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Chemical resistive gas sensors prove that the interface effect of p-n heterojunction can afford a convinced
gas selectivity. However, the effects of heterojunction on the sensor selectivity are still blurred and
indistinct. In this study, based on the lattice mismatch theory and the adhesion function, SnO3(100)/
Co0(110) and Co0O(110)/Sn0,(100) nanomaterials are structured to insight their sensing properties for H;
and CO gases at nanoscale by first principles. The adsorption energy, adsorption distance, and the d-band
center reveal the stability of Hp and CO on the heterojunctions. Interestingly, the density of states reflects
that the heterojunctions show an n-type response to CO and a p-type response to H,. When H, and CO
are adsorbed on CoO(110)/Sn03(100)-0, there is a strong bond between CO and O, while the chemical
bond between Hy and O, is weak according to electron density. Consequently, heterojunctions have a
high selectivity to CO over H,. This work provides meaningful theoretical insight into the selective
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adsorption of reducing gases by heterojunctions.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, it has drawn lots of attention toward the fabrication of
gas sensors using semiconductors [1,2], in light of the remarkable
variations in their electrical resistance after subjecting to oxidizing
or reducing gases [3—6]. It is easy to fabricate metal oxide nano-
materials via chemicals or vapor phase methods [7—9]. Recently,
doping or surface functionalization strategy has been explored to
improve metal oxides' gas-sensing selective properties [10—13].
Moreover, designing metal oxide heterojunctions as gas sensors
have been proven to be one promising approach in composite-
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based sensors. They show new electronic and chemical features
concerning the single metal oxide-based sensors [14,15]. Many
studies have also demonstrated that composite metal oxides could
improve gas-sensing selectivity to homogeneous gases [16—21].

A heterojunction material incorporating two components
shows unique electronic effect, including band bending on Fermi
level equilibration [22—27] and increased interfacial potential
barrier energy [28—31]. Besides, compared with single metal oxide,
it has the following characteristics. For chemical influence, heter-
ojunctions can reduce the deactivation energy [32,33] and the
presence of interfaces can synergize surface reactions [34]. For
geometrical influence, the interface will directly affect the grain
refinement [35] and surface activity [36], as well as the accessibility
of gas on the surface [26]. The p-n heterojunction has been reported
to enhance the selectivity to Hy or CO in our previous work
[18,21,37]. Unfortunately, it is still unclear enough to explain the
selectivity mechanism. Therefore, it will be essential to understand
the mechanism and control heterojunction's sensing behavior for
future gas sensor field applications.
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Until now, among metal oxide nanomaterials semiconductors
(TiO5, Zn0O3, SnO,, Fe;,03, W03, etc.), SnO;, is one of the best mate-
rials to detect various gases (reducing and oxidizing). Meanwhile,
SnO, has been extensively used in gas-sensing applications for
good chemical and thermal stability and accuracy selectivity
[38—43]. Accordingly, heterojunctions based on n-type metal oxide
SnO; and other oxides have been widely studied and applied. For
instance, ZnO, CuO, V,0s5, and WOs3, coated on the SnO, surface to
enhance gas sensing, have been studied [44—46]. In addition, many
p-type metal oxides nanomaterials can be used for gas-sensing
materials. CoO metal oxide, as a p-type gas-sensing material, pre-
sents several oxidation states due to the unfilled‘d’ electron orbital
[47]. This material has an affinity with oxygen and exhibits multi-
valent features [48]. H, and CO as flammable and explosive
reducing gases are widely used in reduction processes [49]. They
are essential materials in industrial processes such as chemical and
metallurgical production. When hydrocarbon chemical fuels are
burned incompletely, the concentration ratio of H and CO in the
gaseous products can determine the air residual factor. Accurate
determination of this ratio can significantly improve the effective
utilization of chemical energy [50—54]. In addition, leakage of these
dangerous gases is likely to cause safety accidents [55]. Since Hj
and CO are colorless, tasteless, odorless, and homogeneous, it is
difficult to detect them [18,21,37,56]. The application of H, and CO
coexistence field urgently needs to clarify the selectivity mecha-
nism. Therefore, a reliable sensor with high sensitivity and selec-
tivity for CO and Hj is needed to ensure the safety of production,
storage, and delivery. Various experiments have reported that
Sn0,/Co304 heterojunctions have high selectivity for H, and CO
[14,21,56]. However, the selective mechanism of Hy and CO on the
Sn0,/Co0 is indistinct though the selectivity sensing materials to
the two gases have been reported. Thus, the quantum mechanical
calculation is necessary to be considered the economical and
effective option to explain the selectivity phenomenon.

