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Abstract Detecting methanol is of great importance in the
organic synthesis industry. Herein, the effective utilization
of ZnSnOj-based microstructures for room-temperature
methanol monitoring was realized through a template-free
approach. ZnSnOj-based heterojunctions with different
structures and morphologies were successfully synthesized
via regulating the molar ratio of Zn*" and Sn** sources.
And room-temperature sensing properties towards metha-
nol were investigated. Among them, ZnO/ZnSnOj; hollow
microcubes exhibited an outstanding sensing performance
including a high sensitivity (10.16) and a response/recov-
ery time (14/75 s) and a limit of detection (490 x 107%)
towards 5 x 107° methanol. Additionally, the synergistic
effects of hollow structure with larger specific surface areas
42.277 m2~g_1), the construction of n—n heterojunctions
formed at ZnSnO;5 and ZnO interfaces, the high percentage
of dissociative and chemisorbed oxygen are the main
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causes of the elevated sensing characteristics. Besides, the
practical experiment demonstrated that ZnO/ZnSnO; was
capable of on-field monitoring methanol in the chemical
reaction utilizing H, and CO, as raw materials. Moreover,
with the help of density functional theory calculations, the
enhanced sensing properties of ZnO/ZnSnOj; are due to the
special tuning effects of Zn ionic sites on methanol
adsorption.

Keywords ZnSnOj;; Heterojunctions; Methanol; Gas
sensor; Density functional theory calculations

1 Introduction

Over the last few decades, the rapid development of global
industry-embedded lifestyle has inevitably contributed to
serious environmental pollution, especially hazardous gas
emissions from various sources. Currently, considering the
toxic components and their harmful effects on human
health, reliable and accurate gas monitoring equipment is
under intense investigation. Among those toxic gases,
volatile organic compounds (VOCs) (i.e., methanol, etha-
nol, isopropanol) are essential indicators of health hazards
[1, 2]. As a common hazardous gas, methanol has been
extensively detected in industrial production. The residual
trace of methanol in the reaction will enter the environment
with the discharge of wastewater, which may cause harm to
environmental water bodies and/or organisms [3, 4].
Accordingly, it is urgent need to real-time monitor and
identify the variation of methanol in our surrounding
environment. Up to now, various instrumental analysis
techniques, such as near-infrared spectroscopy [5], liquid
gas  chromatography-mass  spectrometry [6] and
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chromatography-mass spectrometry [7], have been exten-
sively utilized for the detection of methanol. Except for
superior precision and excellent stability, those methods
generally suffer from several drawbacks (e.g., complicated
procedures, high cost to maintain, large size and a lengthy
detection period), significantly impeding them in the field
of methanol sensing. Nowadays, gas sensors especially
those based on metal oxide semiconductors because of
portable, easy fabrication and real-time detection, have
drawn great attention from the public.

Metal oxide semiconductors stand out among other gas
sensors in the detection of methanol due to their out-
standing characteristics including high physicochemical
stability, cost-effective synthesis, and excellent sensing
properties [8—10]. Gas sensor based on hollow a-Fe;O3
microspheres was constructed by Yang et al. [11] through a
hydrothermal route. The sensor exhibited a superior sen-
sitivity of 25.1 and rapid response/recovery times (8/9 s)
towards 10 x 107 methanol at 280 °C. Song et al. [12]
fabricated SnO, sensing materials with various morpholo-
gies through a simple hydrothermal approach. And the gas
sensor based on SnO, nanoflowers showed a sensitivity of
1.6 towards 1 x 107® methanol vapors at 200 °C. Above
all, those sensing results illustrated that these metal oxides
were substantially utilized in the detection of methanol and
received relatively outstanding sensing properties. How-
ever, the operating temperature, sensitivity and long-term
stability should be improved. Presently, several effective
methods including doping transition metals, surface mod-
ification, newly designed structure and morphology, and
self-doping of oxygen vacancy have been proposed to
optimize the features of metal oxide semiconductor gas
sensors in methanol sensing [13, 14]. Nevertheless, in the
process of elevating the sensing performance of metal
oxides, they often require adding other oxides or precious
metals to form compositions through two steps. And
searching for sensing materials with newly designed
structures and excellent physicochemical performance to
significantly elevate the sensing properties towards
methanol, ternary metal oxide semiconductor (II-IV-VI
oxides) gas sensors have drawn increasing research inter-
ests because of their high structure controllability through a
simple approach.

