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1. Introduction

First-principles calculations on the resistance and
electronic properties of H, adsorption on a
CoO-SnO, heterojunction surfacet

d

Yunxia He, 22 Jing Li,* Lin Tao, {2 ** Shuai Nie,® Timing Fang,© Xitao Yin and

Qi Wang®

Compared with pure metal oxides, heterojunctions greatly change the response to gas by the synergistic
effect of the interface. In this work, density functional theory was used to reveal the adsorption
performance of H, on the heterojunction under oxygen conditions. First, we determined the most
reasonable heterojunction structure based on the adhesion work. According to the adsorption energy,
the presence of SnO,100)(1)/CoO(110)(ll) made the adsorption of H, more stable. The DOS results
showed that the resistance of the heterojunction increased with H, adsorption, following the same
trend as that of CoO(110) with H, adsorption, although that of the heterojunction increased more. The
electron density and electron density difference indicated that the heterojunction improved the reaction
between H, and oxygen ions on CoO(110). However, the resistance of CoO(110)(I1)/SnO,(100)(Il)
increased after H, adsorption, contrary to the resistance change of SnO,(100). Besides, the bonding
energy between H, and the adsorption site became worse. The above results demonstrated that the
presence of the heterojunction could indeed change the response trend and the adsorption behavior of
H,. Interestingly, the adsorption sites and effects of H, were different when two metal oxides were used
as the substrate of the heterojunction, respectively.

semiconductors are among the best n-type metal oxide
gas-sensing materials for gas-sensitive devices owing to their

Semiconductor metal oxides as a material for chemical gas
sensors play a significant role thanks to their abundance, low
cost, and easy manufacture. Among these semiconductor metal
oxide gas sensors, compounds made of adsorbed air oxygen
ions and the target gas on the surface cause a change in the
electric resistance of the materials. These semiconductor
metal oxide gas devices have sensitivity to various toxic, flam-
mable, and explosive gases, and are widely applied in various
fields."™

However, metal oxide gas devices suffer from the effects of
baseline resistance drift and from poisoning interactions.
These problems make it progressively more and more difficult
for metal oxide surfaces to approach reactive gases.>® SnO,

“School of Materials and Metallurgy, University of Science and Technology
Liaoning, Anshan 114051, Liaoning, China. E-mail: lijing as321@163.com

b School of Chemical Engineering, University of Science and Technology Liaoning,
Anshan 114051, Liaoning, China. E-mail: taolin_phd@163.com

¢ School of Chemistry and Chemical Engineering, Qingdao University,
Qingdao 266071, Shandong, China

4 School of Physics and Optoelectronic Engineering, Ludong University,
Yantai 264000, Shandong, China

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cp04539¢

This journal is © the Owner Societies 2021

wide band gap, excellent chemical stability, and prominent
sensitivity.” However in practical applications, the gas sensitiv-
ity to H, still needs to be improved for the accurate identifi-
cation of H,. Surface modification®'° is the most commonly
used approach to enhance the H, sensitivity.'" However, the
response effect is not obvious. Decorating H,-response
sieves’ ™ and polymers'® on the surface of gas-sensing mate-
rials has also been explored to enhance H, sensitivity. These are
new innovation, but the accurate identification for H, needs to
be improved. In addition, as one p-type metal oxide gas-sensing
material, CoO has shown an affinity with oxygen and possesses
multivalent characteristics.'”” The pristine form of CoO is
hardly used in the field of sensing due to its lower response
than n-type semiconductors,'® though it has been reported that
its gas-sensing can be significantly improved by introducing
dopants,'® or by proper control of the morphology.>>*' How-
ever, the accurate identification of gases still needs to be
improved.

The idea of combining different metal oxide materials to
form a heterojunction was recently proposed in order to further
improve the important sensing characteristics of resistive-type
gas sensors.”>?® Generally, n-type materials have a higher
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Fermi energy level than that of p-type materials.>* Hence, when
n-type and p-type heterojunctions are fabricated, the electrons
of n-type metal oxides with a higher energy will pass through
the interface to the vacant lower-energy states until the Fermi
energy level achieves a stable condition. The potential barrier,
which is attributed to the difference in Fermi energy levels, will
show an obvious change when a heterojunction is surrounded
by different oxidizing or reducing gases. Furthermore, the
changes will be observed as a high response in composite
heterojunction gas sensors.>” The synthesis of a heterojunction
provides a significant method to incorporate different physical
and chemical properties into one system.>®

