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Introduction

Acetone is a common volatile organic compound
(VOCQ) that is widely used in chemical and biological
industries [1]. Exposure to acetone gas is common in

ABSTRACT

To find a new type of sensing material with high sensitivity to acetone gas, in this
paper, a first-principles method based on density functional theory was used to
study the gas-sensing mechanism of perovskite-type ZnSnO; to acetone. A
hydrothermal method was used to prepare perovskite-type ZnSnQOj3, and perform
a gas sensitivity test. Calculated results demonstrate that acetone molecules
interacted strongly with the ZnSnO3(001) surface with pre-adsorbed O,” and O~
accompanied by charge transfer that can change the resistance of the material. This
phenomenon provides the basis for using ZnSnOj; as an acetone gas-sensitive
sensing material. The experimental results showed that the perovskite-type
ZnSnO; has a sheet structure with micro-holes on the surface, which can promote
responsivity to acetone gas. The gas sensitivity test indicated the optimal oper-
ating temperature is 350 °C, the response/recovery time is 4 s/27 s. The sensi-
tivities of the synthesized ZnSnO; nanosheet that in this paper to 100 ppm and
10 ppm acetone gas are 125.444 and 8.37, respectively. In the five-week stability
and repeatability test, the sensitivity to 10/100 ppm acetone of sheet-like ZnSnO;
sensor could still maintain at 89.64% and 94.74% of the first test result. This study
provides theoretical guidance for the development of acetone gas sensors.

daily life, such as through painting, plastic, and
decorative panels [2]. Acetone is very chemically
active and highly volatile at room temperature.
Inhalation of acetone gas can cause nausea, headache,
fatigue, and other symptoms, and in large quantities,
even coma [3]. Medical studies show that the acetone
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concentration in the exhaled breath of diabetic
patients is typically more than twice that of healthy
people, making the acetone concentration a test
indicator of diabetes [4]. Therefore, it is necessary to
detect and monitor acetone gas.

With the continuous development of sensor tech-
nology, gas sensors have become one of the effective
methods for detecting harmful gases [5-7]. Recently,
since metal oxide semiconductor (MOS) gas sensors
have the advantages of simple synthesis, low cost,
and low energy consumption, the research on such
gas sensors have attracted widespread extensive
attention. The sensors based on MOS mainly include
simple metal oxides type (such as SnO; [4, 8], WO;
[9], NiO [10], In,O5 [11], CuO [12]) and perovskite
oxides type (such as LaFeO; [13], LaMnO; [14],
SmFeOj; [15], ZnSnO; [16]). Compared to the simple
metal oxides materials, perovskite oxides with an
ABOj; structure not only have high sensitivity to
harmful gases but also have strong thermal stability
and controllability at a low preparation cost [17-23].
Thus perovskite oxide is a promising candidate for
fabricating gas sensors. Balamurugan et al. used a
hydrothermal method to synthesize GdFeO; with a
high specific surface area, which showed a high
response rate of 91% for 100 ppm NO [24]. Moham-
med et al. used high-energy ball milling to prepare
nanocrystalline LaCoO;, which exhibited excellent
gas sensitivity to CO, and the responsivity could be
improved through additional milling steps [25].
Chaudhari et al. used a sol-gel method to synthesize
a LaFeOs-based gas-sensing material, which exhib-
ited good sensitivity to NHj;, modifying LaFeO; by
Co-doping reduced the detection temperature for
NH; from 260 to 200 °C [26]. Chen et al. used a sol-
gel method to prepare LaCrO; nanocrystals. The
sensitivity of these nanocrystals to CO, gas at high
temperatures was investigated, and first-principles
methods were used to explain the gas-sensing
mechanism [27]. Density functional theory (DFT)
becomes one of the most efficient methods to inves-
tigate the surface adsorption reaction mechanism for
gas molecules [28]. Li et al. used DFT to model the
oxidation mechanism of NO on the surface of
undoped and Ce-doped LaCoOj; (011). The results
showed that Ce doping could improve the activity of
the material surface to NO [29]. Wu et al. found that
the adsorption energy of a LaFeO; surface to CO
could be considerably increased by Ca doping and
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the presence of oxygen vacancies using DFT method
[30].

The perovskite-type metal oxide ZnSnO; was
studied because the excellent is characterized by a
high electron transfer rate and chemical response and
has shown excellent performance [31-33], especially
in terms of good gas sensitivity to harmful gases. Xu
et al. used a one-step hydrothermal method to syn-
thesize ZnSnOj; particles and found that a ZnSnOs-
based sensor had good sensitivity and selectivity to
H,S gas [34]. Guo et al. prepared ZnSnO; hollow
nanocages that exhibited good gas sensitivity to
HCHO, with a response and recovery times reaching
3 s and 5 s, respectively [35]. Parmeshwar et al. pre-
pared cubic ZnSnO; hydrothermal method to detect
H, gas, the results indicating that cubic ZnSnOj;
Sensor exhibits rapid response (~1 s), fast recovery
(~12s), and good selectivity to H, [36]. However,
few studies have been conducted on the ZnSnOj;
nanosheet and gas-sensing mechanism to acetone so
far.

A first-principles method based on DFT was used
to perform a detailed investigation of the gas sensi-
tivity and gas-sensing mechanism of perovskite-type
metal oxide ZnSnO; in this study. Analyses were
performed on the adsorption energy, charge-density
difference (CDD), density of state (DOS), partial
density of state (PDOS), and Bader charge. Experi-
ments were performed next. A hydrothermal method
was used to prepare the ZnSnO; gas-sensitive mate-
rial, which was subsequently characterized using
X-ray diffraction (XRD), transmission electron
microscopy (TEM), high resolution transmission
electron microscope (HRTEM), energy dispersive
X-ray spectroscopy (EDX), and scanning electron
microscopy (SEM). The material was finally subjected
to a gas sensitivity test. This study provides theoret-
ical guidance for the development of high-perform-
ing acetone gas sensors.

