
PHYSICAL REVIEW MATERIALS 4, 104002 (2020)

Ab initio investigation of the role of charge transfer in the adsorption properties of H2, N2, O2, CO,
NO, CO2, NO2, and CH4 on the van der Waals layered Sn3O4 semiconductor
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We report an atomistic investigation, based on density functional theory calculations within the D3 van der
Waals correction, of the adsorption properties of H2, N2, O2, CO, NO, CO2, NO2, and CH4 on the semiconductor
Sn3O4(010) monolayer surface. Except for NO2 and NO molecules, the adsorption energies are from −64 meV
(H2) up to −167 meV (CO2) with the molecule-surface distances larger than 3.30 Å for all molecules, and hence,
minor effects were observed on the Sn3O4(010) surface electronic structure upon adsorption. NO2 has the largest
adsorption energy (−525 meV), which can be explained by closer approach of the two O atoms towards the
surface, while NO binds to the surface with about half of the NO2 adsorption energy (e.g., −279 meV). From
Bader analysis, we found substantial charge transfer from the surface to the molecules, −0.52 e (NO2) and
−0.23 e (NO), which is consistent with the smaller distances to the surface, 2.46 and 2.82 Å, respectively. Thus,
those results suggest an improved detection performance of Sn3O4 towards NO2, which can help to design sensor
devices based on the Sn3O4(010) monolayers.
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I. INTRODUCTION

Two-dimensional (2D) van der Waals (vdW) layered solids
have been employed in several applications [1–4], encompass-
ing support for transition-metal (TM) particles in catalysis [5],
electrodes candidates for energy storage [6,7], gas-sensor
devices [8,9], etc. All those applications require a deep atom-
istic understanding of the adsorption properties of chemical
species on solid surfaces. In such systems, the magnitude
of the adsorption energy and electron transfer play a crucial
role in several mechanisms such as the activation of CO2,
[10] substrate work function change employed as descriptor
in gas-sensor devices, [11,12] etc.

In semiconductors and metal surfaces, the surface is ob-
tained by cleaving the solid, which yields surfaces with
dangling bonds, steps, kinks, etc. In contrast, the 2D vdW
solids can yield well defined and relatively stable surfaces by
an exfoliation process. Furthermore, single monolayers (MLs)
derived from 2D vdW solids have higher energetic stability
due to strong covalent and ionic bonds in-plane, and their
weak vdW interactions with adsorbed molecules or supported
particles and MLs [12]. Hence, our common atomistic un-
derstanding of molecular species adsorbed on metal or oxide
surfaces cannot be easily transferred to those vdW surfaces.
Thus, further studies are necessary to improve our under-

*Present address: São Paulo State University Department of En-
gineering, Physics and Mathematics, São Paulo State University,
14800-060, Araraquara, SP, Brazil; freire.rafaelheleno@csrc.ac.cn

†marcelo.orlandi@unesp.br
‡juarez_dasilva@iqsc.usp.br

standing of vdW surfaces. Here, we will explore the Sn3O4

semiconductor [13,14], which forms special vdW structures
among the SnOn compounds [15–17], and has great potential
for several applications.

The SnOn (n = 1, 4
3 , 2) compounds have played an im-

portant role for several applications, e.g., gas sensor [18,19],
photocatalytic water splitting [20], degradation of organic
wastewater [21,22], monitoring of greenhouse gases [23], etc.
For instance, SnO2 is one of the most used material for gas
sensor devices due to its high sensor response [19,24], which
can be attributed to its high thermodynamic stability [25],
energy band gap of 3.6 eV [26], and large concentration of
oxygen vacancies [24], which helps to yield a n-type con-
ductivity [15,24,27]. Furthermore, at its surface, there are
cations species in the Sn2+ and Sn4+ oxidation states, which
contributes to change the oxygen surface composition and its
response properties [24].