A large number of studies have applied first-principle calcu-
lations on the various properties of heterojunctions,>”° and
extensive research studies on the formation of heterojunctions
have been published. Katoch et al®' researched an n-p ZnO/
CuO heterojunction as s nanofiber sensor to strengthen the
primary ZnO nanofiber sensor sensing in H,S. Similarly,
Choi et al.** reported the gas-sensing of H,S was boosted in a
CuO/SnO, heterojunction more than in the bulk of SnO, owing
to the formation and disruption of the heterojunction. Ju
et al.*® proved that a NiO/SnO, heterojunction had a more
rapid response to trimethylamine than pure SnO,. Other
research into metal oxide p-n heterojunction NiO/ZnO,** NiO/
Fe,03,>> and NiO/Sn0,*° have experimentally proved that the
formation of a metal oxide heterojunction would obviously
strengthen a sensor’s gas sensitivity. The performances of
metal oxide of Sn and Co can also be improved greatly by
forming a p-n heterojunction.>”*® Heterojunctions have been
applied to strengthen the sensing properties of sensors based
on SnO, through altering the influence at the synthesis
interface.

However, explanations about the microstructure and the-
ories about the mechanism of heterojunctions are obscure. Not
only does this show a misfit, but also the structure and
adhesion strength of the interface affect the effectiveness of
promoting heterogeneous nucleation.>**° It is very difficult to
observe structures and the adhesion strength of an interface or
the adsorption of H, on a heterojunction surface through
experimental methods. In this respect, an atomic level under-
standing about the H,-sensing mechanism on SnO,-CoO mate-
rials is crucial. Meanwhile, the gas-sensing characteristics, such
as adsorption performance of metal oxide sensors, should be
visualized for practical application.*" First-principles calcula-
tions have been employed to reveal the structures and adhesion
strength of the interface at the atomic scale,”* and the
adsorption of gases on a single metal oxide calculated,*®™>"
including the adsorption energy, adsorption distance, DOS,
and electronic structure.

In this work, we studied the microstructure of SnO,/CoO
and CoO/SnO, heterojunctions by DFT, analyzing the transfor-
mation of the resistance, electronic structure, and other proper-
ties of H, adsorption on different sites of the heterojunction
surface. Moreover, this work can provide theoretical guidance
for the fabrication of heterojunction gas sensors in order to
accurately identify H,.
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2. Methods

2.1 Calculation details

The Cambridge Serial Total Energy Package (CASTEP) Code was
used for all the calculations based on density functional theory
(DFT).>>* The Generalized Gradient Approximation (GGA) of
the Perdew-Burke-Ernzerhof (PBE) scheme was employed to
describe the exchange-correlation functional. Considering the
stability of the system and for optimization of the calculation
speed, the plane wave cut-of energy was selected as 400 eV. The
Brillouin zone was sampled by 3 x 3 x 1 k-points using the
Monkhorst-Pack scheme. The convergence tolerance for
the energy was selected as 2.0 x 10~° eV per atom. The force,
stress, and displacement tolerance of the convergence toler-
ance were set as 0.05 eV A™%, 0.1 GPa, and 0.002 A, respectively.
To avoid the interaction between surface atoms, a vacuum layer
of 15 A was selected for each heterojunction surface system.

2.2 Co0O-SnO, heterojunction models

Chemiresistive gas sensors employing a p-n heterojunction
offer a compelling high sensitivity and specific response.’®
The interfacial free energy between the precipitations and the
substrates control the process of particle coarsening. Being
based on the lattice mismatch theory,>® the interface with the
lowest lattice mismatch between the second particle and the
pre-existing particle will be the preferred growth direction of
the second particle on the pre-exiting particle.’” The primitive
cells made from the CoO(110) surface and SnO,(100) surface
possessed lattice constants of acoo(110) = 4.2667 A, bcoo(i10) =
3.017013 A, asno,(100) = 4.73727 A, bsno,(100) = 3.186383 A. The
mismatch between CoO(110) and SnO,(100) was less than 6%.
Therefore, Sn0,(100) and CoO(110) were selected to structure
the heterojunction. As shown in Fig. 1(a and b), the surface
termination of CoO(110) has two forms:***° CoO(110)(I) (10
and 1/4Co as termination) and CoO(110)(II) (10 and 1/2Co as
termination). In addition, the surface termination of Sn0O,(100)
has four different surface terminations: SnO,(100)(I) (1/4Sn-
termination), SnO,(100)(I) (1/20-termination), SnO,(100)(III)
(1Sn-termination), and SnO,(100)(IV) (1O-termination), as
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Fig. 1 Surface structure of CoO(110) and SnO,(100). (a) CoO(110)(l),
(b) CoO(110)(11), (c) SnO,(100)(1), (d) SnO,(100)(l), (e) SnO,(100)(I),