In this work, density functional theory was used to study the
adsorption mechanism of H, and CO on the SnO;/Co0. The elec-
tronic structure and bonding display different characters upon
absorbing Co and H; on various sites of the heterojunction mate-
rials. The d-band center further explains the stability of Hy and CO
on the heterojunctions surface. We explored the transformation of
electrical resistance of the heterojunctions and other properties
when H; and CO are adsorbed on different surface sites. The in-
crease/decrease of heterojunction resistance can indicate an n-type
or p-type response to gas. It is a remarkable standard to exhibit the
selectivity for Hy and CO by the electronic resistance and trans-
formation at the SnO;/CoO heterojunctions. This phenomenon
further provides theoretical guidance for improving the gas sen-
sors' selectivity of H and CO designation of sensing materials.

2. Methods

The Cambridge Serial Total Energy Package code [57,58] was
used to accomplish all the calculations, which are based on the
density functional theory [59—62]. Perdew-Burke-Ernzerh of
functional was used to illustrate the electron exchange—correlation
interactions [63]. Considering the system durability and speed
optimization, the plane wave energies are up to 300 eV. Therefore,
the wave functions were amplified for the system investigation and
H,, CO adsorption on the heterojunctions. The following calculation
of Hy, and CO adsorption on the SnO,/CoO heterojunctions was
accomplished by the generalized gradient approximation. The k-
points sampling of Brillouin zone grids was complemented with
Monkhorst-Pack method for the bulk and the heterojunctions,
respectively. When H; and CO adsorption on the heterojunctions
with misfit dislocations, the heterojunction's geometric structure
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was fully relaxed until each atom reached the self-consistency
convergence energy, it was set to a value of 2.0 x 10~% eV/atom.
In addition, the stress and displacement tolerance of convergence
tolerance were set as 0.05 eV/A, 0.1 GPa, and 0.002 A, respectively.
To prevent the interplays among neighboring atoms within the
structure, a vacuum layer of 20 A was chosen for every hetero-
junction surface material [50,64].

3. Results and discussion
3.1. Construction of heterojunctions

Based on the mismatch degree theory, SnO,-based and CoO-
based heterojunctions were established, as shown in Fig. S1 and
Fig. S2. To definitive the optimal heterojunction composition
structure, the adhesion work (Wa,q) is applied to confirm the
strength of the interfacial binding of SnO,-based and CoO-based
heterojunctions. Waq as follows:

Ecoo +E —E
W,y — Co0 SnO; $n02/Co0 1)

where Espoz and Ecoo are the total energy of SnO, and CoO slab,
respectively. Espoz/coo0 shows the total energy of the hetero-
junctions interface. A is the interface area. Table S1 demonstrates
that the most stable CoO-based and SnO,-based heterojunctions
were determined to be the Sn0,(100)(I)/CoO(110)(II) and the
CoO(110)(I1)/Sn0O,(100)(II), respectively. The stable heterojunctions
are shown in Fig. 1.