On the other hand, alternative Sn−O compositions have
been demonstrated to occur as a 2D layered vdW materi-
als, like SnO and Sn3O4 [16,17,28], and could open new
opportunities for applications. Compared to SnO2, SnO has
a smaller energy band gap, Eg, e.g., Eg = 2.7 (direct) and
0.70 eV (indirect) [29,30], and it is a p-type semiconductor
at standard growth conditions [25,27,31–35]. Recently, Singh
et al. have experimentally demonstrated the exfoliation of SnO
microspheres into nanosheets of about 10 layers by sonica-
tion experiment [28]. Besides, Yao et al. employed density
functional theory (DFT) calculations to study the adsorption
properties of different molecules on the SnO surfaces. Among
all studied molecules, NO, NO2, and O2 have the higher
adsorption energies, which can affects the surface properties
such as the work function. In addition, as a result of its smaller
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energy band gap (0.7 eV), it has been demonstrated that SnO
could present n-type conduction through Sb doping or oxygen
deficient synthesis, which make it suitable for transparent
bipolar semiconductors [32,36].

In contrast to SnO2 and SnO, which have been widely stud-
ied [19,24,31,32,36,37], Sn3O4 has not been well explored
by experimental techniques or in adsorption studies. Partic-
ularly, its synthesis has been a challenging [38–41], which
is attributed to its phase instability at temperatures above
600 ◦C as it starts to disproportionate into SnO2 and metallic
Sn [31,42,43]. Despite of that, in controlled O2-atmosphere
environment by a carbothermal reduction process, the Sn3O4

can be formed in O2-deficient regime. Through optical mea-
surements, Sn3O4 is known as an n-type semiconductor with
experimental band gaps ranging from 2.4 to 2.9 eV [20,40,44].

While most of Sn3O4 applications comprises gas sensors
devices, our knowledge about its properties still scarce and
the atomistic understanding of the adsorption properties of
molecules on the vdW Sn3O4 surface is far from satisfactorily,
limiting its applications in different fields. For instance, Sn3O4

nanobelts (NBs) have demonstrated an enhanced sensor re-
sponse for NO2 [19], while Li et al. used a hydrothermal route
to produce Sn3O4 nanoflowers, which showed an enhanced
sensor response for ethanol compared to traditional tin ox-
ides [45].

From theoretical results, it has been known that Sn3O4,
as others intermediate tin oxides and SnO, presents a layered
structure [29,34,46]. Wang et al. [16] demonstrated the need
to consider van der Waals (vdW) interactions to describe the
electronic and structural properties of intermediate tin ox-
ides, firstly demonstrated to the SnO case [29]. In a previous
work [47], by combining DFT and Dual Beam Microscopy
(FIB-SEM), we have shown that the magnitude of the layer-
layer interaction of Sn3O4 along its stacking direction [010]
relies on the range of vdW layered materials. Moreover, by
FIB-SEM, we have exfoliated a single Sn3O4 nanobelt, quali-
tatively endorsing a vdW layered structure, paving the way for
new applications as a 2D material. Using a different approach,
which is worth to notice, Wang et al. theoretically studied
the electronic structure, as well as, some defect properties of
mixed valence tin oxides, including Sn3O4 [16].

Thus, at this work, we aim to obtain an atomistic under-
standing of the adsorption properties of several molecules,
namely, H2, O2, N2, CO, NO, CO2, NO2, and CH4, on the
Sn3O4 ML through an ab initio approach based on DFT
calculations within the additive vdW pairwise corrections as
proposed by Grimme (D3) [48]. We found that, in general, the
interactions molecule-surface are weak with adsorption ener-
gies <200 meV and, thus, minor impacts from the adsorbed
species on the surface electronic structure. On the other hand,
it is worth noticing that the interactions of O2, NO, and NO2

were relatively stronger, which can be explained by larger
charge transfer based on the Bader analysis, −0.12 e,−0.23 e,
and −0.52 e, respectively. Such effects contributed to the
formation of an electron depletion region near to the vdW
surface, then possibly increasing the monolayer resistance at
experimental conditions. Particular attention should be given
to NO2 adsorption, once it was the most affecting molecule
upon adsorption, with adsorption energy of about 500 meV
and the smallest molecule-surface distance (2.46 Å). Thus

Sn3O4 monolayer seems to have an enhanced performance
towards NO2 detection [19,49], which is an important result
for future applications employing this material.

II. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

All total energy calculations were based on spin-polarized
DFT [50,51] within the generalized gradient approximation
(GGA) exchange-correlation functional proposed by Perdew–
Burke–Ernzerhof (PBE) [52]. To improve the description of
the long-range vdW interactions, which can play a critical
role for the weak interaction of molecules adsorbed on solid
surfaces [53–57], we employed the pairwise D3 correction
proposed by Grimme [58–60], as implemented in the Vienna
ab initio simulation package (VASP) [61,62], in which an
additive vdW energy correction is added to the DFT total
energy [60,63]. In contrast with the vdW D2 correction [48],
the vdW D3 correction accounts for interactions beyond the
two-body terms [58,59,64], however, several studies have
found that the three-body or Axilrod–Teller–Muto [65,66]
terms play a major role only for large molecules [60,67],
and hence, the energy contribution from the three-body terms
are not added to the vdW D3 correction using IVDW = 11,
in VASP. Thus, for a cross-check, we activate the three-body
terms in VASP by changing an internal flag, and the addition
of three-body term adds a contribution that raises the total
energy of the adsorbed systems by about 0.21–0.23 eV, except
for molecules in the gas-phase in which the three-body term
is null. However, the changes in the adsorption energies are
small, in general, they are reduced by less than 10 meV, except
for NO2 with 12.5 meV reduction, while there are no changes
in the adsorption configuration geometry. Thus we employed
the vdW D3 correction as implemented in VASP, i.e., without
the three-body terms.

The total energies were obtained by the electron-ion
core interactions described by the projector augmented wave
(PAW) method [68,69], as implemented in VASP [61,62],
version 5.4.1. The valence electrons were described by the
scalar-relativistic approximation, where the spin-orbit cou-
pling was not considered for the valence states. For all
calculations, the cutoff energy for the plane-wave expansion
of the Kohn–Sham orbitals was set to 466.5 eV, which is
12.5% larger than the recommended cutoff energy for O,
while to obtain the equilibrium volume of the bulk system
(triclinic unit cell) through the optimization of the stress tensor
and atomic forces, we employed a cutoff energy of 622 eV due
to the slower convergence of the stress tensor as a function of
the number of plane waves.

Our bulk layered triclinic unit cell for Sn3O4 has the
following DFT lattice parameters [47], a0 = 5.85 Å, b0 =
8.18 Å, and c0 = 4.91 Å, Fig. 1. The Sn3O4(010) surface was
modeled using a repeated slab model geometry composed by
a 2 × 2 surface unit cell (a = 9.82 Å, b = 11.69 Å), a single
Sn3O4 ML composed by 24 Sn and 32 O atoms, and a vacuum
region of 16 Å. The Sn3O4 ML was placed at the bottom of the
supercell, and the molecules were adsorbed only in one side
of the slab, and hence, there is no inversion symmetry and
dipole correction was taken into account. We will consider
the adsorption of molecules on a clean monolayer, which
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FIG. 1. Top and side view of the surface Sn3O4(010 model using
a 2 × 2 surface unit cell. The Sn and O atoms are indicated by gray
and red spheres, respectively.

is Sn-terminated, i.e., we will not use any oxygen species
pre-adsorbed on the surface, which can be important at O-rich
environments [18,70]. The gas-phase molecules were mod-
eled using a cubic box with 20 Å edge to avoid interactions
among molecules from different image unit cells.

For total energy calculations for the molecule/Sn3O4(101)
systems and additional calculations such as work function,
Bader charge analysis, and electron density differences, we
employed a 3 × 2 × 1 k-point mesh for the surface Brillouin
zone (BZ) integrations, while larger k-point mesh, 6 × 4 × 1,
was employed for density of states (DOS) calculations. For
the gas-phase molecules, only the � point was considered as
there is no dispersion in the electronic states. For the self-
consistency of the electron density for all calculations, we
employed a total energy convergence parameter of 10−6 eV,
while the equilibrium structures were reached once the atomic
forces on every atom were smaller than 0.01 eV/Å.

III. RESULTS AND DISCUSSIONS

Thus, employing the computational details described
above, we performed a large number of calculations for the
gas-phase molecules, clean surface, and for the adsorption
of the selected molecules on Sn3O4(101)(010), whose main
geometric, energetic, and electronic results are summarized in
Table I, II, and III. Below, we will discuss the most important

TABLE I. Sn3O4(010) monolayer properties: average effective
coordination number ECNav, average weighted bond lengths dav, and
the effective Bader charge for each Sn and O atoms on different
monolayer environments.