(f) SNO2(100)(IV).
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Fig. 2 Different models of CoO/SnO, heterojunction and SnO,/CoO
heterojunction. (a) SnO,(100) was put on CoO(110); (b) CoO(110) was
put on SnO,(100).

shown in Fig. 1(c—f). There are sixteen kinds of heterojunction
due to the four terminations of Sn0,(100) and two terminations
of CoO(110), which are shown in Fig. 2(a) and (b). In order to
reduce the effect of lattice interactions on the adsorption,
(1 x 2) supercellular Sn0O,(100)-Co0O(110) heterojunctions were
fabricated.

3. Results and discussion

3.1 Adsorption properties of H, on the heterojunction surface

3.1.1 Adhesion work of the heterojunction. The adhesion
work (W,q) needed to be calculated, in order to gain an insight
into the binding strength of the interface, where W,q is defined
as the reversible work of separating the interface into two free
surfaces, and is given by the difference in the total energy
between the interfaces. Generally, a larger W,q is associated

This journal is © the Owner Societies 2021
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Table 1 Bonding energy (J m~2) of SnO,~CoO heterojunctions
Heterojunction Waa (J m™2)
Sn0,(100)(I)/CoO(110)(1) —0.5179
Sn0,(100)(I1)/CoO(110)(1) —0.5187
Sn0,(100)(I1T)/Co0(110)(1) —0.5203
Sn0,(100)(IV)/CoO(110)(I) —0.5194
Sn0,(100)(I)/CoO(110)(I1) —0.5175
Sn0,(100)(11)/CoO(110)(11) —0.5191
Sn0,(100)(I11)/CoO(110)(11) —0.5177
Sn0,(100)(IV)/CoO(110)(I1) —0.5191
Co0(110)(1)/Sn0,(100)(I) —0.5189
C00(110)(1)/SnO,(100)(11) —0.5185
C00(110)(1)/SnO,(100)(I11) —0.5195
C00(110)(1)/Sn0,(100)(1V) —0.5176
Co0(110)(I1)/Sn0,(100)(1) —0.5176
Co0(110)(I1)/SnO,(100)(I1) —0.5175
Co0(110)(I1)/SnO,(100)(I11) —0.5195
Co0(110)(11)/Sn0O,(100)(1V) —0.5182

with a more stable interface. The adhesion work is defined as
follows:*'~%3

(Ecoo + Esno, —

Es10,/Co0)
1
3 0

Wa =

where Egno, and Ecoo are the total energy of SnO, and CoO
slabs, respectively, Esno coo Tepresents the total energy of the
heterojunction interface, and A is the interface area.

The interfaces of the Sn0,(100)/CoO(110) system and
Co0(110)/Sn0,(100) system showed the same distances (2 A),
which were optimized by energy calculation for evaluating the
interface properties of the heterojunction. The interface struc-
tures were optimized with in a fixed cell volume, and all the
atoms at the interface models were allowed to relax in three
directions.®® The W,q values of the heterojunction are shown in
Table 1.

A larger W,q is associated with a stronger binding force of
the interfacial atoms, which suggests the stability of the
Sn0,(100)/Co0O(110) and CoO(110)/Sn0,(100) heterojunctions
interfaces.®

Table 1 shows the adhesion work of the SnO,(100)/Co0O(110)
heterojunctions, where it can be seen that the adhesion work of
the Sn0,(100)(I)/Co0O(110)(I) and SnO,(100)(I)/CoO(110)(II) het-
erojunctions were larger than that of the other heterojunctions.
Therefore, they were more stable than the other SnO,(100)/
Co0(110) heterojunctions. However, SnO,(100)(I)/CoO(110)(II)
heterojunction had a larger W,q than that of the SnO,(100)(I)/
CoO(110)(I) heterojunction. Therefore, the Sn0O,(100)()/
CoO(110)(II) heterojunction was selected as the adsorption
carrier of H,, which was attributed to its larger adhesion work.

