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For metal oxide gas sensors, the upstream theoretical mechanism can provide both quantum guidance for
screening favorable materials and important insights in fabricating electronic devices. However, except for
widely popular Yamazoe’s ‘receptor-transducer-utility’ model, some specific theoretical models still lack for
diverse sensing properties of metal oxide semiconductor currently. Based on a deeper understanding of
surface catalytic mechanism, n-type SnO, was selected as an example to screen a better solution. Herein,
hierarchical SnO, microcubes assembled from cross-stacked nanoslices were synthesized via a self-tem-

ﬁ?ﬁgi;ﬁiel plated method, and the SnO, microcubes displayed versatile performances with excellent response to
Sn0, microcubes 100 ppm ethanol (Sr = Rair/Rgas = 56.9), relative low optimal working temperature of 170 °C, good re-
Gas sensor peatability under high R.H. (90%) and ultra-low detection limit even under 0.1 ppm. The performances of
Mechanism Sn0, nanofilms, hierarchical SnO, nanotubes and commercial SnO, powder were also studied. The results

DFT calculation showed that the increase of exposed higher energy facet of (101) and rich oxygen vacancies on 3D-crossed
nanoslices of SnO, microcubes contribute to outstanding gas sensing performances, which were also
confirmed by the DFT calculations. These demonstrate a diverse sensing mechanism and a new insights for
state-in-art gas sensing materials of SnO,.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction environmental quality evaluation, exhaled gas diagnosis and breath

analysis. During the past several years, considerable efforts have

Sensor is a functional device for sensing, collecting, converting,
transmitting and processing all kinds of information. It is one of the
important infrastructures for modern science and technology, par-
ticularly gas sensors exhibit extraordinary performance in toxic/ex-
plosive gas detection, indoor and outdoor pollutant monitoring,

* Corresponding author at: School of Marine Sciences, Coral Reef Research Center of
China, Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Guangxi
University, Nanning 530004, China.

= Corresponding authors.
E-mail addresses: wangliwei0427@163.com (L. Wang),
xiyongchen@gxu.edu.cn (X. Chen), shaolongzhang@outlook.com (S. Zhang).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.jallcom.2022.164973
0925-8388/© 2022 Elsevier B.V. All rights reserved.

been continuously devoted to exploring the design and synthesis of
sensing materials with various dimensional and morphological
structures from nanostructured individuals or their heterojunctions
[1-5]. Among these, metal oxide semiconductor (MOS)-based gas
sensors have evoked strong ardor due to their highly stability, easy
fabrication, low cost and device compatibility [6-8]. Typically, the n-
type SnO,-based gas sensors have been widely researched [9-13]
and various nanostructured SnO, hosts exhibit quite different gas-
sensing properties in selectivity, sensitivity, limit of detection, and so
on [14,15], indicating the gas sensing properties are significantly
affected by the construction mode. With the tremendous contribu-
tion to developing SnO,-based gas sensors, theoretical mechanism
can be as driving force of the quantum guidance for screening
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Fig. 1. Illustration of the synthetic process of hierarchical SnO, microcubes.

favorable gas sensing materials and important insights in fabricating
electronic devices. However, some specific explanations or theore-
tical quantum models, including the widely accepted Yamazoe’s
‘receptor-transducer-utility’ model which is based on the transfer of
electrons between surface-adsorbed oxygen and conduction band
[10,11,16,17], are still insufficient to elucidate how structural changes
affect the gas sensitivity. What's more, it is rarely reported on how to
control the design of high-performance SnO,-based gas-sensitive
nanomaterials in theory to date [18-20], and thus screening of high
performance SnO,-based sensing-materials is impeded to some ex-
tent. In consequence, it remains a great challenge to select a proper
mechanism to give in-depth understanding of the structural design
for SnO,-based gas-sensitive nanomaterials.