Methodology
Model and computational details

The Vienna Ab-initio Simulation Package (VASP)
was used to perform DFT-D3 calculations [37]. The
generalized gradient approximation (GGA)-Perdew-
Burke-Ernzerhof (PBE) function [38, 39] was selected
to describe the electron interactions. A cutoff energy
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test showed that the energy of the system did not
change significantly at cutoff energy of 520 eV, which
was therefore selected as the cutoff energy. The
Monkhorst-Pack method was used to perform the
structural optimization, a1 x 5 x 1 k-point grid was
used to describe the Brillouin zone, and a
5 x 5 x 1 k-point grid was used for the self-consis-
tent and non-consistent calculations. The geometrical
structure optimization was performed using an
energy convergence criterion of 1 x 10° eV and a
force convergence criterion of — 0.01 eV/ A. The
DFT-D3 method was used to correct the van der
Waals force [40, 41], and the VASPKIT software
package was used for data post-processing [42].

As the crystal structure of perovskite-type metal
oxides is well known to change with increasing
temperature, perovskite semiconductor gas-sensitive
materials typically exhibit gas sensitivity at high
temperatures [27]. Calculations were performed on
the orthorhombic structure of ZnSnO; at a high
temperature (pnma (62) space group) [43] (the lattice
constants were a=5381A, b=5408 A, and
¢ = 7.940 A) with 20 atoms in the unit cell to ensure
high consistency between the theoretical calculation
and experimental results. The C3HsO and O, mole-
cules used in this calculation were structurally opti-
mized. The C=0, C-H, and C-C bond lengths in the
C3HsO molecule were 1.22 A, 1.51 A, and 1.095 A,
respectively, with calculation errors of 0%, 0%, and
0.6%, respectively [44]. The O=O bond length in the
O, molecule was 1.23 A, and the calculation error
was 0.8% [45]. These results showed that the gas
molecule model used in the calculation was
reasonable.

The adsorption energy (E.qs) is an important cri-
terion for determining whether an adsorption reac-
tion can proceed spontaneously. Equation (1) was
used to calculate energy E,qs:

Eads = Esurface+gas - (Esurface + Egas) (1)

where Egyrfacetgas T€presents the total energy of the
adsorption system in equilibrium, Eqysace Tepresents
the surface energy, and Eg,s represents the total
energy of the gas molecules. Endothermic and
exothermic adsorption reactions are indicated by
E.qs > 0 and E,g4s < O, respectively. In this paper, the
zero-point energy (ZPE) correction and thermal cor-
rection were carried out. The ZPE of gas molecules
was carried out by the calculation of vibrational fre-
quency, and the thermal correction of the free and
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adsorbed gas molecules is carried out through the
VASPKIT software package at the standard condi-
tions (298.15 K, 1 atm) and 623.15 K, 1 atm.

CDD plots were used to elucidate the electron
interaction and charge transfer between the gas
molecule and the adsorbent (Eq. (2) [46]):

Ap = psurface+gas ~ Psurface — pgas (2)

where Ap is the change in the total charge density
and Psurface + gass Psurfaces and Pgas are the total Charge
densities of the adsorption structure, adsorption
surface, and adsorbed molecules, respectively.

A Bader charge analysis was used to analyze the
charge transfer between the acetone gas molecule and
the surface during the reaction to elucidate the reac-
tion mechanism.

Experimental methods

Preparation and characterization of ZnSnQOj3

0.8 g of zinc acetate dihydrate (ZnCH;COOH-2H,0)
and 0.659 g of sodium stannate (NaySnO3-3H,0)
were added to 30 mL of distilled water and mag-
netically stirred for 10 min to completely dissolve
them. The samples were marked as solutions A and
B. Solution A was added to solution B drop wisely.
After 40 min of magnetic stirring, the mixture was
transferred to a polytetrafluoroethylene reactor,
which was placed in a vacuum drying oven at 160 °C
for 12 h. After this process is completed, the sample
is washed with distilled water and dried. The white
powder was calcined in a tubular furnace at 550 °C
under an argon atmosphere for 3 h to produce sheet-
like ZnSnOs.

The crystal structure of ZnSnO; was analyzed by
XRD (D8/AXS, Bruker, Germany) using Cu ko radi-
ation at room temperature. The morphology of the
prepared nanomaterials was studied by SEM (model
JSM-7600F, JEOL) and TEM (model JEM-2010, JEOL).
Finally, a CGS-4TPs intelligent gas-sensing analysis
system was used (Beijing Elite Tech. Co., Ltd.) to
conduct a gas sensitivity test on ZnSnO;.

Gas-sensitivity testing

A small quantity of ZnSnO; was placed in a mortar
and ground evenly. An appropriate amount of
anhydrous ethanol was then added to form a paste
that was applied evenly to an interdigitated gold
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electrode. The coated electrode was placed in a con-
stant-temperature drying oven at 80 °C for 8 h. The
dried electrode was placed in the gas-sensing test
system. A five-volt voltage was applied, and the test
electrode was obtained after 12 h of aging at 200 °C.
The sensor sensitivity is defined in Eq. (3):

S =Ra/Rg (3)

where Ra and Rg denote the resistance (Q) of the
material in air and in the target gas, respectively. The
response time (T.s) is defined as the time required
for the material to reach 90% of the maximum sen-
sitivity under the target gas atmosphere, and the
recovery time (Tye.) is defined as the time required for
the material to reach 90% of the original resistance
under no target gas atmosphere.