Table 1 shows the adhesion work of the CoO(110)/Sn0O,(100)
heterojunctions. It shows that the W,q values of the
CoO(110)(I1)/Sn0,(100)(I),  CoO(110)(I1)/Sn0O,(100)(II), and
Co0(110)(I)/Sn0,(100)(IV) heterojunctions were larger than
those of the other CoO(110)/Sn0,(100) heterojunctions. There-
fore, they were more stable than the other CoO(110)/Sn0O,(100)
heterojunctions. Although three heterojunctions had approxi-
mately the same W,q, the CoO(110)(II)/SnO,(100)(II)
heterojunction had the larger W,4q. Consequently, the
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Co0(110)(I1)/Sn0O,(100)(II) heterojunction system was chosen as
the adsorption carrier of H,.

3.1.2 Adsorption energy of H, on the heterojunction. In the
air atmosphere, the oxygen in the air will capture the electrons
on the surface of a heterojunction to form adsorbed oxygen
anions.®® Consequently, it was necessary to first find out the
most stable adsorption site and configuration of O, molecule
on the heterojunction surface. The adsorption behaviors of O,
molecules on the heterojunction surface are shown in Fig. S1
and S2 (ESIt); in addition, the related parameters are shown in
Tables S1 and S2 (ESIT). The results showed that different
heterojunction terminals have different oxygen adsorption
configurations. The most stable adsorption structure of O, on
the heterojunction surface is shown in Fig. 3. Therefore, we
used these structures as the initial configurations to explore the
adsorption behavior of H, on the heterojunctions.

There were nine different types of adsorption conditions of
H, on Sn0,(100)(I)/CoO(110)(IT) and CoO(110)(I1)/SnO,(100)(IT)
heterojunctions in an oxygen atmosphere (including the
adsorption on the O, molecule and different sites of the
heterojunction surface), which are shown in Fig. 4(a-e) and
(f-i).7

The adsorption energy (E.qs) is a key standard to estimate
the adsorption property of H, molecules on the heterojunction
surface. It can be adopted to judge the adsorption strength of
H, molecules on a carrier, which is defined as follows:**%°

Eads = Etotal - (Eheterojunction + Egas) (2)

where E,qs is the adsorption energy (eV), Eiow1 represents the
total energy of the whole adsorption system, Eneterojunction 1 the
total free energy of the heterojunction system (eV), and E,,; is
the total free energy of an isolated gas molecule (eV). In general,
E.qs with a negative value indicates that the adsorption is
exothermic, and the system of adsorption is energetically
stable.”>""

The E,qs and the adsorbed distance of H, adsorption on the
Sn0,(100)(I)/CoO(110)(II) and CoO(110)(II)/SnO,(100)(II) het-
erojunctions are shown in Table 2. In addition, the parameters

(@) —e n
a ‘B._.azb (b) 2’ . 1%’ . 1% : 20
® ® © ® (9} ® @00
o o

o8e%e e

o o © © ©
_‘_!:_._!:z_._ _._%:_."%_._
et s, 8
© ° © '% e ° 2

°

© : e, % & ‘g_)y
® © % L S Tt

Fig. 3 The most stable adsorption structure of O, molecule on the
heterojunction surface. (a) O, on the SnO,(100)(1)/CoO(110)(I) hetero-
junction, (b) O, on the CoO(110)(I1)/SnO,(100)(Il) heterojunction.
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about E,qs and the adsorbed distance of H, on single material
oxide CoO and SnO, are shown in Tables S3 and S4 (ESIT).

Table 2 shows the E,45 and adsorption distance when H, was
adsorbed on different sites of the Sn0O,(100)(I)/CoO(110)(II)
heterojunction surface. There were five forms where H, was
adsorbed on the heterojunction surface, including the O site of
an O, molecule, and O1 site, O2 site, Col site, Co2 site of the
heterojunction surface. The adsorption distance and E,qs varied
greatly. When H, was adsorbed on the O site of an O, molecule,
the distance of H-O bonding was less than 3 A, indicating the
formation of a chemical bond. Except at the Co2 site, the E,q¢
values were all negative when H, was adsorbed on other sites of
the heterojunction surface. This reveals the preferable stabili-
zation of adsorption, especially the adsorption on an O site of
an O, molecule, and O1 site and O2 site of the heterojunction
surface. Therefore, according to the W,qs and adsorption dis-
tance, it was easy for H, to be adsorbed on an O site of an O,
molecule. Compared with pure metal oxides CoO, the
Sn0,(100)(I)/CoO(110)(II) heterojunction improves the adsorp-
tion and bonding of H, on an O, molecule. Also, the adsorption
of H, on the heterojunction was more stable.