To the best of our knowledge, the gas sensitive mechanism of n-
type metal oxides semiconductor such as SnO, sensor materials
depends on the surface reactions between the oxygen vacancies
behaving a filled donor state and gas molecules. Oxygen molecules
in the air occupying the oxygen vacancies and then capturing elec-
trons from the materials result in forming negative oxygen species.
Once the reducing gas enters, it will react with negative oxygen
species on the surface of the sensitive material and release electrons.
As a result, the resistance changes of the sensitive material give rise
to the sensing response. Hence, the enhancement of oxygen va-
cancies concentrations to obtain more active sites would play a
crucial part on the sensing performance to the target gas. Thereinto,
Zhang et al. [10] reported that the enhanced gas sensing perfor-
mance of SnO, can be achieved through engineering crystal struc-
tures with controllable exposure of specific high energy facets. The
facets of (110) and (101) are often exposed in SnO,, while the surface
energy of (101) is relatively higher than that of (110). Hence, ob-
taining SnO, nanomaterials with more exposed (101) crystal planes
is beneficial to improve gas sensitivity [10,21]. Furthermore, the ef-
fect of other synthesis-process-dependent structural parameters
(morphology, grain size, surface defect, etc.) on sensing perfor-
mances can’t be ignored as well [22], since the sensing properties
can be enhanced with larger specific surface area and abundant
oxygen defects [23-25]. In addition, the experimental characteriza-
tions and theoretical calculations make a tremendous contribution
to get the clarification of comprehensive sensing nature [26-32], as
well as the development of nanoscaled devices with flexible and
wearable features [21,33].

Herein, we elaborately designed an efficient modified self-tem-
plated strategy to fabricate 3D n-type SnO, microcubes, which were
assembled from cross-stacked nanoslices as well as containing rich
oxygen defects. The 3D n-type SnO, microcubes was achieved by
initially fabricating hierarchical SnS, microboxes precursor via hy-
drothermal treatment of ZnSn(OH)g cubes. Then, gradually heating
and annealing transformed the SnS, precursor into randomly cross-
assembled nanoslices with thicknesses of 10-15 nm. The prepared
SnO, microcubes dominates higher energy facet (101), which pro-
vide more active sites for gas adsorption and finally enhance the gas
sensitivity. Besides, the 3D n-type SnO, microcubes behave the

highest oxygen vacancy (Oy), which can afford more active oxygen
species to participate in the oxidation-reduction reaction occurring
on the surface of catalytic materials. Compared to SnO, nanofilms,
hierarchical SnO, nanotubes and commercial SnO, powder, the
prepared SnO, microcubes possess excellent sensing response to
ethanol with incomparable gas selectivity. Meanwhile, the SnO,
microcubes exhibited high response magnitude, relative low optimal
operating temperature, good repeatability under high R.H. (Relative
Humidity) and acceptable response/recovery times, as well as low
detection limit. Moreover, density functional theory (DFT) calcula-
tions revealed that the relatively higher adsorption energy facet of
(101) and the involvement of Oy on the building nanoslices of
hierarchically cubic structure play an irreplaceable role on surface-
molecule adsorption ability for ethanol. This study would provide
new insights and guidance in preparing remarkable functional ma-
terials in gas sensing.

2. Experimental section
2.1. Synthesis of hierarchical SnO, microcubes

The multistep production of the hierarchical SnO, microcubes is
illustrated in Fig. 1. Firstly, hydroxide ZnSn(OH)s cubes were pre-
pared by a co-precipitation method. Secondly, after hydrothermal
treatment, the ZnSn(OH)g cubes transformed into SnS,, namely in
situ phase transition of the obtained ZnSn(OH)s cubes precursor
without changing the spatial layout. Lastly, since SnS; is easy to be
oxidized at a high temperature, the SnO, microcubes product was
obtained by annealing the SnS, microboxes under the air atmo-
sphere.