Our previous research has suggested that gas sensors typically
operate in air conditions, so oxygen's influences on the sensor must
be considered [21]. Primarily, we need to determine the optimal
adsorption point for oxygen molecules. For this reason, we have
constructed a variety of adsorption about O, on SnO»(100)(I)/
CoO(110)(II) and CoO(110)(I1)/SnO(100)(I) surfaces, which are
displayed in Fig. 2. The adsorption strength of the target gas is
judged by the adsorption energy (E.qs) and adsorption distance.
The equation of E,qs is as follows [63,65]:

Eads = Etotal - Ehetero—structure + EgﬂS (2)

where Etota) Shows the total energy of the entire adsorption system,
Ehetero-structure Fepresents the heterojunctions which are the carriers
of Hy and CO, and Eg,s represents the energy of H; and CO. A
negative E,qs generally indicates that the system is energetically
stable after gas adsorption [66].
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Fig. 1. Structures of the stable heterojunction. (a) SnO,(100)(1)/CoO(110)(II) and (b)
CoO(110)(I1)/SnO(100)(1I).
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Fig. 2. The most stable adsorption structure of O, on heterojunctions surface. (a) O, on
Sn02(100)(1)/CoO(110)(11) and (b) 02 on CoO(110)(11)/SnO2(100)(11).
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3.2. Gas adsorption behavior on heterojunction surfaces

3.2.1. Adsorption structure of the gas—solid interface

As shown in Figs. 3 and 4, we structured five possible adsorption
sites of H/CO on Sn0(100)(I)/CoO(110)(Il) surface and four po-
tential adsorption sites on CoO(110)(I)/SnO>(100)(II) surface to
understand the adsorption characteristics of H,/CO on the hetero-
junctions surface, respectively.

Based on the degree of lattice mismatch, the Sn0O,(100) and
Co0O(110) facets are the best choices for constructing hetero-
junctions. When cutting into the crystal faces, atoms will be
exposed at the crystal ends, and these end atoms will be the gas
adsorption sites on the heterojunction surface. Therefore, in this
study, the gas-adsorbed oxygen and exposed atoms on the surface
of the heterojunctions include O,, 01, 02, Sn of SnO,(100)(I)/
CoO(110)(II) surface, and 0O,, 01, 02, Sn of CoO(110)(II)/
Sn0,(100)(1I) surface. The calculations of SnO,(100)(I)/CoO(110)(II)

Fig. 3. H, is adsorbed on the heterojunction surface. (a) Oz, (b) 01, (c) 02, (d) Co1, (e) Co2 on Sn0,(100)(1)/CoO(110)(1I), (f) Oy, (g) Sn, (h) 01, and (i) 02 on CoO(110)(I1)/SnO,(100)(1I).
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Fig. 5. Adsorption energy and distance of (a) H, and (b) CO on SnO,(100)(1)/CoO(110)(II).
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Fig. 7. The d-band center of (a) pristine and (b) O of Sn0,(100)(I)/CoO(110)(II), (c) pristine and (d) O, of CoO(110)(I1)/SnO,(100)(1I).

and CoO(110)(I1)/SnO»(100)(Il) as the carriers of H, and CO have
been carried out successively. Moreover, all the results are sum-
marized in Fig. 5.

As shown in Fig. 5(a), the E g5 of Hy on different sites of the
Sn0,(100)(I)/CoO(110)(II) surface are negative, and the adsorption
on CO, site is positive. Therefore, H, could be spontaneously
adsorbed on the heterojunction surface beyond CO; site. The Eqs is
the largest when Hj is adsorbed on O1 site. The strongest adsorp-
tion strength means that this kind of adsorption is most likely to

occur. Furthermore, the distance that Hy is adsorbed on various
sites of heterojunction surface has different degree variations than
the original distance (2 A) optimized before. However, only the
adsorption distance on O; is smaller than 3 A, implying the creation
of chemical bonding between Hy and O, molecules.

Fig. 5(b) illustrates the adsorption energy and adsorption dis-
tance of CO adsorbed on different sites of SnO,(100)(1)/CoO(110)(II)
surface. The value of the adsorption energy of CO on different sites
is negative, but the adsorption on CO; site is positive. It suggests
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Fig. 8. DOS of (a) H, and (b) CO on SnOy(100)(1)/CoO(110)(I1)-0,, (c) CO on
CoO(110)(I1)/Sn0O5(100)(1)-0,. DOS, density of states.

that the CO molecule could be adsorbed spontaneously on the
surface of heterojunction materials outside the CO5 site. The E,q;s is
utmost when CO is adsorbed on O2 site. It illustrates the strongest
adsorption strength. In other words, this adsorption is most
possible to happen. The distance that only CO on O, molecules of
heterojunction surface is smaller than 3 A. The existence of
chemical bonding between CO and O, suggests that CO could be
adsorbed spontaneously on the heterojunction surface.