Results and discussion
Selection of the most stable surface

The (001), (100), and (010) surfaces of the ZnSnO;
crystal were selected as candidate adsorption sur-
faces. A 15 A vacuum layer was inserted between the
layers to prevent interactions. Equation (4) was used
to calculate the surface energy of the three surfaces,
and the most stable surface was selected [47].

Egab — 11 - Epuix
= 4
4 2A )

In the equation above, y represents the surface
energy, Eq.p represents the total surface energy, Epuix
represents the total energy of the unit cell, n is the
number of unit cells contained in the surface, and A is
the surface area. The smaller the surface energy is, the
more stable the surface is.

The results of the surface energy calculation for the
different surfaces are shown in Fig. 1. With the low-
est surface energy, the (001) surface is the most
stable in the perovskite ZnSnOj; structure. The (001)
surface has two types of terminations, Sn-O end and
Zn-O end. Calculated single point energy of the end
surfaces showed that the Sn—O end was the more
stable and was, therefore, used in subsequent calcu-
lations. Figure 2 shows that the Sn—O end of the (001)
surface expanded into a 3 x 1 supercell (a = 15.93 A,
b =533 A, and ¢ = 20.33 A) with four-layer atoms in
the supercell and alternating Sn—O and Zn-O layers.
In the calculation, the bottom two layers of atoms are
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Figure 1 The surface energies of (100), (010), (001) surfaces of
cubic ZnSnO3;, red = Oxygen atom, gray = Zn atom, white = Sn
atom.

fixed, and only the top two layers of atoms are
relaxed. Three initial adsorption sites, namely, O-top,
Sn-top, and Hollow-top, were considered in subse-
quent calculations (Fig. 2b).

Adsorption of acetone molecules by a clean
ZnSn0;(001) surface

First, the adsorption of acetone molecules on a clean
ZnSnO; (001) surface without pre-adsorbed oxygen
was studied in a vacuum. Figure 3 shows the three
initial adsorption sites on the surface of ZnSnO5(001)
that were considered. The acetone molecules
approach the surface with the O™ end facing down at
these sites. For all three adsorption optimized struc-
tures after structural optimization, the acetone
molecules are adsorbed on the surface with the O end
close to the Sn atom. The E,4s and charge transfer
capacity of these structures are shown in Table 1.
Table 1 shows that the E,4s of the three adsorption
structures are all less than zero, indicating that the
adsorption of acetone molecules on the clean
ZnSnO5(001) surface is exothermic and spontaneous
process. The Bader charge analysis results for all
three adsorption structures show that acetone mole-
cules capture electrons from the surface, and the
ZnSn0O3(001) surface loses 0.021 e, 0.016 e, and 0.008 e
electrons. The small transferred charge indicates that
the adsorption of acetone molecules on the clear
ZnSn0O3(001) surface is a physical adsorption process
dominated by van der Waals forces. ZnSnO; is an
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Figure 2 a The side view of
clean ZnSnO; (001) surface,
Red = Oxygen atom,

gray = Zn atom, white = Sn
atom, b three Initial adsorption
sites.

Figure 3 The configuration of
molecular acetone adsorption
on ZnSnO3(001) surface. The
left part is before optimizing
the structure, the right part is
after optimizing the structure.
(T1) O end down at Sn site;
(T2) O end down at O site;
(T3) O end down at hollow
site.

(a)

: 3235

—  O-top

—— Hollow-top

I Sn-top
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Table 1 Properties of the adsorption acetone molecular on the
ZnSn03(001) surface at the standard condition

E.4s (€V) Surface charge transfer (e)
T1 —0.19 — 0.021
T2 —0.34 — 0.016
T3 - 0.1 — 0.008

n-type semiconductor in which electrons act as car-
riers [41]. The calculation results show that during
the adsorption process, acetone molecules act as
charge acceptors, and ZnSnO; materials act as charge
donors. The adsorption of acetone molecules causes a
decrease in the carrier concentration and an increase
in resistance. This result is contrary to the experi-
mental  observations. Therefore, the clean
ZnSnO5(001) surface model could not be used to
analyze the response mechanism of the ZnSnO; gas-
sensitive material to acetone gas.

In the working environment of a gas sensor, the
gas-sensitive material first adsorbs oxygen in the air
to form O, ions on the surface before contacting the
target gas that decomposes into O™ as the tempera-
ture increases. This reaction is shown in Egs. (5)-(7)
[45].

0 (gas) — Oo(ads) (5)
Oz(ads) + e~ — O, (ads) (6)
O; (ads) — 207 (ads) (7)

Therefore, a model for the ZnSnO5(001) surface
with pre-adsorbed O (O, and O™) was established to
increase the consistency between the calculation
model and experimental results.

Pre-adsorption of O, molecules
on the ZnSn0O3(001) surface

Three adsorption sites are considered for the
adsorption of O, molecules on the ZnSnO3(001) sur-
face. Two initial adsorption configurations are con-
sidered for each adsorption site corresponding to O,
molecules perpendicular and parallel to the surface.
The distance between an O, molecule and the surface
is 2.5 A. The structures before and after optimization
are shown in Fig. 4. In this section, the E,qs was
corrected at standard condition.

Comparing the N1-N4 models presented in Fig. 4
with the initial adsorption structure shows that the
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optimized O, molecules are close to the ZnSnO3(001)
surface and tend to approach the Sn sites of the sur-
face. However, the O, molecules are far from the
ZnSnO5(001) surface in the N5 and N6 adsorption
structures. Table 2 provides the E, 4, of the adsorption
structures for N1-N6, as well as the changes in the
O=0 bond length and the transferred charge of the
O, molecules. The E,4s of the N1-N4 models shown
in Table 2 is all less than zero, indicating that the
adsorption reactions proceed spontaneously for these
models. By comparison, the adsorption energies of
N5 and N6 are small (— 0.04 eV and 0.01 eV,
respectively), where the adsorption reaction in N6 is
endothermic and not spontaneous. Structural opti-
mization changes the O=0O bond length for N1-N4 by
0.016 A, 0.017 A, 0.043 A, and 0.041 A, whereas no
significant changes were observed for N5 and Neé.