ECNav dav QB
eff

Atoms (NNN) (Å) (e)

Snthreefold 3.00 2.12 1.28
Snsixfold 6.00 2.09 2.44
Oouter 3.13 2.12 –1.26
Oinner 3.13 2.12 –1.24

TABLE II. Gas-phase properties for the selected molecules.
Bond length d0, binding energy Eb, and angles. The deviations com-
pared with experimental results [72] are given in percentage, e.g.,
�Eb = 100(EDFT

b − EExp.
b )/EExp.

b (1 eV � 23.06 kcal mol−1).

Molecule d0 (Å) �d0 (%) Eb (eV) �Eb (%) α (deg)

H2 0.75 1.6 −4.5 −4.4
N2 1.11 0.8 −10.5 5.9
O2 1.23 1.6 −6.2 17.1
CO 1.14 1.1 −11.6 3.1
NO 1.16 1.2 −7.4 11.2
CO2 1.18 1.3 −17.9 6.0 180
NO2 1.21 1.5 −11.6 133.8
CH4 1.10 0.9 −18.2 0.1 109.5

results, while additional data and technical details can be
found in Ref. [71].

A. Gas-phase molecules

The gas-phase properties for the studied molecules, such as
binding energies, Eb, and bond length distances are summa-
rized in Table II. The results are in agreement with previous
experimental and theoretical results [52,72], i.e., the bond
length and internal angles deviations are smaller than 1%,
however, the binding energies show higher deviations, in
which the worst case was observed for O2 (17.1%), while
for the remaining molecules were smaller than 12%. For the
NO2, there were no experimental results available, possibly
due to the coexistence of phases below 140 ◦C according to
the equilibrium reaction N2O4(g) � 2NO2(g) [73].

B. Clean surface properties

1. Geometric parameters

The Sn3O4 ML has a thickness of 5.33 Å and is formed
by the stacking of Sn and O planes along the [010] direc-
tion, Fig. 1. To obtain an improved understanding of the
Sn and O coordination numbers, we performed a structural
analysis of the Sn3O4 slab using the effective coordina-
tion concept [74,75], which yields the effective coordination
number in number of nearest neighbors (NNN) ECNi, and
weighted bond lengths di

av, for each atom within the unit cell
i. In Table I, we report the average values for the chemical
species with similar chemical environment. The Sn atoms
located in the bottom and topmost layers of the Sn3O4 ML
are threefold coordinated species, i.e., ECNav = 3 NNN, with
an average distance to the nearest O atoms of 2.12 Å, while
within the layer, the Sn atoms are sixfold coordinated (ECNav

= 6 NNN) and dav = 2.09 Å. In addition, once the Sn3O4 slab
is Sn-terminated, all O atoms have almost the same coordina-
tion, ECNav ≈ 3.13 NNN, and dav = 2.12 Å, with negligible
differences between outer and inner O layers, Fig. 1.

2. Effective Bader charges

From Bader charge analysis [76], we obtained the effective
Bader charge on each ion, QB

eff , in which QB
eff = Zval − QB,

where Zval is the number of valence electrons and, QB, is
the total Bader charge. Thus, QB

eff > 0 for cationic atoms
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TABLE III. Geometric, energetic, and electronic properties for the molecule/Sn3O4(010) systems. �d0 is the bond length change upon
adsorption; �α is the molecule internal angle deviations after adsorption; dMol-Surf is the center-to-center minimum distance between an atom
from the molecule and the nearest surface atom (the atoms are indicated in parentheses); Ead is the adsorption energy; VBMMol/Sn3O4(010) is
the VBM of the Molecule/Sn3O4(010) systems; VBMSn3O4(010) is the VBM of the Sn3O4(010) substrate upon the adsorption of the molecular
species; �VBM is the change of the substrate VBM upon adsorption with respect to the clean surface (VBMclean = 5.33 eV), and QBader

eff is the
effective Bader charge on the molecules. The reference vacuum level is set up as zero energy.

