Journal of Alloys and Compounds 863 (2021) 158341

Contents lists available at ScienceDirect

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom sty

An efficient vapor-phase processing method derived mesoporous N-C@ n
Sn0,-Co304 hollow nanoboxes with abundant surface oxygen vacancy for | %
highly improved gas sensing application

Minxuan Huang*”, Shaopeng Wang*", Hao Fu‘, Hongyun Shao*”, Yinghui Wang*"",
Kefu Yu®"' Yilin Huang®, Zhiping Jv¢, Liwei Wang®">"

4School of Marine Sciences, Guangxi University, Nanning 530004, China

b Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, Nanning 530003, China

€ Guangxi Key Laboratory of Processing for Nonferrous Metals and Featured Materials, Nanning 530004, China

dSchool of Chemistry & Chemical Engineering, Guangxi University, Nanning 530004, China

€ Radiation-Environment Management and Monitoring Station of Guangxi Zhuang Autonomous Region, 80 Rong Mo Road, Nanning 530222, China
fSouthern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519080, China

ARTICLE INFO ABSTRACT

Article history:

Received 31 October 2020

Received in revised form 13 December 2020
Accepted 13 December 2020

Available online 12 January 2021

For widely used semiconductor-based chemoresistive sensors, low sensitivity and poor anti-interference in
the complex environment (humidity resistance, etc.) are two main constraints of application. To enhance
the sensitivity, many effective strategies have been developed such as constructing heterostructures with
synergistic effects, introducing abundant oxygen vacancies as active sites, designing hollow/cavity structure
to increase surface area to facilitate target gas adsorption, and so on. Besides, the interference caused by
water vapor can be blocked.via MOF or molecular sieve membranes but is accompanied with the shielding

Keywords: it
Va{)or—phase method of some target molecules. The above methods are faced with the problems of complex process, large
N-C dopant workload of material screening and failure to maintain the device stability. Hence, an effective vapor-phase

method derived N-C@Sn0O,-Co30, complex that combined the hydrophobicity, acetone selectivity, p-n
heterostructure with mesoporous hollow characteristics was proposed, named mesoporous N-C@SnO,-
Co304 hollow nanoboxes (HNBs). Particularly, the chemoresistive sensor based on N-C@Sn0,-Co304 HNBs
(2.0%) showed satisfactory selectivity to acetone vapor at relatively low working temperature (160 °C), and
the response remained stable even under high humidity (with the R.H. of 90%). Impressively, a three-fold
enhancement in response signal was observed for the sensor based on N-C@SnO,-Cos0, HNBs when
compared with its counterpart of Sn0,-Co304, which can be ascribed to the consequent unpaired electrons
from oxygen vacancies and hollow mesoporous structures. Additionally, a sensing prototype based on the
N-C@Sn0,-Co304 HNBs was practically fabricated. The satisfactory sensing response and stability further
verified the potential applications in industrial acetone detection. This facile vapor-phase approach sheds
light on designing sensing materials with enhanced sensitivity and humidity resistance, as well as device
stability simultaneously.

Oxygen vacancy
Sn0,-Co304 hollow nanobox
Acetone selectivity
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1. Introduction

In recent years, metal oxide semiconductor (MOSs) gas sensors
have attracted tremendous attention due to their extraordinary
properties and have been successfully applied in detection of toxic or
explosive gases in war industries, in-house measurements of
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dangerous gases and air quality, alongside emerging applications in
medical diagnostics and food/cosmetic quality control [1-3]. How-
ever, their working performances are still deviated from ideal de-
mand, and faced with the technical issues especially as low
sensitivity and decreased stability under external interference gas
disturbances [4].

To solve the problem of low sensitivity, there are two strategies.
Heterostructures can be constructed to improve sensitivity by a sy-
nergistic effect [5,6]. Oxygen defects, as the active sites, can also be
introduced by hydrogen treatment, solid phase reduction, flame
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reduction method and other methods [7-9], which play a critical
role to enhance the gas sensing efficiency as they not only promote
oxygen adsorption, but also facilitate the charge transportation and
the formation of surface catalytic active species to improve the de-
gree of a surface redox reaction [10,11]. Furthermore, the filter
strategies derived from the molecular sieves or MOF caps do elim-
inate some negative interference effectively, but the response signal
is inevitably reduced by screening some target gas molecules, which
is definitely unfavorable to make full use of the exposed active
catalytic sites [ 12-14]. Besides, it also can try to design the core-shell
structure and use the hydrophobicity of the shell to improve the
humidity resistance of the device, etc [ 15]. However, these works put
forward high requirements for the screening of gas sensing mate-
rials, and there are few materials with these excellent properties.
Therefore, it’s of great significance to construct a novel MOSs ma-
terial that can both improve gas selectivity effectively even under
the negative impact (e.g. high humidity), and maintain the desirable
response.