The DOS plots of adsorbed and free O, for models
N1-N6 were compared to elucidate the adsorption
mechanism of O, on the surface. In Fig. 5, the DOS
plots of O, in N5-N6 are very similar to that of free
O,, and only positional differences can be observed.
Thus, there is no change in the O=O bond in the O,
molecules in these two adsorption structures. In the
DOS plots of O, for N1-N4, the peak at the Fermi
level shifts to the low energy side, and distinct peak
splitting and dispersion occur at — 6.5 eV and near
the Fermi level, suggesting the occurrence of chemi-
cal reactions between O, and the surface. N1 and N3
were selected as representative models to perform a
PDOS analysis, and the results are shown in Fig. 6.
The complete overlap between the p orbitals of O,
and Sn near the Fermi level indicates a strong
chemical reaction between the Sn ion and O,. Fig-
ure 6b shows similar adsorption for N3 and N1. The
Bader charge analysis (Table 2) shows that O, cap-
tures electrons from the surface during chemical
adsorption, and the obtained electrons are mainly
distributed on the O atoms close to the surface. The
results show that O, is most easily adsorb on the
ZnSnO5(001) surface at the Sn-top and hollow-top
sites of the surface and eventually adsorb on the Sn
site, O, captures electrons from the surface to form
the O, ion during the adsorption process. This
stable chemical adsorption provides favorable con-
ditions for the dissociation of oxygen on the surface
and the chemical reaction with the target gas.

The phenomenon of O, capturing electrons from
the surface is consistent with the experimental
observation that n-type semiconductors react with
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Figure 4 The configuration of
molecular oxygen adsorption
on ZnSnOj3 (001) surface; the
left are before optimizing the
structure; the right are after
optimizing the structure; the
oxygen molecule is
perpendicular to the Sn site
(N1); the oxygen molecule is
parallel to the Sn site (N2); the
oxygen molecule is
perpendicular to the hollow
site (N3); the oxygen molecule
is parallel to the hollow site
(N4); the oxygen molecule is
perpendicular to the O site
(NS); the oxygen molecule is
parallel to the O site (N6).
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Table 2 Properties of the adsorption oxygen molecular on the
ZnSn03(001) surface

E.4s(eV) doo(A) Charge transfer of O, (e)
N1 — 0.249 1.250 + 0.126
N2 —0.231 1.251 + 0.128
N3 — 0.471 1.277 + 0.127
N4 — 0.469 1.275 + 0.183
N5 — 0.04 1.235 + 0.015
N6 0.01 1.235 + 0.015
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Figure 5 The DOS of free O, and adsorbed O, in model N1-N6.
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oxidizing gases. Therefore, the surface with an O,
molecule adsorbed on an Sn-top site was used as the
surface with pre-adsorbed O in subsequent
calculations.

Interaction between the ZnSnO5(001)
surface with pre-adsorbed O, and acetone
gas

The interaction between the ZnSnO;3(001) surface
with pre-adsorbed O, and acetone gas molecules
was studied to elucidate the adsorption mechanism.
The five initial adsorption structures shown in Fig. 7
were considered. As Fig. 7 shows, after structural
optimization of models M1 and M2, the acetone
molecules lie far from the ZnSnO3(001) surface,
which indicates that an upward-pointing O end does
not facilitate adsorption of acetone molecules. Struc-
tural optimization of models M3 and M4 results in
the acetone molecules being close to the ZnSnO5(001)
surface, where the O end tends to approach the Sn
ion on the surface. In M4, the pre-adsorbed O, dis-
sociate from the surface under the influence of the
acetone molecules. M5 structure indicates that the
oxygen molecules dissociate on the surface(the dis-
tance between O atoms changed from 1.23 to 1.47 A),
and one of which connects to the C atom in the car-
bonyl group of acetone to form methyl acetate, which

Sn-s b |
Sn-p ( ) :
—— O,-p '
. i
> '
L 101 |
wi 1
= '
o '
= '
o '
2 i
=) '
7] :
8 :
& 5T E
i
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Figure 7 The configuration of
molecular acetone adsorption
on ZnSnOj3 (001) surface of
pre-adsorbed O,. The left are
before optimizing the
structure. The right are after
optimizing the structure.(M1)
The O end upward and the H
end is close to the pre-
adsorbed oxygen; (M2) The O
end upward and the carbon
atom is close to the pre-
adsorbed oxygen; (M3) The
acetone is parallel to the
surface and the H end are close
to the pre-adsorbed oxygen;
(M4) The acetone is parallel to
the surface and the O end are
close to the pre-adsorbed
oxygen; (M5) The O end down
and the carbon atom is close to
the pre-adsorbed oxygen.
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is consistent with the results reported in the Ref. [46].
Cleavage of the Sn—O bond also occurs in M5.

In the DOS plots of the acetone molecules in M1-
M5 presented in Fig. 8. In M1 and M2, the peak of
acetone is shifted to the low-energy side with no
apparent split compared to the DOS for free acetone
molecules, this indicates that the interaction between
the acetone molecule and the surface in M1 and M2 is
relatively weak. The DOS plots of acetone for M3 and
M4 shift to the low energy side, and distinct struc-
tural changes occur, indicating that gas molecules in
M3 and M4 are chemically adsorbed to the surface.
At the same time, the high similarity of the peak
shapes (Fig. 8) indicates that similar adsorption
reactions occur in M3 and M4. In the M5 structure,
the DOS peak of the acetone molecule has the
strongest dispersion, indicating that is a strong
interaction between gas molecules and the surface.
The distinct changes in the peak structure in the DOS
plot of acetone molecules in models compared with
that of free acetone molecules may be caused by
charge transfer.