Among these ternary oxides, ZnSnO; with a face-cen-
tered perovskite structure is attracting more attention due to
its outstanding physicochemical properties, high electrical
conductivity and electron mobility, wide bandgap, and easy
to synthesize various structures [15]. Besides, crystal and
oxygen defects are more easily generated inside of the
crystal structure and onto the surface of ZnSnOs;, and its
unique position of Zn located at the gap of the regular
octahedron consisted of six O atoms will be responsible for
the enhanced sensing performance, especially for the
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analysis of reducing gases. Zhang et al. [16] prepared
unique ZnSnO3/SnO, microcubes through a facile liquid-
phase reaction. The experiments delivered superior gas
sensing characteristics including high response (18.3), rapid
response/recovery times (5/6 s) and excellent repro-
ducibility to 50 x 107° reducing gas (acetone) at 260 °C.
Meanwhile, Cheng et al. [17] synthesized hollow SnO,/
ZnSnO; microspheres with various morphologies through
chemical vapor deposition utilizing different amounts of
sucrose as a solid template. At 290 °C, the sensitivity of gas
sensor based on SnO,/ZnSnO; with double-shelled
microstructure was 30 towards 100 x 107 acetone. And
this enhancement could be principally ascribed to hollow
structures displaying a higher specific surface area (188.60
m?-g~"). Although gas sensors based on ZnSnOs possess
the merits of high sensitivity, rapid response, and superior
selectivity to VOC:s, they still require being heated to a high
working temperature (200-300 °C) to promote the adsorp-
tion/desorption of VOCs. Meanwhile, the synthesis proce-
dures of ZnSnO; hierarchical composites are complex, and
generally require two steps and/or a template. Conse-
quently, it is necessary and urged to develop novel hierar-
chical ZnSnOj; sensing materials for methanol sensing at
low temperatures through a simple template-free step.

Herein, a simple template-free approach via regulating
the molar ratio of Zn>* and Sn** sources was proposed for
interface engineering on self-assembled ZnSnOs3-based
heterojunctions with different structures and morphologies
(hollow spheres, hollow cubes, and octahedrons). It is
ultimately expected that gas sensors based on ZnSnO;
composites revealed much better sensing properties
towards methanol than that of pure ZnSnO5 at room tem-
perature (RT), in which the hollow structure with high
specific surface areas, the heterojunctions formed between
ZnSnO5 and ZnO or SnO, interfaces, the enhancement of
dissociative and chemisorbed oxygen contents is primarily
responsible for the outstanding RT sensing properties with
a combination of low detection limit (0.49 x 10_6), high
sensitivity (10.16), and fast response/recovery times (14/
75 s). Furthermore, this work concentrates on the sensing
properties, also discussed the sensing mechanism towards
methanol at RT. The outstanding sensing properties of
Zn0O/ZnSnO; were analyzed by density functional theory
(DFT) calculations, and the experiments revealed that the
special tuning effects of Zn ionic sites on methanol
adsorption. Besides, the practical experiment revealed that
ZnO/ZnSnO; gas sensor might be available for on-field
dynamic methanol monitoring in the chemical reaction
utilizing H, and CO, as raw materials. This research
indicates that ZnSnOs-based heterostructures have a
tremendous potential application in methanol sensing, and
provides a feasible route to regulate the structure and
morphology of metal oxides.
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2 Experimental
2.1 Synthesis of ZnSnOs-based heterojunctions

ZnSnOs-based heterojunctions with different structures and
morphologies were prepared via a simple template-free
method utilizing ethanol and deionized water as solvents.
Typically, 3 mmol Zn(NO3),-xH,O and SnCl;-5H,O were
dispersed into 90 ml alcohol-water solutions with a volume
ratio of 1:2. After stirring for 10 min, 30 and 75 mmol
NaOH were separately added again, forming a uniform
solution. After alternately sonicating and stirring for
20 min, the solution was transformed into a round-bottom
flask with a volume of 250 ml, and heating reflux at 80 °C
for 3 h. After naturally cooled to RT, the as-synthesized
powders were centrifuged with ethanol and deionized
water, and finally dried at the temperature of 80 °C for
12 h. Then the as-obtained precipitates were annealed
under an ambient atmosphere at 400 °C for 2 h with a
heating rate of 3 °C-min~". Similarly, the molar ratio of
Zn(NO3),-xH,O and SnCly-5SH,O was adjusted to
Zn(NO3),-xH,O (6 mmol): SnCl,-5H,O (3 mmol) = 2:1
and Zn(NOs),-xH,O (3 mmol): SnCly-5H,0 (6 mmol) =
1:2. The as-prepared powders were marked as S1 (1:1), S2
(2:1) and S3 (1:2), respectively.

2.2 Materials characterization

Scanning electron microscope (SEM, S-4800) and trans-
mission electron microscopy (TEM, Tecnai 12) combined
with high-angle annular dark-field scanning transmission
electron microscope (HAADFSTEM), selected area elec-
tron diffraction (SAED) and energy dispersive spec-
troscopy (EDS) were employed to characterize the
structure and morphology of the three powders. And the
phase compositions were examined by X-ray diffraction
(XRD, Bruker D8 Advance). Additionally, ultraviolet—
visible spectroscopy (UV-Vis) absorption spectra were
investigated by a Cary 5000 spectrometer (670-IR + 610-
IR), the existence of oxygen vacancy and the chemical
states were inspected by photoluminescence (PL, He-Cd
Lasers) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi). Moreover, their specific surface areas
were investigated by Barret-Emmett-Teller (BET,
Quadrasorb EVO) method based on nitrogen adsorption—
desorption measurement.