Based on this, we propose an efficient method to integrate all the
above characteristics into one material, namely one-step construc-
tion of N-C@Sn0,-Co30,4 hollow nanoboxes (HNBs) by vapor-phase
processing method. This method is to introduce oxygen vacancy into
organic-inorganic hollow heterostructure, and the addition of or-
ganic cladding layer can enhance the adsorption of specific gases,
play a shielding role on water molecules, and improve the selectivity
of the device, even in a high humidity atmosphere. Hence, the sensor
of N-C@Sn0,-Co304 HNBs exhibits a sufficient acetone adsorption
preferred reaction, and it can also block the interference from other
surrounding gases or water vapor, so as to enhance humidity re-
sistance (R.H.: 5-90%), selectivity and sensitivity. Besides, a sensing
prototype is built and operated in real working conditions, which
further conform our work provides a significant strategy for acetone
gas sensor selective sensing arrays application at a high humidity
atmosphere.

2. Experimental section
2.1. Materials and synthesis

All the chemical reagents in the experiment were of analytical
reagent and used as received without further purification. Stannic
chloride hydrated (SnCly-5H,0), cobalt chloride hexahydrate
(CoCly-6H,0), sodium citrate tribasic dihydrate (CgHsNaz07-2H,0)
and sodium hydroxide (NaOH) were purchased from Aladdin
Industrial Corporation (Shanghai, China). Anhydrous alcohol
(CH3CH,0H) was purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Deionized water was used in the synthesis
procedures.

The synthesis strategies of N-C@Sn0,-Co304 hollow nanoboxes
(HNBs) and Sn0O,-Co304 HNBs were schematically illustrated in Fig.
S1. The CoSn(OH)s HNB precursor was synthesized by the co-pre-
cipitation method with some modification from the previous work,
as had been described in supporting information [16]. Then, N-C@
Sn0,-Co304 HNBs were synthesized via a vapor-phase processing
method. First, a certain amount of CoSn(OH)s precursor was put onto
the bottom of a smaller crucible, which was placed upside down in a
larger crucible, as shown in Fig. S1. While 75 mg of 2-Methylimi-
dazole was evenly sprinkled to the bottom of the larger crucible. And
then, the entire combination was wrapped with three layers of tin
foil. Afterward, the whole container was annealed in a muffle fur-
nace at 450 °C for 2 h in air, and finally the brown product was
collected for further use, which was denoted as N-C@Sn0,-Co304
HNBs (2.0%) after the thermal gravimetric analysis. For reasonable
comparison of sensor performance, the sample without N-C doping
was also treated in the same way as the N-C doped one but in the
absence of 2-Methylimidazole, and the treated sample is named as
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annealed Sn0,-Co304 HNBs to be distinct from the as-synthesized
sample. Besides, to discuss the role and impact of N-C dopant and
oxygen vacancy on the gas sensing performance, 50 and 100 mg of 2-
Methylimidazole to respectively anneal with CoSn(OH)s as the same
way, which were denoted as N-C@Sn0O,-Co304 HNBs (0.9%) and N-
C@Sn0,-Co304 HNBs (2.5%) after the thermal gravimetric analyses.

2.2. Materials characterization

The samples were characterized by means of powder XRD ana-
lysis (Rigaku Ultima 1V, Japan, Cu K« radiation, A = 1.5418 A), Field-
emission SEM (Hitachi SU5000, Japan), TEM and HRTEM with EDS
(FEI TeN-Cai G2 f20 s-twin, 200 kV), XPS (Thermo SCIENTIFIC
ESCALAB 250Xi, Al Ka X-ray monochromator), BET (Autosorb-IQ,
USA), Raman spectroscopy (Renishaw inVia, UK), Steady state and
transient state fluorescence spectrometer (HORIBA TCSPC FluoroLog-
3, USA), TG-FTIR (TGA 8000-FT-IR, PerkinElmer, USA), UV/Vis (PE
950, PerkinElmer, USA), Electron spin resonance (JES-FA300, Japan).

2.3. Sensor fabrication and gas-sensing test

The preparation and measurement of the side-heating sensor
were similar to those depicted in our previous report [ 17]. Firstly, the
prepared sample and deionized water were mixed together in an
agate mortar to make a paste by grinding. The paste was then coated
evenly to the surface of the ceramic tube, which was welded with
Ni-Cr heater onto the pedestal and inserted into the test channel.
Gas-sensing tests were carried out through the CGS-8 intelligent test
system (Beijing Elite Tech Co. Ltd., China). Especially, to investigate
the influence of relative humidity (R.H.) on the gas sensing perfor-
mance, we pre-mixed the water vapor with acetone vapor and air at
room temperature of 25 °C by the DGL-IIl humidity control gas and
liquid distribution system to reach specific relative humidity. After-
wards, the mixed gases were put into the test chamber of the CGS-8
intelligent test system. This intelligent test system adopts automatic
control and intelligent software management, which can provide
precise control of gas flow, dilution, relative humidity, etc. Hence, the
relative humidity was instrumentally controlled by the dynamic gas
distribution system, while the accuracy would be ensured. The
sensor response (S) was defined as the ratio of Rg/R,, where R, and R
were the resistances measured in air and the tested gas atmosphere,
respectively [18,19].