Table 2 shows the E,qs and adsorbed distance of H, adsorp-
tion on O site of an O, molecule, Sn (Sn is equivalent because of
supercell) site, and O1 site and O2 site of the CoO(110)(II)/
Sn0,(100)(II) heterojunction surface. The adsorption distance
and E,qs varied greatly. The adsorbed distances were all more
than 3 A when H, was adsorbed on different sites of the
heterojunction surface. This implies the existence of weak
chemical bonding between H atoms and the adsorbed sites.
In addition, the E,45 values were obviously different when H,
was adsorbed on different surface sites. The E,q s values were all
negative when H, was adsorbed on the heterojunction surface,
revealing that the adsorption of H, on the heterojunction was
thermodynamically stable. Consequently, it was easy for H, to
be adsorbed on the CoO(110)(II)/Sn0O,(100)(II) heterojunction
surface by analyzing the adsorbed distance and E,qs. However,
there was no formation of stronger chemical bonding between
H, molecules and the adsorbed sites. Compared with pure
metal oxides SnO,, the existence of the CoO(110)(II)/
Sn0,(100)(II) heterojunction made the bonding effect between
H, and adsorption sites worse, but made the adsorption more
stable, especially the adsorption of H, on the O1 site.

In summary, based on the E,4s and adsorption distance, H,
readily adsorbs on an O, molecule of the SnO,(100)(I)/
CoO(110)(II) heterojunction surface. In addition, H, tends to
be adsorbed on different sites of the CoO(110)(II)/SnO,(100)(II)
heterojunction surface; however, stronger chemical bonds did
not exist.

3.2 Influence of gas adsorption on the electronic conductivity
and electronic structure

3.2.1 Density of states (DOS). To understand the adsorp-
tion effect of H, on the conductivity of a heterojunction in the
oxygen atmosphere, DOS analysis was performed of single
metal oxide CoO and SnO, adsorbed O, on surface. The
adsorption of one O, molecule on the CoO and SnO, surface

This journal is © the Owner Societies 2021
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Fig. 4 H, adsorbed on different sites of heterojunction surfaces. (a—e) H, on the SnO,(100)()/CoO(110)(I) heterojunction, (f-i) H, on the CoO(110)(11)/

SnO,(100)(I) heterojunction.

Table 2 Adsorption of H, on the heterojunctions

Heterojunction Site Eaq4s (eV) Distance (A)
Sn0,(100)(1)/CoO(110)(I1) 0, —0.2286 2.4615

o1 —0.6962 3.3761

02 —0.3900 4.1691

Col —0.0898 3.1388

Co2 1.6229 4.3275
CoO(110)(I1)/Sn0,(100)(I1) 0, —0.2957 3.0844

Sn —0.3855 3.4432

o1 —0.2551 3.2475

02 —0.2496 3.8159

is shown in Fig. S3 and S4 (ESIt). Then, the effect of H, adsorption
on the surface conductivity of single metal oxide was studied under
oxygen conditions. Finally, the gas-sensing properties of the hetero-
junction were studied under oxygen conditions.

The adsorption of H, in the oxygen atmosphere will affect
the heterojunction resistance, which could be reflected in DOS.
Therefore, the change in the resistance can be studied by
analyzing the DOS. The generation of more peaks and increase
in the DOS values were found over the tested energy range,
which were attributed to the gas adsorption. The variations in
DOS would further account for the increase in the electron
energy and the better conductivity.”>"®

The DOS values for H, on the different sites of
the Sn0,(100)(I)/CoO(110)(II) and CoO(110)(II)/SnO,(100)(II)

This journal is © the Owner Societies 2021

heterojunction surfaces are shown in Fig. 5(a) and (b). In
addition, the DOS for H, adsorbed on different sites of single
metal oxides CoO and SnO, are shown in Fig. S5(a) and (b)
(ESTY).