2.3 Gas sensor fabrication and testing
The homogenous pastes obtained by mixing the powders
with deionized water were dip-coated onto the surfaces of

the sensors substrates, and then they were annealed at the
temperature of 400 °C for 2 h with a heating rate of
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2 °C-min~" for aging before measurement to obtain more
stable data. The gas-sensing testing of ZnSnOs-based
heterostructures was investigated utilizing a home-made
gas equipment (HCRK-SD101). Prior to testing, all sensors
are aged by flowing synthetic air until the electrical resis-
tance is stable and marked as R,. When the electrical
resistance reaches a stable state again after the sensing
materials contacted with methanol molecules. And the
resistance is marked as R,. And the response is calculated
by the ratio of R, and R,.

3 Results and discussion
3.1 Structural and morphological characteristics

The structure and morphology of S1, S2 and S3 were
demonstrated in Fig. 1. It can be observed from Fig. 1a that
microspheres with a diameter of (1.5 &= 0.1) pm were
fabricated via a template-free approach. And ZnSnO;
microspheres revealed a porous and hollow structure with a
shell thickness of around 240 nm (Fig. Sla), which was
obtained by the self-assembly of ZnSn(OH)g particles [18].
While as Zn>* sources increases, the as-obtained materials
consist of uniform microcubes with a size of (1.3 £ 0.1)
pum, and some particles are identified on the cube’s surface,
as illustrated in Fig. 1b. Besides, the sample also exhibits a
hollow cube with a shell thickness of ~ 150 nm
(Fig. S1b), which can enhance its specific surface area,
contributing to promoting the transmission and diffusion of
the target gas compared with S1. When the molar ratio of
Zn>t and Sn*' sources was 1:2, S3 has an octahedral
morphology with a smooth surface (Fig. 1¢). Accordingly,
ZnSnOs-based sensing materials with diverse structures
and morphologies were successfully synthesized by regu-
lating the molar ratio of Zn*" and Sn** sources based on a
template-free approach. Moreover, Fig. 1d—f displays TEM
morphologies of S1, S2 and S3, respectively. And the as-
obtained structures are consistent with the images acquired
from SEM analysis shown in Fig. la—c. Among them,
bright contours at their centers and dark contours at their
edges are depicted in Fig. 1d, e, further confirming that the
hollow structure was formed in S1 and S2. While the
hollow structure demonstrated in Fig. 1f is not identified.
And to further investigate the crystallinity of S1 and S2,
HRTEM combined with SAED analysis were employed.
SAED image shown in Fig. 1g displays diverse diffraction
circles, indicating that the crystal structure of S1 is low
crystallinity. While it can be observed from Fig. 1h that the
existence of some circular dot arrays in SAED pattern of
S2 demonstrates the polycrystalline feature, indicating that
the crystal feature has changed with an increase in the
molar of Zn>" sources. Besides, two distinct diffraction
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ZnO (101)
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Fig. 1 a—c SEM images and d-f TEM images of S1, S2 and S3; SAED images of g S1 and h S2; i HRTEM image of S2;
j HAADFSTEM image and k-m EDS elemental mappings of Zn, Sn, O in S1

rings assigned to the (101) and (100) crystal planes are
detected. Meanwhile, the spacings of lattice fringe are
0.247 and 0.281 nm, corresponding to (101) and (100)
planes of ZnO [19, 20], respectively, as illustrated in
Fig. 1i. It can be deduced that the attached particles may be
ZnO. Additionally, the chemical compositions of S1, S2
and S3 were investigated by EDS. The element mapping
(Fig. 1k—m) reveals that Sn, Zn and O uniformly scatter
throughout the samples. Especially for S2, the attached
particles mainly consist of Zn and O, confirming that the
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heterojunctions might be formed between ZnSnO; and
ZnO.

SEM and TEM observations reveal that the molar ratio
of Zn>" and Sn** sources has an important impact upon the
formation of ZnSnO;-based heterojunctions. And the syn-
thesis procedures of S1, S2 and S3 are schematically
illustrated in Fig. 2. In water-alcohol mixed solutions,
NaOH was hydrolyzed into extensive OH ™, contributing to
rapid hydrolysis of Zn*" and Sn*" at the temperature of
80 °C, and the assembly of ZnSn(OH)g particles (Fig. S2).

