band gaps than the metal
nitrides. As DFT-PBE often underestimates the band gaps, we also cal-
culated the band gaps at the HSE level for comparison (Fig. 5). From
HSE calculations, it is seen that AlN, GaN and AlP show more than 3 eV
band gaps. In fact, AlN were found to show band gap of 4.01 eV which
renders it an insulating material. On the other hand, InN, GaP and InP
were found to show less than 2 eV band gap, which makes them highly
attractive for electronic applications. The calculated band gap of InN
(AlP) was 1.57 eV (3.22 eV), these values are consistent with the the-
oretical results with values 1.52 eV (3.24 eV) calculated by Zhuang
et al. at the HSE level [15]. The band gap value calculated for GaN by
Peng et al. were 3.177 eV and 3.687 eV using HSE03 and HSE06
functionals, respectively and matches well to our result of 3.82 eV
calculated at HSE functional [37]. Despite different band gap values of
metal nitrides and phosphides, we observe that these materials exhibit
almost the same band shapes near the Fermi level, i.e., a similar
parabolic shape.

To further investigate the potential 2D metal nitrides and phos-
phides for device applications, we calculated the electron and hole
mobility. The mobility of carriers and other related parameters such as
effective mass, deformation potential and elastic constants are given in
Table 2. Effective masses of electron and hole along x- and y-direction
were calculated at CBM and VBM, respectively. It can be noticed from
the Table 2 that the effective mass of hole is more than two times larger

compared to the electron mass. From this one may infer that electron
should have higher mobility than hole as mobility is inversely propor-
tional to the effective mass. However, it can be noted from the Table 2
that hole mobility dominates over electron mobility. This behavior can
be explained on the basis of parameter λ, which measures the scattering
of carriers with phonons (in present work, we primarily focused on the
acoustic phonon-limited mobility, which dominates for small bias vol-
tages). As can be seen from the table that λ is significantly larger for
electrons than holes and thus limits the mobility of electrons. Further-
more, the elastic constants carrier mobility are found to be comparable
along x- and y-directions, which is due to the fact that all materials
exhibit hexagonal symmetry and have similar environment for atoms
along the two directions. The small differences may be due to numerical
errors. For metal nitrides, it is found that hole mobility dominates over
the electron mobility. A similar trend was seen for metal phosphides
also.

3.3. Adsorption energy of CO2 and N2

Efficient separation and capture of CO2 from gas mixtures such as
from post-combustion gases (with mainly N2/CO2 mixtures) has been a
challenging task to the reduction of atmospheric CO2 accumulation,
thereby global warming. To this goal, developing cost-effective and
robust sorption materials is important. To find the most favorable ad-
sorption configuration of CO2 as well as N2 on XN and XP (X = Al, Ga
and In), several typical adsorption sites, including the top site over
nitrogen/phosphorus (TN/P), bridge site (B) over metal-nitrogen/phos-
phorus bond, hollow site (H) above the center of hexagonal ring and top
site (TX) over metal atom of the sheet were examined for adsorption of
gas molecules. Two orientations were considered for adsorption of CO2

and N2 (i) the bond axis of the molecules is perpendicular (ver) and (ii)
parallel (par) to the adsorbent surface. The adsorption energy of CO2

(N2) on to the XN and XP (X = Al, Ga and In) surface is computed as

= − ++E E (E E )ads system Y system Y (2)

where +Esystem Y is the total energy of the system after adsorption of gas
molecules, Esystem is the energy of pure metal nitride sheet without ad-
sorbed species, and EY is the total energy of the isolated molecule. BY
the definition of Eq. (2), the more negative value of Eads corresponds to
the most favorable adsorption configuration. To calculate the adsorp-
tion energy we adopted a supercell containing 48 atoms. The optimised
lattice parameters of 48 atom unit cell are given in Table S1. A full
summary of adsorption energies of CO2 and N2 at the above mentioned
sites in both orientations are listed in Table S2 and S3, respectively. The
most favorable adsorption site of CO2 molecule over XN and XP was
found TX as shown in Table 3. In all cases, it was found that parallel
configuration is energetically favorable for CO2 than perpendicular
orientation. On the contrary, it is seen that both parallel and perpen-
dicular orientation as well as mixed adsorption sites are possible for N2

depending on the adsorbent surface. The calculations show that per-
pendicular orientation is energetically favorable for N2 on all 2D ma-
terials except over InN sheet. It was found that on AlN, GaN and InP N2

binds over the B-site while TX site is most stable site over AlP and GaP.
TX site with parallel orientation was found stable over InN. Figs. S3 and
S4 show the optimized structures of CO2 and N2 molecules on various
sheets at the most sable adsorption sites. The binding strength of CO2 on
metal nitrides follows the order as EInN> EGaN>EAlN where as on
metal phosphides the observed order was EInP> EGaP>EAlP. It is found
that adsorption energy of CO2 on AlP, GaP and InP is approximately
two and a half, three and five times than that of metal nitrides. Also, It
is apparent from Table 3 that adsorption energy of CO2 on metal nitride
nanostructures is significantly larger than that of MoS2 (−0.13 eV) [5]
and graphene (−0.15 eV) [5]. The adsorption energy of CO2 on h-BN
sheet is −0.44 eV which is comparable to AlP and GaP. The highest
adsorption energy of CO2 was calculated on InP (−1.06 eV), which
arises due to substantial bending of InP due to adsorbent. Nevertheless,

Fig. 5. The bandgap values of metal nitrides and phosphides calculated using
(a,c) PBE and (b,d) HSE functionals.

Table 2
Carrier, ‘e’ and ‘h’ denote electron and hole, respectively and m∗ is the effective
mass of carriers. λ λ,x y Cx

D2 and Cy
D2 represents the scattering probability and

elastic constants along x- and y-direction, μx and μy denote the mobility in cm2

− −V s1 1.