Fig. 5(a) shows the DOS for H, adsorption on different sites
of the Sn0,(100)(I)/CoO(110)(II) heterojunction surface. The
DOS value was reduced when H, was adsorbed on an O site
of the O, molecule, labeled as 1 and 2, revealing the hetero-
junction resistance had increased. The DOS value showed
obvious decreases (labeled as 3, 4, and 5) when H, was
adsorbed on the O1 site, indicating the heterojunction resis-
tance increased along with the adsorption of H,. When H, was
adsorbed on the O2 site, a decrease and disappearance of DOS
peaks (labeled as 6, 7, and 8) were observed. All these results
prove that the resistance increased when H, was adsorbed on
the O2 site of the heterojunction surface. The DOS value was
lower and some peaks disappeared (labeled as 9 and 10) with
H, adsorbed on the Co1 site, reflecting that the heterojunction
resistance had increased. When H, was adsorbed on the Co2
site, the changes in the DOS occurred at the Fermi level (labeled
as 11, 12, and 13). The DOS value was then reduced and some
peaks disappeared, revealing that the heterojunction resistance
had increased. On the whole, when H, was adsorbed on
different sites of the heterojunction surface, the heterojunction
resistance increased. Compared with the DOS of the metal
oxide CoO (Fig. S5(a), ESIf), the DOS value of the
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Sn0,(100)(I)/CoO(110)(II) heterojunction decreases more
obviously. Therefore, the heterojunction changed the gas
adsorption performance for H,.

Fig. 5(b) shows the DOS of H, adsorption on different sites
of the CoO(110)(I1)/Sn0O,(100)(II) heterojunction surface. With
the adsorption of H, on an O, molecule, the DOS value was
reduced distinctly (labeled as 1 and 2), implying the hetero-
junction resistance had improved. The DOS showed a slight
alteration when H, was adsorbed on the Sn site, indicated that
the resistance of the heterojunction had slightly changed,
together with the disappearance of peaks in the conduction
band (labeled as 3 and 4), indicating that the heterojunction
resistance was enlarged. In the DOS, the number of peaks
disappeared or reduced (labeled as 5, 6, and 7) when H, was
adsorbed on the O1 site, indicating that the heterojunction
resistance had increased. DOS showed a slight reduction and
some peaks disappeared (labeled as 8, 9, 10, and 11) when H,
was adsorbed on the O2 site, indicating that the heterojunction
resistance had increased. These results proved the heterojunc-
tion resistance increased with the adsorption of H,. The DOS
changes of H, on the heterojunction surface was opposite to
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that for H, on the SnO, surface (Fig. S5(b), ESIt). This shows
that the presence of a heterojunction will change the response
trend of H, on the SnO, surface.

In summary, compared with single metal oxides CoO and
SnO,, the existence of the Sn0,(100)(I)/CoO(110)(1I) heterojunc-
tion and CoO(110)(II)/SnO,(100)(II) heterojunction changed the
adsorption performance to H,. The response trend of the
Sn0,(100)(I)/CoO(110)(II) heterojunction to H, was the same
as that with CoO, but the response trend of the CoO(110)(II)/
Sn0,(100)(II) heterojunction to H, was the opposite as that with
SnO,. This will provide theoretical guidance for the accurate
identification of H, and the manufacture of sensors.

3.2.2 Electronic structure of H, on the Sn0,(100)/Co0(110)
heterojunction surface. In order to understand the essence of
adsorption, the electronic structure of H, adsorption on the
Sn0,(100)/Co0O(110) heterojunction in an oxygen atmosphere
was assessed. The binding of atoms has a strong relationship
with the electronic structure, which can be characterized by the
electronic density and electronic density difference. The total
electronic density and electronic density difference were calcu-
lated, and are shown in Fig. 6 and 7, respectively.

Fig. 6 displays the optimized structure, electronic density,
and electronic density difference of H, adsorption on different
sites (including O, molecule, O1 site, O2 site, Col site and Co2
site) of the Sn0,(100)(I)/CoO(110)(II) heterojunction surface.
The optimized structure of H, adsorption on an O, molecule of
the Sn0,(100)(I)/CoO(110)(II) heterojunction surface is shown
in Fig. 6(a). The adsorbed distance was 2.4615 A and E,qs was
—0.2286 eV, as shown in Table 2. The adsorbed distance was
smaller than that for H, on other sites of the heterojunction
surface.