�d0 �α dMol-Surf Ead VBMMol/Sn3O4(010) VBMSn3O4(010) �VBM QBader
eff

Molecule (%) (%) (Å) (meV) (eV) (eV) (eV) (e)

H2 0.31 − 3.45 (H−Sn) −64.2 −5.33 −5.32 0.01 −0.02
N2 0.06 − 3.79 (N−Sn) −97.0 −5.32 −5.32 0.01 −0.03
O2 0.79 − 3.31 (O−Sn) −138.1 −5.43 −5.43 −0.10 −0.12
CO 0.15 − 3.46 (C−Sn) −137.5 −5.34 −5.34 −0.01 −0.05
NO 1.24 − 2.82 (N−Sn) −278.8 −4.58 −5.52 −0.19 −0.23
CO2 0.02 −0.38 3.58 (O−Sn) −166.9 −5.33 −5.33 0.00 −0.04
NO2 3.41 −11.33 2.46 (O−Sn) −524.9 −5.33 −5.83 −0.50 −0.52
CH4 0.04 0.00 3.38 (H−Sn) −118.3 −5.31 −5.31 0.02 −0.03

and QB
eff < 0 for anionic atoms. The results are summa-

rized in Table I. The O anions within the Sn3O4 slab have
nearly the same QB

eff , i.e., −1.24 e (inner) and −1.26 e (out-
ermost), however, the same trend does not hold for the Sn
cations, e.g., QB

eff = 1.28 e (outermost) and 2.44 e (middle
layer), suggesting the presence of two oxidation states of tin,
namely Sn2+ (Sn threefold, bottom and topmost layer) and
Sn4+ (Sn sixfold, middle layer), which can be confirmed as
follows. Considering the system charge neutrality, we have
(Sn+2)2(Sn+4)(O−2)4, in which 2 O come from outer layer
and 2 from inner layer. Taking into account their effective
Bader charge, we have 2 × 1.28 + 2.44 + 2 × [(−1.26) +
(−1.24)] = 0, holding the charge neutrality.

3. Local density of states

In Fig. 2, we show the local density of states (LDOS) for
both the Sn3O4 bulk and Sn3O4 ML systems. For the bulk
system, we can see a large contribution from O p states, for
both valence (occupied states) and conduction (empty states)
bands, where they dominate the valence band. Near to the
valence band maximum (VBM) and the conduction band min-
imum (CBM), we can observe an increased contribution from
Sn s and Sn p states, in which the s-states come from the three-
fold Sn atoms (layer-layer interface). The threefold Sn atoms
will contribute for both occupied and empty states through the
s (and in less extent p) and p states, respectively [17,47].

Looking to the LDOS for the Sn3O4 ML, it is observed
some small differences from the bulk, like a shift of the states,
a slight sharpening of the band, and an increase of the band-
gap, which is expected due to the electronic confinement.
However, the dominance of states is similar, i.e., O 2p states
dominate the valence band, but with a decreased contribu-
tion to empty states; and 5s and 5p states have significant
contribution near to VBM, and to the empty states as well.
Interestingly, comparing the bulk and monolayer LDOS, it can
be seen a state centered at about 1.5 eV in the bulk LDOS,
while it vanishes for a monolayer. In Fig. S6 (Ref. [71]),
this feature is better seen and we can identify this state as
belonging to Snthreefold atoms, which suggests that this energy

level is derived from the Sn–Sn lone pairs interaction between
Sn3O4 ML, being absent in the monolayer case.
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FIG. 2. Local density of states (LDOS) for the Sn3O4 bulk (top)
and ML systems (bottom). Additionally, we separate the LDOS for
Sn and O according with their coordination/location in the structure,
as in Fig. 1.
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FIG. 3. Lowest energy configurations for H2, N2, O2, CO, NO, CO2, NO2, and CH4 molecules adsorbed on the Sn3O4(010) surface
monolayer.

4. Surface energy and work function

Furthermore, we obtained a surface energy of
10.5 meV Å−2 [47], which is typical of van der Waals
systems, and a work function of 5.33 eV by taking the
Fermi level at VBM, i.e., � = V vac

es − EVBM [77,78]. At this
study, work function changes will be used to obtain further
information in the binding molecule-substrate mechanisms.

C. Adsorbed molecules on the Sn3O4(010) surface

To obtain the lowest energy configurations for all
molecule/Sn3O4(010) systems, we considered several ad-
sorbed configurations according to the adsorption sites shown
in Fig. 1, which were optimized using a local optimization
algorithm. The lowest energy configurations are shown in
Fig. 3, while the most important geometric, energetic, and
electronic parameters are shown in Table III. All parameters
are defined within the Ref. [71] along with comparisons be-
tween the lowest and higher energy adsorption configurations.
Below, we will discuss the most important results.