2.2. Synthesis of ZnSn(OH)s cubes

A modified co-precipitation method was utilized to prepare ZnSn
(OH)g cubes [34]. Specifically, 10 mL of absolute ethanol containing
SnCl4*5H,0 (0.701 g) was added into 70 mL of ZnCl, (0.273 g) and
citric acid (0.384 g) aqueous solution under stirring. Then, 10 mL of
NaOH (2 M) solution was added drop by drop into the above solution
and kept stirring for 1 h. Additional 30 mL of NaOH (2 M) solution
was later added again for further 30 min reaction. The white ZnSn
(OH)g precipitate was harvested by centrifugation, washed with DI
water and absolute ethanol, and dried at 60 °C in vacuum.

2.3. Synthesis of hierarchical SnS, microboxes

The SnS, microboxes assembled by hierarchically stacked nano-
flakes can be synthesized via the self-template method [35]. Typi-
cally, 0.572 g of ZnSn(OH)s template, 0.160 g of H4EDTA and 0.090 g
of TAA were dispersed into 40 mL of DI water, and then transferred
into a 100 mL of Teflon-lined autoclave and maintained at 220 °C for
3 h. When cooled down, the yellow SnS, products were rinsed by
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Fig. 2. (a-c) SEM images of ZnSn(OH)s cubes, SnS, microboxes, and hierarchical SnO, microcubes (S1); (d) XRD patterns corresponding to (a-c); (e) TEM image and (f-g) EDX
elemental mapping of S1; (h) HRTEM image of nanoslice in S1; (i) The corresponding SAED pattern; (j) HRTEM image with lattice fringe; (k) AFM image and the surface height

variation curve of nanoslice in S1.

absolute ethanol several times and dried at 60 °C to get the SnS;
microboxes.

2.4. Synthesis of hierarchical SnO, microcubes

Hierarchical SnO, microcubes (labeled as Sample 1, S1) were in
situ transformed from the self-templated synthesized hierarchical
SnS, microboxes precursor. The SnS, precipitate was annealed in the
air by the following procedures to obtain SnO, microcubes: the
precursor was heated to 400 °C at a heating rate of 2 °C/min with
intermittent 20 min temperature holdings at 200 °C and 300 °C, then
finally kept annealing at 400 °C for 5 h.

For comparison, SnO, nanofilms (labeled as Sample 2, S2) and
hierarchical SnO, nanotubes (labeled as Sample 3, S3) were pre-
pared. More details can be seen in the Supporting Information (SI).
Besides, commercial SnO, powder (labeled as Sample 4, S4) was also
used as a contrast.

2.5. Material characterizations

The structure, morphology, specific area, as well as the chemical
state of SnO, samples were characterized by means of powder X-ray
diffraction (XRD, Rigaku Ultima IV, Japan; Cu Ka radiation,
A=1.5418 A), field emission scanning electron microscope (FESEM,
SU5000, Japan), transmission electron microscopy (TEM), selected-
area electron diffraction (SAED), and high-resolution TEM (HRTEM,
FEI Tecnai G2 f20 s-twin, 200 KV, USA) with energy dispersive X-ray
detector (EDX), N, adsorption-desorption isotherms based on the
Brunauer-Emmett-Teller (BET) equation (ASAP 2020, Micromeritics,
USA), X-ray photoelectron spectroscopy (XPS, Thermo Scientific

Escalab 250Xi, Al Ka X-ray monochromator), atomic force micro-
scope (AFM, Hitachi 5100 N) and electron spin resonance (ESR, JES-
FA300, Japan).

2.6. Gas sensor assembly and sensing test

Gas-sensing tests were performed on a CGS-8 intelligent static
test system (Beijing Elite Tech Co. Ltd., China) (Fig. S1), enabling
precise control of the gas flow, the gas composition, and the mea-
surement of electrical resistance. During the whole process, dry air
was used as the reference and gas balance. Besides, certain water
vapor was pre-mixed with ethanol vapor and air at room tempera-
ture (20 °C) to reach tunable R.H., and the sensor response is defined
as S =R4/Rg for reductive gases, where R, is the sensor resistance in
air, and R is the sensor resistance in target gas phase [36]. The de-
tails have been described in our previous works [36,37], more details
can be also found in the SI.