The blue ranges represent the depletion areas of the elec-
trons, and the red areas show the accumulation region of the
electrons. As displayed in Fig. 6(a), H, was adsorbed on the O,
molecule of the heterojunction surface. The adsorbed distance
was less than 3 A and E,qs was negative, and the electronic
sharing occurred between H atoms and the O, molecule.
Therefore, the H atoms share an extensive amount of electrons
with the O, molecule, which indicates that H-O bonding has
stronger covalence. In addition, the O, molecule shares exten-
sive electrons with atoms of the heterojunction surface, illus-
trating the stable adsorption of the O, molecule on the
heterojunction surface and the formation of a covalent bond
with atoms of the heterojunction surface. As shown in Fig. 6(a),
the H, molecule and O, molecule, which are adsorbed on the
heterojunction surface, get an amount of electrons
simultaneously. This implies the existence of an electronic
transformation and chemical reaction between H atoms and
O atoms of O,.

The electron sharing hardly occurred and the adsorption
distance was greater than 3 A when H, was adsorbed on other
sites of the heterojunction surface, and although there was
slight electron transfer between the sites, there was no bond-
ing. Therefore, O, molecule was the best adsorption site of H,
on the heterojunction surface and the heterojunction was the
best carrier of H,. In the air environment, the adsorbed O,

This journal is © the Owner Societies 2021


https://doi.org/10.1039/D1CP04539C

Published on 24 November 2021. Downloaded on 12/13/2021 12:55:08 AM.

PCCP
u, oo
@0
0, CH
‘ o “Co

3.140¢-1 71291
l 2249¢.1 O " o I 3.808e-1

' | 1358e1 4875¢2 Z
4.666¢-2 o -2.833¢-1 I
L Y iy
- WY 124562 6154e1 X

Hy
|
02 Co,
o i
o »

° ° ° 3.140¢-1 C(L l‘l‘.‘%l
PRI 22101 Co o 3.808e-1
° ° 1358e-1 4875¢2

° ©
° ° 4.666¢2 *l 2833e1

° ° o o
) 1) 42452 615461

2249¢-1

42452

View Article Online

Paper
()
33761 O1 o,
' o
% o ®
°
e g ©
° .o. o1
o® , © Co O
__o__.__q__‘. 31401 O Co . 712961
° °
ol @ '::-wel o - llsosm
c®e® uss@n. :(é 4875e2
:. ° ® L 4.666¢-2 ) o "»:sx.w
© ©
© i ° “4.245¢2 “6.154¢-1
@ & Cot
nsss\\,ﬂ
%
° L4
8
® p ®
A e, Co
L » 7.129¢-1
04 © Ixsose-l
° ° 4875¢2
°
o o '-:x;m
% % 10 ¥ sisic1
H,
Wwao
-
31401 Co Cof Eo' 71291
l 38081

1.358¢-1

4875¢:2
*
I 4.666¢-2 - l 2833e1

61841

Fig. 6 Electronic structure of H, adsorption on different sites of the SnO,(100)(1)/CoO(110)(Il) heterojunction surface. Optimized structure of the
heterojunction; electronic density; electronic density difference. (a) H, on O, molecule, (b) H, on O1 site, (c) H, on O2 site, (d) H, on Col site, (e) H, on

Co2 site.

molecules extract electrons bands of the heterojunction and
convert to oxygen species, such as O>~, O, and O, ", covering
the surface of the heterojunction.””””® The subsequent reaction
(H, + O > H,O + xe™) releases electrons back into the
heterojunction surface.”® An atomic level understanding of
the H,-sensing mechanism on the heterojunction was thus
proved.

3.2.3 Electronic structure of H, on the CoO(110)(II)/
Sn0,(100)(II) heterojunction. The electronic structures of H,
adsorption on different sites of the CoO(110)(II)/SnO,(100)(II)
heterojunction surface are shown in Fig. 7, together with the
optimized structure of H, adsorption on different sites of the
heterojunction. The E,4s values were all negative when H, was
adsorbed on different sites of the heterojunction surface. This
shows that H, can be stably adsorbed on the heterojunction
surface.

Fig. 7(a) reveals the electronic density when H, was adsorbed
on the O, molecule. As shown, there was little electronic
accumulation between the H atoms and O, molecule when
H, was adsorbed on the O, molecule. The H atoms shared a bit
of electronic density with the O, molecule on the heterojunc-
tion surface and the adsorbed distance was more than 3 A,
indicating the existence of a slight H-O covalent bond. Fig. 7(a)
shows the electronic density difference when H, was adsorbed
on the O, molecule of the heterojunction surface, whereby the
H atoms acquired extensive electrons, and at the same time, a
gain and loss of electrons occurred on the O, molecule.