1. Geometric parameters

The equilibrium distances between molecules and sub-
strate are spread from 3.31 Å (O2) up to 3.79 Å (N2), except
for NO2 and NO, which approaches closer to the surface,
i.e., 2.46 Å (NO2) and 2.82 Å (NO). Thus, NO and NO2 have
higher bond lengths changes, �d0, upon adsorption among all
studied molecules, which reflects in the adsorption energies

Ead results, i.e., larger magnitude for molecules closer to the
surface. For several molecules, the �d0 increases as the Ead

increases in absolute value, except few cases. For example, for
H2, �d0 is larger than for N2, but Ead does not follow the same
trend. A better relationship is observed for �d0 as a function
of the molecule distance to the surface, dMol-Surf. In this case,
�d0 increases as dMol-Surf decreases. Thus, we can understand
it as an increasing in the molecule-surface interaction. For
N2, we found a larger dMol-Surf (3.79 Å) and, consequently, a
smaller �d0 (0.06 %). The CO2 and CH4 molecules presented
a similar behavior.

2. Adsorption energies

The adsorption energies range from −64.2 meV (H2) up
to −524.9 meV (NO2), and hence, we do not expect large
changes in the substrate due to their small magnitudes. Based
on those results, experimental trends can be discussed. For
instance, the large Ead magnitude for NO2 can be related to the
higher selectivity [49] of Sn3O4 NBs under detection of this
molecule as observed experimentally by Suman et al. [19].
Similar theoretical results were previously obtained by Yao
et al. [79] for SnO ML, in which the O2, NO and NO2

molecules strongly adsorb on the SnO ML surface, with Ead’s
up to −1.69,−0.46, and −0.98 eV, respectively. In our cases,
the Ead’s are smaller, namely −138, −279, and −525 meV
for O2, NO, and NO2, respectively. Furthermore, Yao et al.
obtained the smallest molecule-ML distance for O2 (2.066 Å),
followed by NO2 and NO (around 2.5 Å). We obtained the
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following distances, 2.46, 2.82, and 3.31 Å for NO2, NO,

and O2 molecules, respectively, which indicates favorable
conditions for detection of NO2 on Sn3O4 ML compared to
O2. Also, the smaller distances to the surface could be an
indicative of chemisorption [80].

3. Electron density analyses

The total effective Bader charge, QBader
eff , which is the sum

of the effective Bader charges for the molecule’s atoms, are
summarized in Table III. We found a charge transfer from
the material to the molecules, and the largest charge trans-
fer is obtained for NO2, −0.52 e, followed by NO and O2,
−0.23 e and −0.12 e, respectively, while the magnitude is
smaller than 0.05 e for the remaining molecules. As a conse-
quence of the charge transfer from Sn3O4 to the molecules,
we observed a shift towards lower energies of the sub-
strate VBM, which affects the work function change upon
adsorption.

At first, the electronegativity of the molecule species can
play an important role on the effective Bader charge results.
For all O-based hetero-atomic molecules, the O atom is an-
ionic, as in gas phase systems, which in principle occurs
because of its large electronegativity. The Pauling electroneg-
ativity of all species considered are 2.20, 2.55, 3.04, 3.44,
and 1.96 for H, C, N, O, and Sn, respectively. Despite of the
O2 molecule is electrically neutral, the Pauling electroneg-
ativity difference between O−Sn is about 1.48. For CH4,
however, the electronegativity difference between C−Sn is
much smaller, about 0.59. Thus the O−Sn interaction has a
larger ionic character compared with the C−Sn interaction.
Finally, in the case of CO2, its larger dMol-Surf influences on
the decrease of the Bader effective charge despite of the O−Sn
interaction. Thus, in this case the CO2 molecule is almost not
affected by the interaction with the surface as its conformation
is not changed so much, �L = 0.02, which also happens in
the case of N2. On the other hand, CO2 activation could be
facilitate on different Sn3O4 surface planes or in the presence
of other species like H. For instance, Liu et al. obtained a
great improvement of CO2 reduction reaction by employing
a hierarchical-Sn3O4 structure [81], in which the selectivity
towards formate was increased compared with other reac-
tion products like CO and H2. Theoretically, they suggested
that the Sn3O4(111) surface, combined with the presence of
H species, favored the formation of OCHO∗ which is the
intermediate of formate product, then supporting their experi-
mental findings.