2.7. Computational methods

DFT (density functional theory) calculations were carried out
using Vienna Ab-initio Simulation Package (VASP) for all the geo-
metry structures in this work [38]. The exchange-correlation inter-
actions of the molecules and surface were described by the
generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) function [39,40]. The cut-off energy was set at
400eV for the plane-wave basis set, and the convergence criterion

for the energy and force was set to 10 eV and 0.02 eV/A, respec-
tively. The vacuum space was set of 15A in the z-direction. A
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Monkhorst-Pack 2x2x1 k-point grid was adopted to sample the

Brillouin zone. The DFT-D3 method was adopted in this work [41].
The adsorption energy (E.q) for various molecule adsorption

schemes on surface were calculated and using the following Eq. (1):

Ead= Esurface"'Emolecule 'Esurface-molecule (1)

where Esurfacefmolecule- Esurface and Emolecule are the energies for the
molecule adsorption on the surface, the clean surface and isolated
molecule, respectively.

3. Results and discussion
3.1. Material characterizations

The morphologies of ZnSn(OH)s cubes, SnS, microboxes and
Sn0O, microcubes were observed using SEM. Fig. 2a shows that
uniform ZnSn(OH)s cubes with slightly flat surface, exhibiting reg-
ular configurations with an edge length of about 1.0-1.2 pym and no
ill-shaped impurities on the smooth surfaces. In Fig. 2b, the SnS,
intermediate displays the hierarchical cubic structure with a large
amount of nanoslices and a few thick undifferentiated films, con-
versely the edge length is up to ~ 1.4pm due to volume expansion
after in situ reaction. The hierarchical microcubes structures can be
clearly disclosed by the SEM (Fig. 2c), which are randomly cross-
assembled by sharp nanoslice with thicknesses of 10-15nm. Ad-
ditionally, the corresponding phase transitions from ZnSn(OH)s to
Sn0, can be precisely reflected by XRD test, as shown in Fig. 2d. The
diffraction pattern of the initial precursor gives consistent peaks
with ZnSn(OH)s phase (JCPDS No. 20-1455) [42,43], and all the
sharp peaks in the pattern indicate its high crystallization. The
average crystallite size of the intermediate SnS, phase (JCPDS No.
23-0677) [36] is estimated as 20.2 nm using Scherrer formula based
on (001) facet of the XRD data, while the broadened diffraction
patterns of tetragonal rutile SnO, phase (JCPDS No. 41-1445) reveal
the average crystallite size of ~ 7.5 nm based on (110) facet. The
broader peak of SnO, may come from the increasing fine nano-
crystals generated from thermal decomposition of highly crystal-
lized SnS, precursor. The increased disordered degree from ultra-
thin nanoslices units constructed hierarchically in various directions
may also contribute to such diffraction peak broadening. Such thin
nanounits, as well as the smaller grain size of ~ 7.5 nm, match well
with overwhelming acknowledgement that sensor response can
increase drastically when the crystallite sizes drop below about 2\p
(Debye length, often several nanometers) [10,16,17].

The TEM image in Fig. 2e shows that the hierarchical S1 is
composed of various crossly-dispersed ultrathin nano-petals. The
EDX patterns in Fig. 2f and g prove the uniform distribution of O and
Sn elements in the microcubes. In particular, the HRTEM and SAED
images in Fig. 2h and i reveal that plenty of nanoparticles comprise
the polycrystalline nanoslices with porous texture. Besides, the sig-
nificant (110), (211) and (101) crystal planes in Fig. 2i are consistent
with the above mentioned XRD results. The clear lattice fringes with
spacing of 0.335 and 0.256 nm are indexed to the (110) and (101)
crystal planes of S1 [36,44], according to the HRTEM image in Fig. 2j.
It is worth noting that the facet energy of (101) is higher than that of
the more stable (110) facet [10,16,36], and the enhancement of
sensitivity and selectivity benefits from the increase of (101) crystal
plane which can accelerate the adsorption of target gas component.
Besides, the thickness of nanoslices is obtained at approximate 8 nm
from AFM test, as shown in Fig. 2k. Meanwhile, the morphologies of
S2-S4 have also been assessed via SEM presented in Fig. S2. As can be
seen, the micro-structures of the samples are nanofilms, hierarchical
nanotubes and amorphous small particles, respectively.