This journal is © the Owner Societies 2021

Consequently, the transformation of the electronic density
and the chemical reaction between H atoms and the O,
molecule were proved. Fig. 7(b) reveals the electronic density
when H, was adsorbed on the O1 atom of the CoO(110)(II)/
Sn0,(100)(II) heterojunction surface. There was clear electronic
accumulation between H atoms and the O1 atom when H, was
adsorbed on the O1 atom. The H atoms shared some electrons
with the O1 atom on the SnO, side and the adsorbed distance
was more than 3 A, which suggests the existence of H-O
bonding. Fig. 7(b) shows the electronic density difference when
H, was adsorbed on the O1 site of the heterojunction surface;
whereby the H atoms acquired some electrons and the O1 atom
of the heterojunction surface obtained some electrons too.
Consequently, the slight transformation of the electronic den-
sity and a slight reaction between the H atoms and O1 atom
were proved.

Fig. 7(c) and (d) show the electronic structure when H, was
adsorbed on the O2 site and Sn site of the heterojunction
surface. Barely any electrons existed between H atoms and the
02 atom and Sn atom of the heterojunction surface. This
indicated the formation of weaker H-O bonding and H-Sn
bonding for H atoms sharing a few electrons with the O2 atom
of the heterojunction surface. This means a small transforma-
tion in the electronic density and a slight reaction between H,
and the O1 atom and Sn atom. In summary, O, molecule on the
heterojunction was the best site for reacting with H,, and the
01 site was the best adsorption site for H,.
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4. Conclusion

In this study, DFT was used to calculate the adsorption properties of
H, on CoO/SnO, and SnO,/CoO heterojunction surfaces under air
conditions. First, the optimal heterojunction structure was deter-
mined based on the W,4. Second, the most stable adsorption
configuration of H, in the air was identified based on the results
of the E, 4 calculation. Finally, the mechanism of the gas adsorption
process was revealed by DOS and by the electronic structure, and the
following conclusions were obtained:

(1) A smaller lattice mismatch and larger W,q4 are associated
with a more stable interface. The CoO(110) surface and
Sn0,(100) surface were chosen for forming the structure of
the heterojunction. SnO,(100)(I)/CoO(110)(II) and CoO(110)(II)/
Sn0,(100)(II) were more stable than other Sn0O,(100)/CoO(110)
and Co0O(110)/Sn0,(100) heterojunctions. Therefore, the stabi-
lity, resistance, and electronic structure of SnO,(100)(I)/
CoO(110)(I) and CoO(110)(I1)/SnO,(100)(II) heterojunctions
were mainly studied as carriers of H, in oxygen atmosphere.

(2) The heterojunction resistance increased when H, was
adsorbed on different sites of the SnO,(100)(I)/CoO(110)(I)
surface, which, followed the same trend as for H, adsorption
on the CoO surface. Moreover, its trend of change was greater
according to DOS. This shows that the heterojunction can
change the gas adsorption performance of H,. The O, molecule
on the heterojunction surface is the best adsorption site for H,,
because of the larger electron density distribution between
them. In addition, the heterojunction is the best carrier of H,
for the existence of the reaction between H, and surface oxygen
ions. An atomic level understanding of the H, sensing mecha-
nism on the heterojunction was proved.

(3) The heterojunction resistance increased when H, was
adsorbed on different sites of the CoO(110)(I1)/SnO,(100)(II) surface.
Also, the heterojunction resistance showed the opposite trend to H,
adsorption on the SnO, surface. When the SnO,/CoO heterojunction
was exposed to H, gas, H, reacted with the oxygen ions on the SnO,
surface and the electrons returned to the conduction band, which
led to energy band bending. Nonetheless, H, hardly reacted with the
oxygen ions on the CoO surface. As a result, the potential barrier of
Sn0,/CoO increased, leading to an increase in resistance and a
p-type response to H,. Therefore, the presence of the heterojunction
will change the trend of the response to H,. Meanwhile, according to
the electronic density, the O1 site of the heterojunction surface was
the best adsorption site for H,, because of the larger electron density
distribution among them. Finally, as judged by E.qs, the heterojunc-
tion improved the stability of H, adsorption on the surface.
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