Rare Met. (2023) 42(12):4153-4166
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Fig. 2 Schematically illustration of formation procedure of ZnSnOj hierarchical microstructures (Step I: heating reflux with temperature
of 80 °C and duration of 3 h; Step IlI: calcination with temperature of 400 °C and duration of 2 h

Specifically, the synthesis procedure of S2 chiefly involved
the following steps. (I) ZnSn(OH)¢ precursors with cubic
structures spontaneously formed via the complexation
among Sn*", Zn’* and OH™ under alkaline solutions
(Eq. (1)) because of its inherent cubic microstructure. (II)
Since there were a large number of OH™ attached to cube-
shaped ZnSn(OH)g crystal’s surface, excess Zn*" sources
could react with them to generate Zn(OH)427 anions
(Eq. (2)), contributing to the formation of ZnO (Fig. le).
(II) The ZnO/ZnSnO5; composites were obtained by the
calcination treatment (Eq. (3)). Meanwhile, the formation
of hollow structure of S1 and S2 chiefly resulted from the
alkaline etching via a dissolution process. Similarly,
ZnSn(OH)e octahedron was formed and additional Sn*t
reacted with OH™ to generate Sn(OH)62_ anions (Eq. (4))
in the preparation of S3. Subsequently, SnO,/ZnSnOj;
heterojunctions were formed through annealing at 400 °C
for 2 h under the ambient atmosphere (Eq. (5)). While the
concentration of OH™ significantly decreased, and the
etching could not continuously process. Hence the hollow
structure in S3 was not observed.

Zn** + Sn** + 60H™ — ZnSn(OH), (1)
Zn** + 40H™ — Zn(OH);~ (2)
ZnSn(OH),+Zn(OH); — ZnSnO; + ZnO + 4H,0
+20H- (3)
Sn** + 60H™ — Sn(OH);~ (4)
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ZnSn(OH)+Sn(OH); — ZnSnOs + SnO, + 5H,0
+20H~ (5)

To give insight into the crystallographic structures of
ZnSnO; hierarchical sensing materials synthesized via
regulating the molar ratio of Zn>* and Sn** sources, XRD
analysis of S1, S2 and S3 given in Fig. 3a was performed.
One broad peak can be identified in S1 and S3,
demonstrating that the nature of the powders was
amorphous and had a low crystallinity [21]. While in
XRD spectrum of S2, the crystal structure dramatically
changed and displayed a high crystalline, which was
consistent with SAED pattern (Fig. 1h). Additionally,
several distinct peaks with 260 of 31.7°, 34.4°, 36.2°,
47.5°, 56.6° and 62.8° corresponding to (100), (002), (101),
(102), (110) and (103) planes are well-matched with the
hexagonal wurtzite structured ZnO (JCPDS No. 36-1451)
[22], confirming that S2 sample is a mixture of ZnSnO3 and
ZnO phases. The reason for which is that ZnSnO;3 and
Zn,SnO, are generated at the temperature ranging from
300 to 500 °C and above 600 °C, respectively [23]. And
excess Zn>T sources were transformed into Zn0O, being
consistent with the result demonstrated in Fig. le.
Meanwhile, the SnO, phase centered at around 60.7° was
also detected in S3, proving that the powders generally
consist of SnO, and ZnSnO;. Accordingly, the
heterojunctions were formed between ZnSnO; and ZnO
or SnO, interfaces via regulating the molar ratio of Zn*"
and Sn*" sources. To obtain more detailed information
concerning their intrinsic characteristics, UV-Vis

a

K4



4158 J.-Y.Xu et al.
a b c -
S1 Standard ZnSnO, :22
(JCPDS card No. 52-1381)| _ __ 33
e ] -
: sl s :
~|s2 Standard ZnO c b=t
2 (JCPDS card No. 36-1451)| .8 2
z B -
2 1 |f L 1 famsi 4 8 2
= 2 =
83 #Sno, <
*
20 40 .80 80 200 300 400 500 600 700 800 400 500 600 700
261 (°) Wavelength / nm Wavelength / nm
d . 3 S1 e S1 f
s § sy 8 s 231eV . ; 8.4V L s
& 8 Er- & | - ' -
S\ 2T 2V 3 0o = \ & : !
S &% o5 ¢ &Y _[ S/ A\ . |
g 5 o &y 3~/ | 3] :
s s2| & : 03eV i 52| & 0.TeV 01evi S2
10.3 eV : ) = A4
® ® i ! ® i "
c c , 1 c ! '
8 e : : 2 : :
= w = l05eV 05eV_u S3 £ 02eV 026V s3

1200 1000 800 600 400 200 O 1040

1030 1020 495 490 485

1050
Binding energy / eV Binding energy / eV Binding energy / eV

g 0,(71.52%)  S1 h O, (61.14%) 7] | O, (89.26%) 83
3 i 3 3
s / s / s /
> /| > | =y 7
D A) | D ; D /
c /. e 7 £ y/
] y/ ] y 3
= 0(3.53%) = 0.(3.88%) £ O¢ (362%)

- - r,..__.LV,A - »