Journal of Alloys and Compounds 911 (2022) 164973

In order to detect the influence of microscopic construction on
the surface permeability, the specific surface area and pore size
distribution of S1-S4 were measured by N, adsorption-desorption
isotherms. As shown in Fig. 3a-d, all the curves exhibit a typical IV
curve with a H3 hysteresis loop. The surface areas of S1-S4 are de-
termined by the BET to be about 101.2, 94.4, 45.5 and 9.4m? g},
respectively. The highest surface area of S1 may be attributed to the
hierarchical microcubes structure which is constructed by numbers
of cross-stacked nanoslices. Meanwhile, the corresponding BJH pore
size distributions present the mesopores structure with diameters
centered at 6.2, 3.4 and 5.0, 3.4 and 17.5, 3-10 nm for S1, S2, S3 and
S4, respectively. Overall, the highest surface area and relatively
moderate pore channels for S1 can be beneficial to efficient ad-
sorption and transfer of gas molecules.

According to the Gibbs-Wulff theorem in crystallography [45],
the tetragonal rutile structure is the most stable/equilibrium form of
Sn0, at atmospheric pressure with one Sn atom coordinated by six O
atoms, and (110) with the lowest energy facet dominates the natural
crystal surface. However, the crystal facets with higher energy are
usually more active than those lower ones, resulting in a better gas
sensing performances due to high density of atomic steps and edges
as well as dangling bonds [46]. As is reported, the surface densities
of dangling bonds for (110) and (101) facets of SnO, are about
14.0559 nm ™2 and 14.7917 nm™2, respectively, which means the facet
energy of (101) is higher than that of (110) [47]. Therefore, the ap-
pearance and increase of (101) facet are beneficial to the improve-
ment of gas sensitivity for SnO,. As shown in Fig. 4a, all the XRD
patterns of S1-S4 belong to the rutile phase (JCPDS No. 41-1445),
while the peak intensities corresponding to the same diffraction
angle varies obviously. The height ratios of (101) to (110) reflections
in $1-54, denoted as H101)(110), are calculated as 0.95, 0.88, 0.73 and
0.77, respectively (Fig. 4b). It further proved that the higher energy
facet (101) dominates in S1, which thus would greatly boost the gas
sensitivity of S1 [48-50].

In addition, XPS was applied to compare the elemental chemical
valence and binding energy of the samples. The full XPS survey and
Sn 3d spectra for S1-S4 are presented in Fig. S3a-b, showing the
absence of impurities. The O 1s peaks for all the samples can be
fitted into two peaks, as shown in Fig. 4c. The reconvolution of 0 1s
spectra reveals two different chemical states of oxygen species:
lattice oxygen (Or) indexed to Sn-O bonds, and oxygen vacancy (Oy)
on the surface [51]. The Oy plays an essential role as active sites for
chemi-adsorption of oxygen molecules and further reaction on the
surface of sensing materials [47,52]. Therefore, the increment of Oy
content means that more active oxygen species can participate in the
oxidation-reduction reaction occurring on the surface of catalytic
materials, and give rise to a larger enhancement in sensor response.
The Oy contents of as-prepared samples are considerably dissimilar.
The derived ratios of Oy/O for S1-S4 are 1.33, 0.59, 0.40 and 0.23,
respectively (Fig. 4b). Amazingly, rarely reports showed Oy content
higher than Oy in SnO, nanomaterials. The abundance of Oy content
on the surface of the sample can also be identified with ESR char-
acterization (Fig. 4d). A strong and conspicuous peak at g=2.0027 is
indexed to the electrons trapped in oxygen vacancies [53]. What’ s
more, the highest intensity peak displayed in S1, which is consistent
with the conclusions from XPS characterization. Benefiting from the
hierarchically cubic configuration built by cross-stacked nanoslices,
S1 owns high active surfaces and numerous diffusion channels to
accelerate the gas molecule adsorption-desorption and mass
transfer process, due to the increase of high energy crystal plane and
abundant oxygen defects. Hence, the favorable raised gas sensing
performances of S1 can be expected.