Materials Today Nano 22 (2023) 100334

In conclusion, the adsorption of H, and CO on various sites of
Sn0,(100)(I)/CoO(110)(II) surface are spontaneous, outside CO,
site. Oy is the most stable adsorbed site for H and CO. Additionally,
there are bonds between O,, Hy, and CO, respectively.

As shown in Fig. 6(a), Hy is captured on various sites of
CoO(110)(11)/Sn0O,(100)(II) surface. E, 45 is negative, and the distance
is far more than 3 A when H, is captured on various sites of the
heterojunction materials surface. It proves that the variety
adsorption is spontaneous and chemical bond does not exist.
Fig. 6(b) displays the adsorption of CO on the CoO(110)(II)/
Sn0,(100)(I1) surface. E,qs is negative, and the adsorption distance
is more than 3 A, among which the adsorption distance on O is
close to 3 A. Therefore, the adsorption of CO on the heterojunction
surface is spontaneous. In summary, it is spontaneous adsorption
when Hy and CO are adsorbed on CoO(110)(II)/SnO2(100)(II)-05,
while the formation of bonds between CO and O, is needed further
proof.

3.2.2. The d-band center

In recent years, researchers have confirmed that the d-band
center can be used to reveal the changes in the adsorption energy of
various surfaces adsorption when metals and their alloys are used
as carriers [66,67]. Typically, a metal with active site and a higher d-
band center represents potent affinity to adsorbate because of
diminished filling of adsorbate-metal antibonding states. This
principle has proved valuable in exploring carriers’ adsorption
properties in many chemical and electrochemical reactions
[67—69]. The change in heterojunctions d-band center is used to
predict gas adsorption capacity on the catalyst surface. Even if the
adsorption energy is not calculated, the change of the d-band
center will also predict the gas adsorption. Therefore, the d-band
centers of pristine heterojunctions and Oj-adsorbed hetero-
junctions were studied to understand the adsorption of H; and CO.
For the pristine heterojunction, Fig. 7(a) shows that the d-band
center of the SnO,(100)(I)/CoO(110)(I) is —0.4522 eV. Fig. 7(b)
explains the d-band center of O,-adsorbed heterojunction, which is
close to the Fermi energy level. It illustrates that the adsorption of
0O, can significantly improve the stability of gas adsorption on
Sn0,(100)(1)/CoO(110)(1I) surface.

For CoO(110)(I1)/Sn0O,(100)(II), the d-band center of the pristine
heterojunction is —0.3055 eV (Fig. 7(c)). In addition, the d-band
center of Oz-adsorbed heterojunction is —0.3026 eV, closer to the
Fermi energy level (Fig. 7(d)). Therefore, the adsorption of O, can
strengthen the stability of Hy and CO adsorption on the hetero-
junction surface.

3.2.3. Density of states

The adsorption of H, and CO impacts the heterojunction's
resistance, which is reflected in density of states (DOS). Hence,
the resistance changes can be studied by analyzing the DOS. The
appearance of additional peaks and augmentation in the DOS
amount are found in the energy ranges, which is attributed to gas
adsorption. The changes in DOS are the reasons for the
augmentation in electron energy and enhanced conductivity
[70].

The DOS that H; is adsorbed on SnO,(100)(I)/CoO(110)(I1)-0; is
shown in Fig. 8(a). The DOS value has evident decreases when Hj is
adsorbed on Oy, suggesting the slight electric resistance improve-
ment of the heterojunction with the adsorption of H, on O,. In brief,
the heterojunction electrical resistance is enlarged due to the
adsorption of Hy on Sn0,(100)(I)/CoO(110)(11)-05. Fig. 8(b) displays
the DOS about CO on Sn0O,(100)(I)/Co0O(110)(II)-O surface. The DOS
moves to the right, and the band of the system is missing
among —10 to —20 eV range. The variation of DOS shows the
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Fig. 10. (a) Electron density and (b) electron density difference of CO on CoO(110)(I)/Sn0O»(100)(II)-O,.

augmentation in electron energy and enhanced electrical conduc-
tivity. In brief, the adsorption of CO on on SnO,(100)(I)/
CoO(110)(11)-O, will cause smaller electrical resistance.