534 532 530 528 526 534 532

Binding energy / eV

530 528
Binding energy / eV

526 534 532 530 528 526
Binding energy / eV

Fig. 3 a XRD patterns of three samples after calcination; b UV-Vis absorption spectra of three samples; ¢ PL patterns of three
samples; XPS analysis of three samples: d survey spectra, e Zn 2p spectra, f Sn 3d spectra, and g—i O 1s spectra

absorption of all samples was investigated, as shown in
Fig. 3b. It is obvious that the absorption tails are found in
both visible and near-infrared areas, which are closely
related to the oxygen vacancy-induced polarons and/or free
electrons [24]. Besides, the absorption edge of S2 and S3
exhibits an obvious shift towards a large wavelength,
suggesting the presence of various concentrations of
oxygen vacancy in the sample. To confirm it, PL analysis
was employed to inspect the existence of oxygen vacancy
in the powders. As depicted in Fig. 3c, there is a defect
luminescence peak with a wavelength ranging from 450 to
750 nm, which is mainly connected to the electronic
transition between oxygen vacancy and conduction band of
ZnSnO5; [25]. Moreover, the intensity of the defect
luminescence peak of S2 and S3 become stronger than
that of S1, demonstrating a larger proportion of oxygen
vacancy existed in the sample. Meanwhile, the chemical
states and oxygen species of all samples were characterized
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via XPS. The survey spectra given in Fig. 3d display the
presence of Zn, Sn and O, well-matched with the EDS
provided in Fig. 1k-m. At the same time, it can be
observed from Fig. 3e that there are two peaks located at
1021.7 and 1044.8 eV, which are respectively assigned to
Zn 2p3; and Zn 2py, for S1. And the spin—orbit splitting of
the two peaks is 23.1 eV, demonstrating that the valence
state of Zn atom is + 2 [26]. And the binding energies of
S2 and S3 are 0.3 and 0.5 eV higher than that of S1, which
indicates that the lower electron density is due to the
interaction between ZnSnO3 and ZnO or SnO, [19]. The
spectrum of Sn 3d is consistent with Zn 2p, as
demonstrated in Fig. 3f. The spin—orbit between Sn 3ds,,
and Sn 3d;/, shows a split value of 8.4 eV, suggesting an
oxidation state + 4 of Sn [27]. Besides, O 1s spectra
depicted in Fig. 3g-i can be deconvolved into three
Gaussian-Lorenz peaks located at 529.3, 530.6 and
531.5 eV, corresponding to different types of oxygen

Rare Met. (2023) 42(12):4153-4166



Interface engineering of ZnSnOs-based heterojunctions for room-temperature methanol monitoring

4159

species including O (lattice oxygen), Oy (dissociative
oxygen) and Oc¢ (chemisorbed oxygen) [17]. Among them,
Oy caused by oxygen antisite defects, oxygen vacancies
and oxygen gaps can directly react with methanol
molecules. Besides the integrated areas of the three peaks
were calculated (Table S1). The proportions of various
oxygen species of the three samples have been provided in
Fig. 3g-i. Among them, the proportion of Oy in S2 is
34.99%, which is higher than that of S1 (24.95%), which
may be associated with the formation of heterojunctions by
regulating the molar ratio of Zn*" and Sn** sources. This
improvement can offer more active adsorptive sites for
methanol sensing in the redox reaction, promoting the
carrier transfer and enhancing the RT sensing properties
towards methanol.

3.2 Gas sensing performance

The gas sensing properties towards ppm-level methanol
were comprehensively investigated by a gas sensing setup
operating under the ambient conditions including the
temperature of (25 £ 1) °C and the relative humidity (RH)
of 30% =+ 10%, as schematically demonstrated in Fig. 4a
and Fig. S3. The changes in the resistance of all sensors
towards various concentrations (1 x 107°-5 x 107°) of
methanol are shown in Fig. 4b. As a characteristic n-type
metal oxide, the electrical resistance sharply increased
when ZnSnOj3-based sensors were exposed to purified air
(79%N, + 21%0,), and eventually exhibited a relatively
stable state (R,) ranging from 0.1 to 10.0 GQ. When
methanol molecules were exposed, the sensor resistance
decreased and ultimately reached saturation (Ry). Once
purified air was introduced, the electrical resistance of all
sensors could return to the initial values (R,). Additionally,
compared with S1, the electrical resistance (R,) of S2 and
S3 decreased, which was highly dependent on the gas
sensing materials [28]. Herein, the molar ratio of Zn’" to
Sn** sources in S1, S2 and S3 is 1:1, 2:1 and 1:2. And
based on the analysis of the XRD pattern, S2 and S3 are
composed of ZnO and ZnSnOj;, SnO, and ZnSnO;
respectively, while S1 exhibits pristine ZnSnO5 phases.
Accordingly, the order of R, is S1 > S3 > S2 due to the
formation of heterojunctions and the elevated percentage of
Oy and Oc [29]. According to the variations of resistance
shown in Fig. 4b, the linear correlation between sensor
sensitivity and concentration (1 x 10°-5 x 107% of
methanol is displayed in Fig. 4c. Apparently, all sensors
display a positive linear relationship, and S3 displays the
highest sensitivity of 10.16 towards 5 x 107® methanol
with a theoretical limit of detection (0.49 x 107°) obtained
via the equations provided in the reference [30]. The
enhancement in sensitivity is nearly consistent with the
order of the concentration of Oy measured by XPS, which