Table 3 shows the E.4s for M1-M5 at different
temperatures and the transferred charge of the ace-
tone molecules. At 298.15 K, 1 atm condition, the E_ 4
of M1-M4 structures are all less than 0, the E, 4 of M5
structure is bigger than 0, indicating that the reac-
tions in M1-M4 can proceed spontaneously, while the
adsorption reaction in M5 is non-spontaneous and
endothermic. At 623.15K, 1atm condition, all
adsorption reactions can proceed spontaneously, and

70

60 __/\_/u\_/\/\J\A——/\/\“’\_,\_J\E_

20

DOS(Electrons/eV)

Ml

10 Free acetone /\/\ /\/\/\ |
0 /|\ /\ T T T ll/\
-16 -14 -12 -10 -8 -6 -4 -2 0
Energy(eV)

Figure 8 The DOS of free acetone and adsorbed acetone in M1-
MS5.
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the absolute value of E,qs is greater than under
standard conditions, which indicates that the high
temperature, adsorption reactions are more likely to
occur and the adsorption structure is more stable.
The Bader charge analysis (Table 3) shows that in M1-
MS5 structures, the surface is the electron acceptor and
the acetone molecule is the electron donor. As know
the absolute value of the E,qs increases with the
charge transfer in M1-M4. But in the M5 adsorption
structure, acetone molecules provide a charge of
0.544 e to the surface, indicating strong and
stable chemical adsorption of acetone molecules by
this structure. But the E,4s results show that com-
pared with M3 and M4, the adsorption reaction in M5
can only occur at high temperatures.

Models M4 and M5 were selected for CDD and
PDOS analyses to elucidate the adsorption mecha-
nism of acetone molecules on the surface with pre-
adsorbed O. Figure 9 shows the CDD plots for M4
and M5, where the blue and yellow areas correspond
to charge divergence and convergence, respectively.
In Fig. 9a, charge transfer mainly occurs inside the
carbonyl group and between the acetone O and the
5n on the surface (in M4, the C atom in the carbonyl
group loses a charge of 0.89 e and becomes positively
charged, whereas the O atom gains a charge of 1.11 e
to become negatively charged). And the pre-ad-
sorbed O, molecules at the surface are dissociated
and, therefore, transfer almost no charge to the sur-
face. Figure 9b shows that charge transfer mainly
occurs inside the carbonyl group of the acetone
molecule and between the acetone molecule and the
active lattice O on the surface. When acetone is
adsorbed on the ZnSnO;3(001) surface, charge transfer
occurs between C=0 bonds of the carbonyl group. An
electrophilic positively charged C center and a
nucleophilic negatively charged O center are gener-
ated because the O atom in the carbonyl group is
more electronegative than the C atom. An elec-
trophilic (nucleophilic) substance reacting with ace-
tone will preferentially attack the O atom (C atom) in
the carbonyl group. Therefore, the following mecha-
nism is proposed for acetone adsorption in M3 and
M4. The negatively charged O center in the carbonyl
group of the acetone molecule undergoes a nucle-
ophilic reaction with the Sn ion on the surface and is
adsorbed on the surface through a lone electron pair.
In M5, the active lattice oxygen first reacts with the
acetone, generating an acetone-oxygen complex. At
the same time, the pre-adsorbed O, molecule pre-
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Table 3 Properties of the
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Charge transfer of C;HgO (e)

623.15 K, 1 atm

adsorption acetone molecular Model Eaas(eV)
on the ZnSnO5(001) surface of 298.15 K., 1 atm
pre-adsorbed O,

Ml — 0.302

M2 —0.419

M3 — 0.791

M4 — 0933

M5 0.224

— 0.792 — 0.016
— 0.909 — 0.016
— 1.261 — 0.076
— 1.403 — 0.089
— 0.366 — 0.544

Pre-adsorbed O,
molecule

(a) g

Figure 9 The CDD of M4, M5. Blue represents the region of
charge divergence, yellow represents the region of charge
convergence. aM4, bMS5. The isosurfaces refer to isovalues of
1 x 107 electrons/bohr’.

adsorbed on the surface dissociates, and an O atom
attacks the positively charged C center of the car-
bonyl group in acetone, causing the acetone-oxygen
complex to be oxidized [13]. The reaction of the active
lattice O on the surface with the acetone forms an O
vacancy. This vacancy is filled by the O atom that
does not participate in the reaction after the dissoci-
ation of O, molecules and adsorbs at the Sn site on
the surface. This consumption-replenishment process
conforms to the Mars-van Krevelen (MvK) mecha-
nism [29].

Figure 10 shows the PDOS of M4 and M5. Fig-
ure 10a shows the PDOS plots of O atoms in acetone
and surface Sn atoms in M4. The adsorption of ace-
tone molecules at the Sn site on the ZnSnO5(001)
surface results in strong hybridization between the

O-p orbital and Sn-p orbital in acetone near the Fermi
level, indicating that the bonding between Sn-O is
mainly caused by hybridization between the p orbi-
tals of Sn and O. The PDOS plots of the O atom in
acetone and the O atom in the broken Sn—O bond on
the surface of M5 (Fig. 10b) show peak overlap
between the p orbitals of the acetone O atom and the
surface O near the Fermi level and at a low energy
level. Thus, when acetone adsorbs on the
ZnSnO5(001) surface in M5, the bonding between the
O in the methyl acetate product and the O atom on
the surface is mainly associated with the O-p orbital.
Figure 10c shows that the C atom in the carbonyl
group and O atom in the O, undergo strong
hybridization, where the peak overlap of the p orbi-
tals is near the Fermi level and the s-orbital overlap is
at a low energy level. The PDOS analysis shows a
newly formed and stable C-O bond in M5 [48].