Fig. 8(c) shows DOS that CO is adsorbed on CoO(110)(II)/
Sn0,(100)(II)-0;. Obviously, DOS has more peaks as CO is captured

on 0z-adsorbed heterojunction surface. DOS of systems are moving
to the conductivity band. Changes in DOS explain better electrical
conductivity. Accordingly, the electrical conductivity of
CoO(110)(I1)/Sn0O2(100)(II) is improved when CO is captured on O3-
adsorbed heterojunction surface.
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3.3. Gas—solid selectivity mechanism

3.3.1. Electronic structure of gas on SnO3(100)(1)/CoO(110)(1l)

The electronic structure and bonding could be attributed to the
binding of heterojunction. The electrical density can characterize
the adsorption of gases at nanoscale. To illustrate the essence of H,
and CO adsorption on heterojunction surfaces, the electrical den-
sity and electron density difference are calculated as shown in
Figs. 9 and 10.

Fig. 9 displays the electronic density and electron density dif-
ference that H, and CO are adsorbed on SnO,(100)(I)/CoO(110)(II)-
0,. The blue interval exhibits the depletion zones of the electronic,
and the red interval demonstrates the accumulation zone of the
electronic.

As shown in Fig. 9(b), hydrogen is captured on the oxygen of the
heterojunction materials surface. The electronic sharing occurs
between H atoms and O,. The adsorption distance is less than 3 A,
and E.qs is negative (Fig. 5(a)). Therefore, H, shares an appreciable
electronic with O, indicating that —OH bonding possesses stronger
covalence. In addition, O, can be stably adsorbed on the hetero-
junction surface by forming a covalent bond with the adsorption
site. Because O, shares extensive electrons with sites on the het-
erojunction surface. Fig. 9(b) displays the electron density differ-
ence of Hy on the oxygen of the heterojunction materials surface.
H, and O3 acquire some electrons but rarely lose electrons simul-
taneously. It demonstrates the appearance of electronic trans-
mutation and chemical reactions between H; and O,. The
adsorption of Hy on other sites of Sn0»(100)(I)/Co0O(110)(II) surface
almost does not occur, and the adsorption distance is larger than
3 A. However, a minor electron migration between H; and adsorbed
sites is observed, and there is no bond. As a result, O, has the
highest adsorption site for H, on the heterojunction materials
surface.

Fig. 9(c) illustrates the electron density that CO is adsorbed on
the Sn0,(100)(I)/CoO(110)(I)-0,. There are considerable electrons
accumulated between CO and O,. It is obvious that CO acquired
ample electrons and O, lost some electrons. And as shown in
Fig. 5(b), its adsorption distance is smaller than 3 A and Eags is
negative. It proves the existence of stronger bonding and consid-
erable electronic transformations between CO and O,. For the CO on
0,-absorbed heterojunction surfaces (Fig. 9(d)), CO has a little

O.4 -
Y

SllOz

In air

°
- ® -®
e

SnO,
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change in electron acquisition and consumption, and O, gains
numerous electrons and loses some electrons concomitantly. It
reveals that there is electron transfer and reaction between them.
There is a slight electron transfer between CO and other sites of the
heterojunction materials surface. Summarily, the electron density
of CO on the heterojunction materials surface demonstrates the
existence of bond formation and electron transition. Especially,
when CO is adsorbed on O, a stronger bond is formed between CO
and adsorption sites.