Rare Met. (2023) 42(12):4153-4166

is generally because of the hollow structure, the existence
of oxygen vacancy effectively improving the content of
chemisorbed oxygen species and the construction of
heterojunctions at the interfaces between ZnSnO5; and ZnO
or SnO,. Furthermore, the specific surface area and pore
size distribution (Fig. S4, Table S2) display that S2 exhibits
a larger specific surface area (21.320 m*-g~" for S1, 42.277
m2~g_1 for S2 and 25.402 m*.g~" for S3) and a larger pore
size distribution (2.972 nm for S1, 3.714 nm for S2 and
3.322 nm for S3), dramatically improving the permeability
of methanol gas molecules and promoting their rapid dif-
fusion [31, 32]. As evident in Fig. 4d, the dynamic
response-recovery curves to 5 x 10 methanol were
investigated to evaluate the sensing properties of S1, S2
and S3. It can be calculated that the response time (7,.) and
recovery time (t,.) are 21/82 s (S1), 14/75 s (S2) and
17/78 s (S3). The short 7, can be due to its unique hollow
structure, which is advantageous to the diffusion of
methanol among the sensing materials. While 7. is still
long (> 1 min), principally because the sensor operated at
RT does not provide sufficient activation energy for
methanol desorption [33]. In addition, the shell thickness of
S2 is smaller than that of S1 (Fig. S1), further accelerating
methanol desorption. Given in the factor that the sensor
exclusively responding to the target gas is a key index for
its practical application, the selectivity of the three sensors
towards a variety of gases (NO,, SO,, NH;, CO,, ethanol,
and isopropanol) with the concentration of 5 x 107 was
investigated, as reflected in Fig. 4e. Obviously, all sensors
show the highest sensitivity towards methanol under vari-
ous interfering gases. Among them, ZnO/ZnSnO; sensor
has the highest response and excellent selectivity to
methanol over ethanol. This is mainly attributed to the
electron energy of chemisorbed oxygen being similar to the
lowest unoccupied molecules orbit energy of methanol gas
molecules and improving the redox reaction between
methanol and oxygen species [34]. Consequently, the as-
developed sensor exhibits outstanding selectivity to
methanol at RT. Moreover, to verify the repeatability of the
sensor, the sensitivity of S2 towards 5 x 10~ methanol
within five cycles manifested in Fig. 4f was analyzed, and
there are no obvious changes in R, and sensitivity with the
deviation of 5.2% and 9.7%, indicating the outstanding
repeatability in methanol sensing. Additionally, long-term
stability is also an essential factor in assessing the service
life of gas sensors. As illustrated in Fig. 4g, both response
and R, of S2 still remain stable and the sensitivity towards
5 x 107® methanol maintains above 90% within 30 days,
demonstrating excellent long-term stability. Moreover, it is
reported that RH has a substantial influence upon the
sensing performance of gas sensors. And the influence of
RH on sensor response and R, of S2 was also investigated.
The sensor response towards 5 x 107° methanol under
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Fig. 4 a Schematic illustration of sensing measurement setup; b changes in electrical resistance towards different concentrations
(1 x 107°=5 x 107°) of methanol; ¢ linear relationship between sensor responses and concentrations; d response time (t,es) and
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various RH atmospheres (10, 20%, 40%, 60% and 80%) at
RT was analyzed (Fig. S5). Figure 4h concludes that R,
decreases with RH increasing. Since water molecules
occupy the adsorption sites originally belonging to oxygen
species, and hinder the target gas adsorption, both sensi-
tivity and R, of S2 in the detection of methanol dramati-
cally decrease. To reduce the effect of humidity, depositing
a functional sensing layer onto the surface of ZnSnOj;-
based composites, chemically modulating the sensing
material and constructing appropriate humidity compen-
sation models can be extensively utilized in future research
[35, 36]. Besides, the gas-sensing properties compared with
other methanol sensors are comparatively shown in Fig. 4i,
and detailed information containing its morphology, sen-
sitivity, working temperature and RH in the detection of
methanol is illustrated (Table S3). And those experiments
show that S2 with hollow cubic structures and extensive

aQ

oxygen vacancies reveals a superior response even at a
relatively low concentration of methanol. Consequently, it
is an advanced gas sensor based on hollow ZnO/ZnSnO3
microcubes for methanol sensing at RT.

To understand the superior sensing performance, DFT
calculations were employed to calculate the adsorption
energy and the charge transfer when the methanol mole-
cules adsorbed onto the ZnO/ZnSnO; surface. To evaluate
the adsorption energy of methanol on ZnO/ZnSnQO;, the
density of states (DOS) as a function of energy (eV) of the
individual elements were calculated based on methanol gas
molecules binding at their neighboring sites. As demon-
strated in Fig. 5a, it is obvious that the Zn ions are
responsible for facilitating the DOS around the Fermi
energy level and assisting in the conduction [37].
Accordingly, Zn 2p peaks lying near Fermi energy level
have a substantial effect on the electron donation and
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strongly binding with methanol molecules. Meanwhile, the
interaction between the surface of ZnSnO; or ZnO/ZnSnO;
pre-adsorbed with O, and methanol molecules was
investigated to explain the sensing mechanism. Figure 5b
shows the initial adsorption structures of ZnSnO3 and ZnO/
ZnSnO3. And the calculated adsorption energy (E.qs) is
negative, suggesting that the adsorption interaction of
methanol molecules on the ZnSnO; and ZnO/ZnSnOj
surface is spontaneous [38, 39], and the E,4, of ZnO/
ZnSnO; heterojunctions is much lower than that of ZnSnOj3
and ZnO (Fig. S6), suggesting that the redox reaction
between ZnO/ZnSnOj; surface and methanol is more likely
to proceed.