Yao et al. have pointed out that two different processes
take place in the binding mechanism: covalent interactions
of charge transfer and the dipole-dipole interactions due to
polarization processes [79]: thus explaining why H2 adsorbed
on SnO has lower adsorption energy with a moderate charge
transfer. Once most of molecules are in physisorbed-like state
with zero dipole moment, the latter mechanism should be the
dominant one for the H2 [79]. However, the molecules with
O atoms have an increased polarization interaction due to its
higher electronegativity, contributing to increase the binding
energy.

In Fig. 4, we show the isosurfaces of the electron density
differences, �ρ, upon the molecules-substrate interactions.

Additionally, in Fig. S7 in Ref. [71], we show the integration
of electron density difference along z direction. In general, the
region between the surface and molecule presented electron
density accumulation and depletion, in which the accumu-
lation is closer to the molecule, while the depletion to the
surface. The electron density accumulation can be corre-
lated with the effective charge transfer from surface to the
molecule, as already discussed. In addition, the electron den-
sity depletion extending from the top surface to the vacuum
region should contribute to an increase in the surface work
function.

However, the isosurfaces cannot be directly comparable
in most cases, once, as pointed in Fig. 4, their saturation
levels are different. In this sense, the integration of electron
density difference would be more helpful. Thus, according
with Fig. S7 (Ref. [71]), H2, N2, and CH4 were found to
exhibit the smallest |�ρ| < 0.00025 e Å−3. Following, O2,
CO, and CO2 with |�ρ| < 0.0016 e Å−3, then NO (|�ρ| <

0.006 e Å−3) and NO2 (|�ρ| < 0.0075 e Å−3). Such different
strengths indicate somehow the extent of interaction between
the molecule and surface, once they can be related to the
adsorption energy ranges.

The interaction of both NO2 oxygen atoms through the
same Sn site contributes to increase considerably its adsorp-
tion energy. Thus, a higher electron density accumulation can
be observed in the molecule region, while a strong depletion
region is observed right on the top of the Sn site. Again, this
could be correlated with the larger charge transfer observed
for NO2. Furthermore, to accommodate both oxygen atoms
above the Sn top site, the molecule is further distorted due to
the size of the oxygen ions compared with the size of the Sn
ions, and hence, it contributes to increase the magnitude of the
interaction.

4. Effects of molecule adsorption on the electronic structure

The total density of states (TDOS) for all adsorbed systems
is shown in Fig. 5. Just the systems with O2, NO and NO2

presented major changes in TDOS results. In these cases, the
molecule-surface interaction are stronger, promoting a shift
down in the states of the Sn and O atoms from the monolayer
(less pronounced for O2). For the other systems, the adsorbed
molecules states just shift down compared to their gas-phase
density of states (adsorptive molecule), generating an overlap
between substrate and molecule states, in which the latter lies
within the substrate valence and conduction bands, with no
larger changes.

As observed, in most of cases the changes in the molecule
states after interaction with the surface are small and there are
no states within the band-gap of the surface states. However,
for the O2, NO, and NO2 cases were observed molecule states
within the gap. There are some distinct aspects relative to
TDOS for the O2, NO, and NO2 molecules. These three cases
presented magnetic moment, and the larger values of QBader

eff .
At experimental conditions, these new levels can be impor-
tant once the charge transfer should increase, then populating
them. Thus molecules will adsorb and a chemical bond will be
formed with the surface. Afterwards, the molecule can hold
adsorbed as an ion or dissociate to form other products. As
mentioned by Yao et al. [79], these states can act as bridge
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FIG. 4. Electron density differences upon the adsorption of molecules on the Sn3O4 monolayer. From left to right, side and top views
for H2, N2, O2, CO, NO, CO2, NO2, and CH4, respectively. The yellow and cyan colors indicate increase and decrease of electron density,
respectively. The isosurfaces are set to 0.0001 e Å−3 for H2, N2, and CH4; 0.0005 e Å−3 for O2, CO, and CO2; 0.002 e Å−3 for NO; 0.003 e Å−3

for NO2.

states, reducing energy for electron transitions from VBM to
CBM.