3.3.2. Electronic structure of gas on CoO(110)(11)/Sn0Ox(100)(1I)

Fig. 10 reveals the electron density difference and electron
density that CO is adsorbed on CoO(110)(II)/SnO,(100)(II)-Oo.
Fig. 10(a) explains the electron density that CO is captured on ox-
ygen of the heterojunction materials surface. Richer electrons exist
between CO and O, on the heterojunction surface. And Fig. 6(b)
explains that CO is stably adsorbed on CoO(110)(II)/SnO,(100)(II)-
0,. It proves that there are electrical conventions and reactions
between CO and O,. Fig. 10(b) shows the electron density difference
of CO on the heterojunction surface. CO obtains some electrons
from O, on the heterojunction surface, simultaneously revealing a
negligible value of electron loss. And O, consumes electrons and
acquires some electrons at the same time. Therefore, it certificates
the conversion and reaction of electrons between CO and O; on the
heterojunction surface.

3.3.3. Gas-sensing mechanism

The electron transfer illustrates that the adsorption of CO on the
heterojunctions surface is spontaneous, and there is an electron
transition between CO and O, on the surface. And CO is more in-
clined to adsorb on the oxygen of the heterojunction surface. Ac-
cording to the above results, we have deduced the adsorption
mechanism of gas on the heterojunction surface, as shown in Fig. 11.

As shown in Fig. 11, the Sn0/Co0 surface will adsorb O, in the
air, and O, will be dissociated into adsorbed O (O,qs) and then
adsorbed on the heterojunctions surface. As Hy surrounds the
heterojunction, Hy will react with O,4s on the CoO surface, causing
energy band bending of CoO. However, H, hardly reacts with O,qg
on the SnO; surface. This will increase the potential barrier of SnO-/
CoO heterojunctions, thereby increasing the resistance of SnO,/CoO
heterojunctions and generating a p-type response to Hy. In CO

SnO, o

°
@ d L 2
o co "~ @-

: A

=, Potential barriers in

J: ‘ heterojunction

E
H IIl H2 Ef ....................
b X g
®» @ @D
@L
SnO, SnO, SnO, o®

Potentiﬁ barriers in

Ec N j ' heterojunction

Fig. 11. Gas-sensing mechanism of the CoO/SnO, heterojunctions. (a) Air, (b) Hy, and (c) CO.
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atmosphere, CO reacts with 0,45 on both Sn0O, and CoO surfaces of
the heterojunctions, and electrons revert to their conduction band.
It will reduce heterojunctions’ barrier height and resistance. The n-
type response to CO for the SnO,/CoO heterojunction makes an
excellent selectivity for Hy and CO.

4. Conclusion

The first principle was used to study the adsorption perfor-
mances of H, and CO on SnOy(100)(I)/CoO(110)(1I) and
CoO(110)(11)/Sn0O,(100)(I1) nanomaterials surfaces. The adsorption
stability of H; and CO on the heterojunction surface can be deter-
mined according to the adsorption energy and distance. In addition,
the d-band center of the heterojunctions approaches the Fermi
energy level with the adsorption of O,, leading to an increased
antibonding orbit and decreased probability of the electron occu-
pation. For this reason, H2 and CO can be stably adsorbed on the 02
of the heterojunctions surface. Interestingly, DOS displays that
Sn0,(100)(I)/CoO(110)(II) emerges p-type response to Hj, while
Sn0,(100)(1)/CoO(110)(II) and CoO(110)(I1)/Sn0O2(100)(1I) display n-
type response to CO. As a result, heterojunctions appear an obvious
selective response to H, and CO. Electron density and electron
density difference is used to explain the underlying mechanism of
the selectivity in the adsorption performances. The results certifi-
cate that exists of electrons and electron conversion between Hy
and O, on the Sn0,(100)(1)/CoO(110)(II) surface. Therefore, the
potential barrier of Sn0,/Co0 heterojunctions increases and shows
a p-type response to Hy. Moreover, some electronics and electrons
conversion happens between CO and O on SnOy(100)(I)/
CoO(110)(I1) and CoO(110)(I1)/Sn0O,(100)(Il) surface. It causes the
reduction of heterojunctions potential barrier and displays an n-
type response to CO. Thus, SnO,/CoO nanomaterial achieves a
desirable selectivity for H, and CO.
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