The above findings reveal that Zn ions on the ZnO/
ZnSnO; surface are the active site for methanol gas
molecules adsorption. Hence, ZnO/ZnSnOj; surface with O
atom adsorbed at the Zn position is chosen as the pre-
adsorbed surface. Then methanol replaces O, and directly
adsorb on Zn sites on the surface via ionic bonds. Mean-
while, this adsorption interaction is accompanied by charge
transfers, dramatically changing the resistance of ZnO/
ZnSnO;, resulting in the improved sensitivity towards
methanol at RT [32, 40]. Additionally, the differential
electron density of the adsorption of methanol molecules

Rare Met. (2023) 42(12):4153-4166

on the Zn positions was further analyzed to investigate the
process of charge transfer at those positions. The results
shown in Fig. 5c depict that charge transfer generally
occurs inside the hydroxyl groups of methanol gas mole-
cules, and between methanol and O, . When methanol is
adsorbed on the surface of ZnO/ZnSnO;, the charge
transfer proceeds between O-H bonds of the hydroxyl
group, improving the electron transfer from ZnO/ZnSnO3
heterojunctions to the adsorbed methanol gas molecules at
the Zn ionic sites. Furthermore, DFT calculations of the
adsorption energy and the charge transfer for other gases
(NO,, SO,, NH3, CO,, ethanol, and isopropanol) selected
for verifying the selectivity of the sensor. In Fig. 5d, the
values of E,4s and charge transfer display a similar trend to
the sensor sensitivity displayed in Fig. 4e, indicating that
the excellent selectivity for methanol adsorption is chiefly
due to the prominent charge transfer from the surface of
Zn0O/ZnSnO; to methanol (the structure of the adsorption
geometries is revealed in Fig. S7) [41].

3.3 Methanol gas-sensing mechanism

As schematically depicted in Fig. 6, the sensing mecha-
nism of S1, S2 and S3 towards methanol at RT is
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Fig. 6 Schematic illustrations of RT sensing mechanism of gas sensors based on: a ZnSnO3; microspheres; b ZnO/ZnSnO3
microcubes; ¢ SnO,/ZnSnO; octahedrons exposed to purified air (71%N, + 29%0,) and methanol molecules

proposed. As typical n-type metal oxides, the adsorption
mechanism of the three samples can be understood through
the space-charge layer modes [42, 43]. Specifically, the
ZnSnOs-based sensing material’s surfaces were adsorbed
by oxygen molecules when the sensor contacted with the
purified air. Subsequently, oxygen captured free electrons
from the conduction band of the sensing materials at RT to
generate chemically adsorbed oxygen species (O,7) [25],
forming the potential barrier and the electron depletion
region (Fig. 6a-c), resulting in decreasing the electron
concentration of the sensing layers [44], and ultimately
increasing the sensor resistance. Furthermore, heterojunc-
tions with unique interface electronic effects were formed
at the interfaces between n-type ZnSnO; and n-type ZnO
or SnO, due to different gap energies and work functions,
as shown in Fig. 6b and c. Among them, since the con-
duction band edge of ZnSnOj (-4.2 eV) is located at a
lower potential than that of ZnO (-4.1 eV), the electrons
transferred from the conduction band of ZnO to that of
ZnSnO;5 until their Fermi level reached equilibrium

Q

[45—47]. In addition, an additional electron depletion and
accumulation region were separately generated on the
surface of ZnO and ZnSnOj;, reducing the amount of grain
boundary barriers and contributing to a decrease in the
resistance (R,), which were conducive to enhancing the
sensing performance of ZnO/ZnSnO3; composites through
promoting the redox reaction between methanol and
sensing materials. Whereas reversal behaviors were
obtained when heterojunctions were generated between
ZnSnO;5 and SnO, interfaces owing to a higher Fermi level
of ZnSnO;. When the reducing gas (methanol) was
exposed, CH;0H (g) was first converted into adsorbed
CH;0H molecules (Eq. (6)). Then the redox reaction
between CH3;OH (ad) and O, was carried out, and pro-
ducing CHOH (ad) (the loss of H), H,O (g) and free
electrons (Eq. (7)). In the redox reaction, the trapped
electrons returned to the conduction band of ZnSnOs-based
composites, reducing the height of potential barrier and the
thickness of depletion region (Fig. 6a—c) [48, 49], dis-
playing the decrease of resistance.
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2CH3;0H(ad) 4 O; (ad) — 2CHOH (ad) + 2H,0(g) + ¢~
(7)