To clarify the discrepancy in the sensing performance on various
facets, the atomic stacking models of (110) and (101) facets are
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established in Fig. 4e and f to exhibit the density of dangling bonds
on each surface [10,36]. The (110) facet is terminated with both O
and Sn atoms, while (101) facet is almost O™ atoms terminated. The
difference of the atomic density among the two facets implies higher
content of oxygen defects in crystal plane with more O~ terminated
dangling bonds [10,47].

3.2. Gas sensing performances

As well known, excellent selectivity towards the target gas is still
the main goal of metal oxide-based sensors. Hence, the selectivity
property of Sn0O,-based sensor to different gas components (ethanol,
acetone, methanol, formaldehyde, ethylenediamine, methylbenzene
and ammonia) was investigated in this study. Operating temperature
is always an important character for gas sensors and the optimal
working temperature for S1 was 170 °C (Fig. S4a). The corresponding
gas sensing response concerning a fixed concentration of 100 ppm of
each component in dry air and at 170 °C is shown in Fig. 5a. S1-based
sensor exhibits the highest response to ethanol (denoted as Sr =
56.9), which is about over five times more than that of acetone,
methanol and formaldehyde, and it is insensitive to the amines and
aromatic hydrocarbons. Comparatively, the responses of S4

counterpart are much lower and the sensor even doesn’t respond to
most gases. Meanwhile, the associated adsorption calculations by
DFT simulation to explain the selectivity can be seen in the following
discussion.

For the comparisons of the highest responses to 100 ppm
ethanol, the corresponding optimal operating temperature (OOT) of
S$1-S4 were shown in Fig. 5b. Obviously, the sensor based on S1 gives
the highest response of 56.9 to ethanol at quite low temperature of
170 °C, which is much lower than commonly reported temperature
(2200°C) [10,11,16]. As comparisons, the OOT for S2-S4 are 160, 250
and 220 °C with ethanol responses as 20, 17.5 and 15, respectively. In
addition, the OOT of S1 is also lower than those used in quite a lot
studies listed in Table S1. The phenomenon may be ascribed to the
interaction between target gas component and the plentiful exposed
higher energy facet of (101) with the emergence of oxygen vacancies.
The resistance of MOS-based gas sensor can be significantly affected
by temperature, as is shown in Fig. S4b. When the operating tem-
perature increases, more electron hole pairs of S1 will be produced
accompanying with enriching the density of carriers, leading to the
decline of actual baseline resistance.

Moreover, the response of fabricated gas device tends to decrease
from the dry air to humid atmosphere, i.e., with an increase of the
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relative humidity (R.H.). Therefore, R.H. is one of the key parameters
in evaluating the sensing characteristics during the process of
measurement and application. The effect of various R.H. (0, 50%, 70%
and 90% in air) on dynamic resistance transient of S1 at 170 °C with
100 ppm ethanol was investigated and the results were presented in
Fig. 5¢. Along with the increase of R.H. values, the basic resistance
significantly decreases from about 1.35 down to 0.43 MQ, and the
resistance descending amplitude also diminishes with the injection
of ethanol gas, consistent with the corresponding dynamic response
changes in Fig. S5, the response value exhibits a trend of gradual
reduction with increase of R.H. in the gas phase. Such adverse effect
of R.H. on sensing properties have been discussed in our previous
work due to the inevitable chemi-sorption/physi-sorption of H,0
molecules which replace partial 0%~ species pre-adsorbed on the
sensor surface, thus part of occupied electrons will return from 0%
to the conduction band of Sn0,, reducing the basic resistance of the
conductive material [36]. Regardless of this, the response in Fig. S5
still keeps high enough even at higher RH. in the gas phase, i.e.,
above 18.8 when the R.H. is up to 70%, and about 9.6 at R.H. of 90%.
Surprisingly, the response-recovery times are not affected evidently
even though in the environment with high humidity. This to some
extent indirectly demonstrates the preferential-adsorption ability of
ethanol molecules using S1 as the sensing material. Consequently,
the result proves the excellent ethanol preference of S1 than other
counterparts, and the stable maintenance to ethanol sensing even in
high humidity conditions.