The DFT results show that two main reaction paths
can cause changes in material resistance. The first
reaction path consists of acetone replacing the pre-
adsorbed O, and directly adsorbing on Sn** on the
surface through ionic bonds. The second path is that
acetone reacts with the surface to generate an ace-
tone-O complex. Compared with the first reaction
path, this reaction process is accompanied by a large
amount of charge transfer, which can significantly
change the resistance of the ZnSnO3(001) surface
results in improving gas sensitivity. However, the
second reaction path cannot proceed spontaneously
at room temperature, and the E,q4s at high tempera-
tures is much smaller than that of the first reaction
path. This result is caused by the dissociation of pre-
adsorbed O, and the cleavage of the Sn—O bond.
Therefore, under normal temperature conditions,
acetone molecules can only react with the surface of
ZnSnOj; through the first reaction path, while at high
temperatures, acetone molecules can react with the
surface of ZnSnO; through two reaction paths. This
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Figure 10 The PDOS of M4 and M5. a The PDOS of O atoms of acetone and Sn ion in M4; b The PDOS of O atoms of acetone and O
atoms of surface in M5; ¢ The PDOS of C atom in the carbonyl group and O atom from pre-adsorbed O,.

result shows that ZnSnO; nanosheets can exhibit
higher sensitivity at high temperatures.

Interaction between ZnSnO3(001) surface
with pre-adsorbed O™ and acetone gas

An adsorption model of acetone molecules on the
ZnSnO5;(001) surface with pre-adsorbed O™ after O,
decomposed into O™ at high temperatures was ana-
lyzed to elucidate the gas-sensing mechanism via
adsorption at high temperatures. The results pre-
sented above show that the Sn site on the
ZnSnO5(001) surface is the active adsorption site.
Therefore, the ZnSnO5(001) surface with an O atom
adsorbed at the Sn site was selected as the pre-
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adsorbed surface, and acetone molecules were
introduced to the model with the pre-adsorbed sur-
face. Figure 11 shows the four initial adsorption
models that were first considered. Structural opti-
mization produced acetone molecules being close to
the surface for models K1-K3, whereas the acetone
molecules are far away from the surface for model
K4. Thus, proximity of the H end of the acetone
molecule to the surface precludes adsorption. Since
the dissociation reaction of oxygen molecules only
occurs at high temperatures, in this section the E, 4 is
only corrected at 623.15K, 1atm. As shown in
Table 4, the E,4qs of K1, K2 and K3 are all less than
zero, indicating the spontaneous interaction between
acetone molecules and the ZnSnO3(001) surface with
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Figure 11 The configuration
of molecular acetone
adsorption on ZnSnOj3 (001)
surface of pre-adsorbed O~.
The left are before optimizing
the structure. The right are
after optimizing the structure.
(K1) Acetone is above the pre-
adsorbed oxygen and the
carbon atoms is close to the
pre-adsorbed O; (K2) Acetone
is above the pre-adsorbed
oxygen and the O end is close
to the pre-adsorbed O; (K3)
Acetone is above the surface
and O end are close to the
surface; (K4) Acetone is above
the surface and H end are close
to the surface.

Table 4 Properties of the adsorption acetone molecular on the
ZnSn03(001) surface of pre-adsorbed O™

Model E.qs (eV) Charge transfer of C3HqO (e)
K1 — 1.16 —0.59
K2 — 1.65 —0.10
K3 — 1.63 —0.11

pre-adsorbed O™. The Bader charge analysis shows
that the acetone molecules in K1, K2, and K3
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lose — 059 e, —0.10 e, and — 0.11 e electrons,
respectively, demonstrating that the acetone mole-
cules donate electrons to the surface during the
adsorption reaction.

DOS and CDD analyses were carried out to eluci-
date the gas-sensing mechanism of the ZnSnO3(001)
surface with pre-adsorbed O~. Comparing the DOS
plot of free acetone with those presented in Fig. 12 for
acetone adsorption with the three optimized models
shows a shift to the low energy side for all three
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models and a significant change in the peak structure.
Thus, chemical adsorption occurs between the ace-
tone and the surface for the three models. As the DOS
plots of acetone molecules are similar for K2 and K3,
the adsorption reactions for K2 and K3 are also sim-
ilar. Therefore, K1 and K2 were selected as repre-
sentative models for PDOS and CDD analyses.
Figure 13 shows the PDOS analysis of K1 and K2.
Figure 13a shows that in K1, the p orbital of the C
atom in the carbonyl group of the acetone molecule
overlaps the p orbital of the pre-adsorbed O,
demonstrating the formation of a new C-O bond.
Figure 13b shows strong orbital hybridization in K2
between the O-p orbital in acetone and the Sn-p
orbital on the surface. The CDD plots of K1 and K2
(Fig. 14) show that the pre-adsorbed O~ ion first
attacks the positively charged C center in the car-
bonyl group of acetone molecule to form methyl
acetate and is then adsorbed to the Sn site on the
surface via the pre-adsorbed O™ (Fig. 14a). In K2, the
negatively charged O center in the carbonyl group of
acetone molecule first undergoes a nucleophilic
reaction with Sn** on the surface and then adsorbs on
the surface. This adsorption process is very similar to
that for M4 (Fig. 14b).