The outstanding sensing properties of Z nO/ZnSnO; for
the analysis of methanol at RT are primarily related to
hollow cubic structure with high specific surface areas
42.277 mz-g_l), the formation of heterojunctions and the
increased proportion of O¢ and Oy. The hollow structure
provides an effective route for the transmission and
diffusion of methanol. And more active sites are
available for methanol adsorption. Then the utilization
rate of the sensing materials improves, thus elevating
sensing properties. Moreover, the n—n heterojunctions are
generated at the interfaces between ZnSnO5 and ZnO. As
illustrated in Fig. 6b, due to the construction of the
depletion region, the potential barrier of ZnSnOs-based
sensing materials increases after the introduction of
purified air, and the electron transfer becomes harder.
While the methanol molecules can react with O, after the
introduction of the target gas. Meanwhile, electrons are
released into the sensing materials and an additional
electronic depletion region is generated between ZnSnO5

concentration, which is beneficial to decrease the height of
the potential barrier and the thickness of depletion region,
ultimately accelerating the adsorption and/or desorption of
methanol. Additionally, the increased proportions of O¢
and Oy can return the negative charges to ZnSnO-based
sensing material’s conduction band, and the low
connection area in heterojunctions reduces the height of
potential barrier, significantly improving its electronic
conductivity.

3.4 Practical experiments

Currently, hydrogen (H,) is utilized as a raw material to
synthesize methanol from carbon dioxide (CO,), being one
of common industrial waste gases. Under the condition of
298 K (~ 25 °C), the synthesis of methanol according to
the chemical reaction between H, and CO, is shown in
Eq. (8). To assess the practicability of the fabricated ZnO/
ZnSnOs5 sensors in the detection of methanol, the variations
of resistance of ZnO/ZnSnO; sensor contacted with H,,
CO; and their mixtures were monitored (Fig. 7a). It can be
observed from Fig. 7b that the sensitivity towards H, and
CO, mixtures is 17.72, which is around 5.5 and 8.9 times
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Fig. 7 a Schematic diagram of sensor testing system utilized in practicability testing based on hollow ZnO/ZnSnO3; microcubes gas
sensor; b responses measured under exposure to CO,, H, and their mixtures; ¢ sensors response and response times towards

mixtures with increase of H, and CO, ratio
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demonstrating that the chemical reaction between H, and
CO, occurs, and methanol is simultaneously generated.
Besides, to investigate the effect of the ratio of H, and
CO,, Fig. 7c reveals the response values and times towards
the mixtures with the increase of H, and CO, ratio. Based
on the variations of resistance (Fig. S8), the corresponding
sensitivity and response times were calculated. It obvious
that a high sensitivity is accompanied by a short response
speed, indicating the concentration of methanol signifi-
cantly increasing. Consequently, we conclude that
increasing the content of H, can effectively promote the
conversion of CO, and the yield of methanol. Those
experimental results exhibit that ZnO/ZnSnOj; gas sensor is
capable of identifying methanol in the reaction.

COa(g) + 3Ha(g) — CH30H(g) + H,O(g)AH
= —48.97kJ-mol~!, AS
= —177.16J -mol ' - K™! (8)

4 Conclusion

In this work, a facile template-free approach through reg-
ulating the molar ratio of Zn** and Sn** sources is pro-
posed for interface engineering on self-assembled ZnSnO5-
based heterojunctions, which are available for the methanol
sensing at RT. The structural characterization indicates that
hollow ZnSnO; microspheres, hollow ZnO/ZnSnO3
microcubes and SnO,/ZnSnO; octahedrons were success-
fully synthesized. Besides, the sensing characteristics of
the three sensors were comprehensively investigated at RT.
The sensing results reveal that hollow cubic ZnO/ZnSnO3
sensor displays outstanding RT sensing properties towards
ppm-level methanol. The elevated sensing properties are
closely associated with the following aspects. The unique
hollow cubic structures with large specific surface areas are
advantageous for the transmission and diffusion of
methanol. The construction of n—n heterojunctions formed
at ZnSnO5 and ZnO interfaces increases the thickness of
depletion region and the height of potential barrier, ele-
vating the concentration of electron. The enhanced relative
proportion of Oy and O¢ provides more adsorptive sites for
methanol sensing. The DFT calculations indicates that it is
Zn ions on ZnO/ZnSnO; surface that are the active
adsorption sites, which is mainly responsible for the out-
standing sensing properties for methanol adsorption
because it offers a larger charge transfer and comparable
adsorption energy. Furthermore, the practical experiments
also demonstrates that ZnO/ZnSnO; can identify methanol
in the chemical reaction utilizing H, and CO, as raw
materials. And ZnO/ZnSnOj; exhibits tremendous potential
for room-temperature methanol sensing, and this study can
offer a promising route for regulating the structure and
morphology of metal oxide semiconductors.
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