IV. EXPERIMENTAL INSIGHTS

Among all studied molecules, we found that NO and NO2

have larger adsorption energies, which results in smaller dis-
tances to the substrate, as expected. Further, based on the
electron density analysis, we identified a substantial charge
transfer from the substrate to the molecules, in particular, to
the NO2 molecule due to the presence of two O atoms. As
a consequence, we observed a shift towards lower energies
of the substrate VBM, which is larger for NO2 and smaller
for NO due to the smaller magnitude of the charge transfer,
such that we expect a strong contribution of the Coulombic
interactions to the molecule-substrate binding. Despite of its
moderate Ead value, the O2 molecule presented properties

similar to NO and NO2, namely, smaller dMol-Surf and larger
magnitudes for the charge transfer, QBader

eff . On the other hand,
different from NO and, particularly, NO2, the O2 molecule
does not tend to chemisorbs, but instead keep (iono)adsorbed
through Coulombic interactions mostly thanks to its QBader

eff .
Another common feature that O2, NO and NO2 share is the

presence of few states within the band gap, Fig. 5. If ionized,
these states can trap electrons avoiding them to take part in
the conduction process, favoring nonradiative recombination.
For example, in a gas sensor device, such behavior could
contributes to increase the resistance and consequently the
sensor response given by the ratio between the resistances in
presence of the targeted gas and the baseline resistance. Sim-
ilar effects could occur for the NO2 and the NO adsorption,
being the difference that NO is a reducing gas at experimen-
tal conditions, and is expected to promote a decrease in the
material resistance.
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FIG. 5. Total and local density of states (TDOS, LDOS) for
adsorbed systems: H2, N2, O2, CO, NO, CO2, NO2, and CH4. The
LDOS of the first layers of Sn (black) and O (red) plus the adsorbed
molecule (blue) were considered (gray). For the systems which
present magnetic moment (O2, NO, and NO2) the spin-up and -down
contributions are considered.

It is worth noticing that in all cases there is a charge
density accumulation near to the molecule region, Figs. 4 and
S2 (Ref. [71]), which may induce a depletion region near
to the surface, due to the molecule adsorption. At first, this
depletion region could additionally contribute to increase the
surface depletion layer, promoting an enhanced upward band
bending [82], leading to the increase in resistance. Degler
et al. showed a relationship between the band bending, �Vs,
and the change in surface charge concentration, �Qs, i.e.,
�Vs ∝ �Qs [83]. Thus the extent of this effect could be seen
through the effective charge transfer, once it seems that they
present the same trend, i.e., QNO2

eff > QNO
eff > QO2

eff .

V. CONCLUSIONS

We have employed a spin-polarized DFT-PBE+D3 frame-
work to study the adsorption properties of H2, O2, N2,
CO, NO, CO2, NO2, and CH4 on the Sn3O4(010) mono-
layer. We observed that most molecules (H2, O2, N2, CO,
CO2, CH4) have a weaker adsorption energy, i.e., a fea-
ture of physisorption-like regime. However, NO and NO2

have higher adsorption energies, −278.8 and −524.9 meV,
in particular NO2, and smaller molecule-surface distances
(2.82 and 2.46 Å) were obtained, respectively. Among all
molecules, Sn3O4 ML was found to be more sensitive to O2,
NO and NO2, which presented the larger charge transfers,
−0.12 e,−0.23 e, and −0.52 e, and a larger valence band
maximum changes, 1.07, 0.40, and 1.16 eV, respectively.
Their larger charge transfers give rise to higher electron den-
sity depletion near to the surface.

Despite the experimental exfoliation of Sn3O4 still chal-
lenging, theoretically Sn3O4 ML has a great potential for
gas sensing applications toward the detection of O2, NO,

and, particularly, NO2, for which an enhanced performance is
suggested. Through our efforts to understand the molecules
interaction with Sn3O4 ML, we expect not only contribute
to future applications, as soon as the exfoliation of Sn3O4

made it possible, but also further understanding the adsorp-
tion processes at Sn3O4 surface, particularly as a gas sensor
material. Additionally, our results could be very helpful in
complement the scarce literature about Sn3O4, either in its
bulk or monolayer forms.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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