The DFT calculation results show that there are two
reaction paths with high charge transfer between the
acetone molecules and the ZnSnO3 nanosheets. The
first path is the direct adsorption of acetone mole-
cules on Sn** on the surface, and the second path is
the chemical reaction of acetone with the pre-

80
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Figure 12 The DOS of free acetone and adsorbed acetone in K1-
K3.
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adsorbed O, followed by forming acetone-O com-
plex adsorption on the surface via the pre-adsorbed
O™. In the second adsorption reaction path, the
amount of charge transfer increases significantly,
which played a critical role in the response of the
ZnSnO; to the acetone gas.

Experimental result
Synthesis and characterization of ZnSnQOjs

Figure 15 shows the characterization results of the
synthesized ZnSnO;. The crystalline phases of pre-
pared ZnSnO; were characterized by XRD in Fig. 15a,
the peaks can be classified as perovskite orthorhom-
bic ZnSnO3(JCPDS 28-1486), indicating the successful
preparation of perovskite-type ZnSnO;[49]. The
crystal size of ZnSnO; nanosheets is calculated by the
Scherrer formula, as shown in Eq. (8),

D = (0.89 % 1)/(p * cos 0) (8)

where D is the crystal size, 4 is the wavelength of
incident X-ray, f§ is the half-width of the diffraction
peak, and 0 is the diffraction angle. After calculation,
the crystal size of ZnSnO; nanosheets is about 17 nm.

The SEM images of the ZnSnO; nanosheet are
shown in Fig. 16. As shown in Fig. 16a, the low-
magnification SEM images demonstrate that the
synthesized ZnSnOj; is a sheet-like structure with
holes on the surface of the sheet. This phenomenon
can be significantly observed in the high magnifica-
tion SEM images (Fig. 16b). After measurement, the
surface hole diameters of the ZnSnO; nanosheets are
about 10-40 nm. To further confirm the morpholo-
gies and structures of the ZnSnO; nanosheet, TEM
was performed. As shown in Fig. 17a, the side length
of the ZnSnO3; nanosheet is between 80 and 200 nm
and the size distribution is relatively uniform. In
addition, as shown in Fig. 17c, the structure of the
hole on the surface could be observed, the diameter is
about 19.7 nm, which identifies with the results of
SEM. In the HRTEM image (Fig. 17b), a well-resolved
lattice fringe of 0.26 nm and 0.33 nm can be observed,
which corresponds to the (110) and (012) crystal face
of ZnSnO;, respectively. As shown in Figs. 17d-f,
according to the EDX results, the uniform distribu-
tion of Sn, Zn, O elements confirms that ZnSnOj;
nanosheet was successfully obtained. The element
atomic fraction percentage of Zn, Sn, O in the
nanosheet is calculated as 20.15%, 21.85%, 57.9%,
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Figure 13 The PDOS of model K1 and K2, a The POS of pre-adsorbed O™ and C of acetone; b The POS of O atom of acetone and Sn

atom.

Figure 14 The CDD of model M1 and M2, blue represents the
region of charge divergence, yellow represents the region of
charge convergence, a model M1; b model M2. The isosurfaces
refer to isovalues of 1 x 107 electrons/bohr”.

respectively. The atomic ratio of Zn: Sn: O was close
to 1: 1: 3, further proving that ZnSnO3; nanosheet was
successfully prepared.

Intensitivity(a.u.)

JCPDS 28-1486

L]

20 30 40 50 60 70
20(Degree)

Figure 15 The XRD of the ZnSnO3 nanosheet.

Gas sensitivity test

Figure 18 shows the gas sensitivity test results of
sheet-like ZnSnO;, including the optimal operating
temperature, concentration analysis, and selectivity
measurement. The sensitivity of the ZnSnOj sensor to
acetone gradually increased with the temperature,
reaching 125.444 at 350 °C (Fig. 18a). The sensitivity
trended downward upon increasing the temperature
further, indicating 350 °C as the optimal operating
temperature. According to the previous DFT calcu-
lation results, the chemical reaction between the
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2
2

Yef

Figure 16 The a low magnification; b high magnification SEM images of the ZnSnO; nanosheet.

acetone molecule and the surface of the material is
divided into low charge transfer reaction and high
charge transfer reaction. The low charge transfer
reaction is more likely to occur, but it is hard to cause
a significant change in the resistance of the material.
The high charge transfer reaction is accompanied by
a large amount of charge transfer in the process,
which can cause significant changes in the resistance
of the material, but it is not easy to occur because of
the high energy barrier that compares with low
charges transfer reaction. Therefore additional energy
supply can break the energy barrier and promote the
occurrence of high charge transfer reactions. Before
the operating temperature of the ZnSnO; sensor up to
the optimal temperature, the increase of the operating
temperature makes the high charges transfer reaction
occur easily, resulting in the continuous improve-
ment of sensitivity for ZnSnO;. However, the des-
orption rate was higher than the adsorption rate
above the optimal working temperature, resulting in
a decrease in the sensitivity [50].

A concentration-response test is an important
means of measuring the responsivity of gas-sensitive
materials. The sensitivity of the ZnSnOj; sensor
gradually increased with the acetone concentration,
where the sensitivities to 5-500 ppm acetone were
8.37,23.745, 81.398, 106.167, 122.252, 194.953, 222.567,
and 390.636 (Fig. 18b). In practice, a sensor should
not be affected by a complex environment containing
multiple gases with similar properties, while being
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selective to the target gas. The test results presented
that in Fig. 18c, the sensitivity of ZnSnO3 sensor to
100 ppm of five VOCs of ammonia, methanol,
mathanal, ethanol, and acetone at 350 °C was 14.676,
55.48, 43.257, 33.304, and 125.444, respectively. The
ZnSnOj; sensor was 7.39, 2.26, 2.89, or 3.73 times more
sensitive to acetone than the other VOCs. It is evident
that the sensor exhibits good selectivity to acetone
gas and could accurately detect acetone in a complex
gas environment. In addition, Fig. 18c also shows the
dynamic resistance curve of sheet-like ZnSnO;. The
resistance of the material decreases in an acetone
atmosphere and increases in an acetone-free envi-
ronment. This phenomenon is consistent with the
sensing behavior of n-type semiconductors for
reducing gases.