What's more, the dynamic response transient curves to ethanol
in the range of 0.1-200 ppm can be seen in Fig. 5d and e (the cor-
responding actual resistance transient plot is shown in Fig. S6a),
which demonstrates an acceptable response/recovery rate for S1-
based sensor, i.e., the response/recovery time is within ~13s and
~68 s, respectively. Besides, the response value of S1-based device to
ethanol presents a linear increasing tendency from 0.1 to 200 ppm,
and the highest response value of 92-200 ppm ethanol is achieved,
as shown in Fig. 5f. Although the response to the much lower
ethanol concentration in air won't follow the general linear ten-
dency, it still presents a reasonable meaningful response as seen in
Fig. 5g. The dependence of response value on ethanol concentration
with the sensors aforementioned can be expressed by S =a[C]® +1
[54], where S is the sensor response value, C represents the con-
centration of the target ethanol. At a certain operating temperature,
the above equation can be rewritten as log(S-1) =b log(C) +log(a),
demonstrating the linear relationship between S and C in a loga-
rithm format. Therefore, the limit of detection using S1 sensing
material can be below 0.1 ppm even as low as dozens of ppb, which
is typically superior than those conventional counterparts. A long-
time stability evaluation of S1 sensor in a successive 30-day period
(Fig. 5h) is also carried out to demonstrate its highly stable and
durable sensing performance to 100 ppm ethanol in dry air at 170 °C.
The response value of S1-based sensor remains almost constant in
the range of 56-58 with very slight deviations. Practically, the suc-
cessful application of a sensing material in a sensor relies not only on
its sensitivity but also on its response reproducibility. As illustrated
in Fig. 5i, S1 exhibits an excellent repeatable response during the 5
cycles. In order to present a more realistic resistance change trend of
S1-based sensor, the actual resistance change corresponding to
Fig. 5i has been given in Fig. S6b, where the basic resistance value in
air remains at around 1.35 MQ. These results indicate the excellent
stability properties of the S1-based sensor device to ethanol. What's
more, the ethanol sensing properties of S1 is comparable to those
obtained by others reported SnO,-based nanomaterials (Table S1),
indicating its advantages of an excellent ethanol gas-sensing per-
formance.
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3.3. Sensing mechanism

Up to now, pure SnO, has been verified as active sensing mate-
rials for detecting different gases, such as H,, formaldehyde, ethanol,
isopropanol and CO [55-58]. However, the mechanism of gas se-
lectivity is still ambiguous, which somehow impedes the develop-
ment of efficient sensors with ultrahigh sensing performances. In
this work, the density functional theory (DFT) calculations were
adopted as well to reveal the mechanism of gas selectivity of the
most stable (110) and (101) lattice planes in SnO,. Here, the target
molecules of ethanol, formaldehyde, acetone, methanol, ethylene-
diamine, methylbenzene and ammonia have been considered. The
calculations revealed obviously different adsorption energies on the
Sn0, (110) or SnO, (101) surface for these target gas molecules.
Among them, adsorption of ethanol on SnO, (101) has the highest
positive adsorption energy of 1.78 eV, as shown in Fig. 6a. The ad-
sorption energies of other gas molecules are in a descending order as
follows: formaldehyde (1.44 eV), methanol (1.26 eV), ethylenedia-
mine (1.21eV), acetone (0.85eV), ammonia (0.24 eV), and methyl-
benzene (0.21 eV). The order is almost in line with the gas selectivity
experiment results (Fig. 5a), suggesting the lattice face of (101) in
SnO, has the highest selectivity for ethanol. Meanwhile, adsorption
of ethanol on the surface of SnO, (110) has a relatively much lower
adsorption energy of 0.49 eV compared to the adsorption on SnO,
(101), meaning adsorption of ethanol on SnO, (110) is not en-
couraged at this point.