System Carrier ∗m m/ o λx λy Cx
D2 Cy

D2 μx μy

AlN e 1.6 8.35 8.39 114.1 113.52 105.6 105.1
h 2.9 0.15 0.23 114.1 113.52 1734.5 1104.5

GaN e 0.9 38.69 38.81 108.6 108.3 72.1 71.9
h 2.3 1.91 1.92 108.6 108.3 223.8 223.2

InN e 0.8 30.63 29.6 63.9 63.1 115.4 119.4
h 2.8 2.38 2.03 63.9 63.1 120.9 142.1

AlP e 1.0 103.59 103.94 57.5 57.3 21.8 21.7
h 1.9 0.90 1.18 57.5 57.3 694.5 529.8

GaP e 0.4 147.48 143.86 62.1 62.3 95.8 98.3
h 1.4 3.34 3.33 62.1 62.3 345.3 346.5

InP e 0.6 99.02 102.61 43.8 43.6 63.5 61.2
h 1.5 2.92 2.94 43.8 43.6 343.4 342.2

mo is the rest mass of electron.
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our results are more interesting and useful as they show more se-
lectivity towards CO2 than N2.

Also, for adsorption energy calculations, initially, the CO2 molecule
was positioned at a distance of 3 Å from the adsorbent, after optimi-
zation, the equilibrium distance between adsorbate and adsorbent
found were less than the initial distances as shown in Table 3, which is
an indication of physisorption of CO2 molecules. The significant
binding of CO2 to metal nitrides and phosphides nanostructures sug-
gests a possible avenue for carbon dioxide capture applications. With
this in mind, it was important to check the relative strength of ad-
sorption of other small gas molecules on the surfaces of mono-layer
nanostructures. Nitrogen is selected as the most relevant point of
comparison because it is abundant in the atmosphere and also in the
factory flue gas. The adsorption energies of N2 are much weaker than
that of CO2, which indicates that N2 experiences only a weak interac-
tion with the metal nitrides and phosphides nanostructures. Thus, our
calculations indicate the application potential of group-III nitride and
phosphide based materials in carbon dioxide capture and storage. In
view of the fact that carbon dioxide exhibit optimum binding strength
with AN and AP nanostructures at ambient temperature, whereas ni-
trogen does not, it may be concluded that both AN and AP sheets dis-
play considerable selectivity for adsorption of CO2 from air or exhaust
flue gases. Here, we should also note that the interaction of XN and XP
with other contaminants, such as H2O, HCl, NH3, H2S, etc., is also very
interesting and such calculations are intended for future work.

To analyse the effect of CO2 and N2 on the electronic properties of
mono-layer sheets, the projected density of states (PDOS) of pristine
sheets as well as CO2/N2 doped sheets were computed (Figs. S2 and S3).
In the case of pristine systems, it is seen that valence band is comprised
of N (P) p-orbitals for XN (XP) sheets while the conduction band is a
mixture of metal and N(P) p-orbitals with a major contribution from
non-metal elements (N or P). Also from PDOS, it is apparent that CO2/
N2 adsorption modulates the electronic band structure of sheets in
different manners: for XN, it is seen that N2 introduces an energy level
in the band gap near the conduction band, therefore its adsorption will
decrease the band gap. While C and O orbitals in CO2 introduces an
energy state near the conduction band in AlN, however, these orbitals
overlap with the conduction band of GaN and InN. On the other hand,
in metal phosphides, the N p-orbitals overlap with the conduction band
of XP sheets whereas CO2 does not introduce an energy state in the
band gap or conduction band but there are few O-states deep in the
valence band.

4. Conclusions

DFT calculations were performed to investigate the structural sta-
bility and electron/phonon properties of planar metal nitrides and
phosphides besides CO2 adsorption. Calculated cohesive energy per
atom indicated that XN are energetically more stable than XP. For XN
mono-layers, it was found that cohesive energy per atom is maximum
for AlN (−4.83 eV) and minimum for InN (−2.65 eV) and follows the
order as AlN>GaN>InN, i.e. cohesive energy per atom decreases as the
size of metal ion increases. A similar trend in the cohesive energy was
seen for XP. Also, from phonon dispersion, it was revealed that mono-
layer XN are dynamically stable whereas softmodes were seen in the
phonon dispersion of XP which indicates their dynamical instability.
The calculated band gaps of 2.91 eV (2.33 eV), 2.07 eV (1.21 eV) and
0.59 eV (0.38 eV) were found for AlN (AlP), GaN (GaP) and InN (InP),
respectively at PBE level of theory. Likewise cohesive energy, the
bandgap of both XN and XP were found to decrease as the size of metal
ion increases. The carrier mobility was found maximum for AlN
(1734.5 cm2 − −V s1 1) and minimum for InP (61.2 cm2 − −V s1 1) and was
found to be dominant by holes for all nanostructures. The adsorption
energy calculations showed that CO2 binds strongly to metal phos-
phides as compared to the metal nitrides. The adsorption energy of CO2

was −0.51 eV, −0.59 eV and −1.12 eV for AlP, GaP and InP, re-
spectively, while it was about −0.20 eV for metal nitrides. It was found
that CO2 adsorbs over N/P atom in the horizontal orientation on all 2D
sheets. These results were found to be superior than MoS2 (−0.13 eV)
and graphene(−0.15 eV). The adsorption energy of N2 of different
adsorbents was substantially smaller than that of CO2, which demon-
strate the high selectivity of XN and XP towards CO2 adsorption from
flue gas. It is thus concluded that metal nitrides/phosphides are po-
tential candidate materials for adsorption of CO2 from flue gas and need
to be experimentally verified.
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