As shown in Fig. 18d, when the ZnSnO; sensor in
the acetone atmosphere, reacts with acetone gas
quickly and the resistance value decreases rapidly.
This phenomenon fits well with the DFT results
during the chemical reaction ZnSnO; gains electrons,
thus the carrier concentration increases resulting in
the resistance decreases between the ZnSnO; and
acetone gas. The response/recovery time of ZnSnOj;
was 4s/27 s (Fig. 18e), this is due to the sheet
structure and the micro-holes on the surface of the
material providing a large specific surface area and
more active sites, which is conducive to the rapid
reaction between the target molecule and the surface
of material. To further evaluate the long-term
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Figure 17 The a TME image;
b HRTEM images; c—f EDX
images of the ZnSnOj3
nanosheet.

stability and repeatability of the sensor, the sensitiv-
ity of sheet-like ZnSnO; sensor to 10/100 ppm ace-
tone was tested. The test period was 35 days, and five
tests were performed at an interval of seven days. As
shown in the Fig. 18f, the sensitivities to 10/100 ppm
acetone were 22.074, 21.665, 23.674, 20.563, 19.788 and
129.535, 129.745, 124.863, 122.804, 122.729, respec-
tively. The sensitivity showed a slightly decreasing
trend, but the result indicated that the sheet-like
ZnSnO; sensor has excellent stability and
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repeatability to 10 ppm/100 ppm acetone. The sen-
sitivity of the fifth test still reached 89.64% and
94.74%, respectively, of that of the first test, indicating
that the sheet-like ZnSnO; sensor had a good appli-
cation potential in practical applications.

Compared with other sensors for 100 ppm acetone
summarized in Table 5, the sheet-like ZnSnO; pre-
sents the highest sensitivity and excellent response/
recovery time, the sensitivity even higher than other
sensors which at 250 ppm. However, the ZnSnO;
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Figure 18 Test results for gas sensitivity; a The working
temperature and sensitivity curves of sheet-like ZnSnOj;
materials in 100 ppm acetone gas; b The response curve of the
sheet-like ZnSnO; sensor to acetone gas at concentrations of
5-500 ppm at 350 °C (insert: The Dynamic resistance curve);
¢ The response curve of the sheet-like ZnSnOj3 sensor to 50 ppm

acetone gas at 425 °C; d Resistance change curves of sheet-like
ZnSnOj; sensor; e The response/recovery time curve of sheet-like
ZnSnOs; sensor to acetone. (350 °C, 100 ppm); f The repeatability
and stability test of ZnSnOj; sheet-like sensor to 10 ppm/100 ppm
acetone gas at 350 °C.

Table 5 The performance comparison between ZnSnO; sensor and acetone gas sensor reported previously

Material

Operating temperature (°C)  Gas concentration (ppm)  Response/Recovery time(s)  Sensitivity ~ Reference
Fe,O; foam 300 100 4/10 11.6 [51]
In,O3/ MWCNT 300 250 9/96 15.97 [52]
ZnO/NiO 275 100 1/20 29.8 [53]
Co304 180 100 43/96 7.6 [54]
ZnO 400 100 6/5 20.27 [55]
ZnSnO;3 350 100 4/27 125.44 This paper

sensor has a higher optimal operating temperature. results, there is a strong interaction between the

Therefore, reducing the optimal working tempera-
ture and further improving the sensitivity is the focal
point direction in the follow-up subject.

Conclusions
A detailed study of the adsorption of acetone gas by

ZnSnO; was carried out using calculations and
experiments. According to the DFT calculation
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surface of ZnSnO5(001) pre-adsorbed O~ and O,
and acetone molecules. During the adsorption reac-
tion, electrons are transferred from acetone to the
surface. The adsorption reaction can be divided into
low charge transfer reaction and high charge transfer
reaction. Compared with low charge transfer reac-
tion, high charge transfer reaction always has the
generation of acetone-O complex, in addition, the
reaction process due to a large amount of charge
transfer, the resistance of the material can be
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significantly changed to improve the sensitivity of the
ZnSnO; sensor, but it has a higher energy barrier thus
it is difficult to occur. The prepared perovskite-type
ZnSnO; has a sheet-like structure with a side length
of approximately 80-200 nm, resulting in a large
specific surface area that provides a large number of
active adsorption sites. Gas sensitivity test results
showed that the sensitivity of the ZnSnOj; increases
with the increase in operating temperature, until the
optimal operating temperature of 350 °C, this is
because the increase in temperature is conducive to
the occurrence of high charge transfer reactions. The
sensitivity of ZnSnOj; to 5 ppm acetone was 8.37. A
selectivity test showed that ZnSnO; was more than
two times more selectivity to acetone than five other
VOCs and 7.39 times more selectivity to acetone than
ammonia gas. In the five-week stability and
repeatability test, the sensitivity to 10/100 ppm ace-
tone of sheet-like ZnSnOj3 sensor could still maintain
at 89.64% and 94.74% of the first test result. The study
results show that ZnSnOj; can accurately detect ace-
tone gas with excellent selectivity. This study pro-
vides theoretical guidance for future research and
development of a ZnSnOj; sensor.
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