Further, the computational results revealed that the charge
density difference of ethanol adsorption on SnO, (101) surface is
with a maximum charge transfer of 0.5 |e| than that on SnO, (110)
surface (0.17 |e|), suggesting the stronger adsorption energy of
ethanol adsorption on SnO, (101) surface, as shown in Fig. 6b. Note
that lots of oxygen vacancies (Oy) have been identified in the SnO,
samples used in this work, the effects of Oy on the adsorption ability
of the target gas shall not be excluded. In fact, our calculations ob-
tained the modest formation energies of Oy around 1.86eV and
1.81 eV on the surfaces of Sn0O, (110) and SnO, (101) correspond-
ingly, which is in favor of Oy formation on these surfaces (Fig. 6¢).
While introducing one Ov on the surface of SnO, (110), the ethanol
adsorption energy is increased by 0.8 eV (from 0.5eV to 1.3 eV). On
the other hand, the ethanol adsorption energy is decreased by 0.3 eV
from pure SnO, (101) (~1.8 eV) to defect SnO, (101) (~1.5eV). Ob-
viously, the ethanol adsorption energy on the defect SnO, (101) is
stronger than that on defect SnO, (110), the former is more bene-
ficial to design practical ethanol gas selectivity. In all, these experi-
mental and theoretical results demonstrate that introduction of Oy
defect on SnO, surfaces could generally enhance the overall ethanol
gas selectivity. Thus, it is worth noting that the key to possess the
ultrahigh ethanol gas selectivity is to synthesize (101) and (110)
lattice facets of SnO, with Oy. The specific processes are shown in
Egs. (1)-(4). The morphology of oxygen ions is related to tempera-
ture. When the working temperature is 170 °C, the main morphology
of oxygen ions is O". Once exposed to ethanol gas, the preadsorbed
ionized oxygen species (dominant O™ (ads) at 170 °C) on SnO, surface
reacts with ethanol to form CO, and H,0, thus resulting in changing
the surface resistance of the gas sensing material. And the specific
process is shown in Eq. (5).

0x(gas) — O,(ads) (1)
0,(ads) + e” — 0,7(ads) (T < 100 °C) (2)
0, (ads) + e — 207(ads) (100 °C<T <300 °C) (3)
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Fig. 6. (a) Target gas selectivity on the SnO, (101) surface; (b) Charge density difference of target gas adsorption on the SnO, (101) and SnO, (110) surfaces; (c) SnO, (101) and
Sn0; (110) surfaces with or without Oy for ethanol gas adsorption. Note: the purple and yellow isosurfaces represent the electron accumulation and depletion (isosurface value:

0.002 e/A?).
O(ads) + e » 0% (ads) (T>300°C) (4)
C,Hs0H(gas) + 60 (ads) — 3H,0(gas) + CO,(gas) + 6e” (5)

4. Conclusions

In summary, in order to develop a novel SnO, nanostructure to
improve gas sensing performances, and provide certain specific
theoretical mechanism on the diverse sensing, we started the re-
search from the n-type pure SnO,. Herein, we synthesized a 3D
hierarchical SnO, microcubes via a modified self-templated method,
and the prepared SnO, exhibited more inimitable performances than
other counterparts with favorable ethanol selectivity (S, = 56.9),
good repeatability even at R.H. of 90%, relative lower optimal
working temperature of 170 °C than those used in most commonly
reports (> 200 °C), and ultra-low detection limit even under 0.1 ppm.
Material characterization combined with DFT calculation implied the
gas-sensing enhancing mechanism, which attributed to the increase
of relatively higher energy facet of (101) and regulation of Oy on the
building nanoslices of hierarchically cubic structure. Ultimately, the

new insights can provide not only the quantum guidance for
boosting gas sensing, but also important guidance in fabricating high
performance electronic sensing devices.
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