3. Results and discussion

For the purpose of simultaneously tailoring the level of oxygen
vacancy and enhancing the capability of humidity resistance, a
simple and effective vapor-phase strategy is proposed and adopted
to synthesize metal oxide for gas sensing (Supplimentary Fig. 1). It is
spatulated that the vapor-phase treatment would significantly in-
crease the the level of oxygen vacancy, whilst, a N-C shell will ad-
ditionally form on the surface of sensing material, mitigating
negative impact derived from high humidity. Note that, in this study
Sn0,-Co304 nanocomposite is selected as the example and chemical
modified to demonstrate the possibility of relatizing the expected
research objective through the proposed strategy.

Initially, microstructure of the wet route resulted Sn0,-Co304
HNBs and vapor-phase obtained N-C@Sn0,-Co50,4 HNBs (2.0%) was
characteristics and compared. Fig. 1 gives the the X-ray diffraction
(XRD) patterns for the crystal structures of Sn0,-Co304 HNBs and N-
C@Sn0,-Co304 HNBs. Both samples are composed of two types of
diffraction peaks, which can be assigned to rutile SnO, (JCPDS:
41-1445) and cubic Co304 (JCPDS: 42-1467). Note that the diffrac-
tion peaks of N-C@Sn0,-Co30, HNBs (2.0%) are significantly broa-
dened in width and weaken in intensity. According to the Scherrer
equation, the crystallite sizes of SnO,-Co304 HNBs and N-C@SnO,-
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Fig. 1. XRD patterns of (a) Sn0,-Co304 HNBs and (b) N-C@Sn0,-Co304 HNBs (2.0%).

Co304 HNBs (2.0%) are evaluated based on the diffraction peak of
(101), and the values are from 8 down to 4 nm respectively. This
suggests the nanosized crystal structure is well readjusted in N-C@
Sn0,-Co304 HNBs (2.0%) during the vapor-phase processing method.
In addition, it is well known that the grain size approaches to Debye
length (Ap, usually several nm), the increase of sensitivity is more
obvious due to the effect of grain size [20]. At the same time, the
decrease of grain size also increases the specific surface area to in-
crease the active site of N-C@Sn0,-Co304 HNBs (2.0%) [21]. There-
fore, changing the physical properties of the N-C@Sn0,-Co304 HNBs
(2.0%) by doping with the N-C shows an effective approach to in-
creasing sensitivity. Furthermore, the evidence and insight of com-
prehensive characterizations should be required to explain the
enhancement of gas sensing performance, such as, Raman spectro-
scopy, Fourier Transform infrared spectroscopy (FTIR), Photo-
luminescence (PL) spectroscopy, electron spin resonance (ESR)
measurement, and so on.

SEM images of Sn0,-Co30, HNBs and N-C@SnO,-Cos0, HNBs
(2.0%) are provided in Fig. 2a and b, and both of the samples display
hollow box-like structures with an average edge length of 600 nm.
Compare with these two figures, nanoparticles with a diameter of
about 15nm appeared on the surface of N-C@Sn0O,-Co304 HNBs
(2.0%). This may be due to the coordination of Co?* in 2-Methyli-
midazole and CoSn(OH)g, which results in the different precipitation
rate of Co304 coordinated by 2-Methylimidazole during the hetero-
geneous thermal decomposition of CoSn(OH)s compared with that
before without 2-Methylimidazole treatment, resulting in re-
crystallization, which can be confirmed by the analysis of EDS (Fig.
S2). In Fig. 2c, HRTEM image displays clear lattice fringes of 2.85 and
2.37 A, matching well with the (220) lattice plane of Co30,4 and the
(200) lattice plane of SnO,, respectively. This proves the hetero-
phase of the calcined N-C@Sn0,-Co304 HNBs (2.0%). Moreover, the
porosity of the material is one of the important factors affecting gas
diffusion, which is essential in the gas sensing performance. TEM of
Fig. 2d shows that highly dense nanopores are distributed onto the
N-C@Sn0,-Co304 HNBs (2.0%) surface. The N, adsorption-desorption
isotherm is further carried out on N-C@Sn0O,-Co304 HNBs (2.0%) in
Fig. S3, and the result shows that the specific surface area is
66.15 m?/g. Additionally, the inner illustration in Fig. S3 indicated the
appearance of one sharp peak centered at about 5.62 nm. It indicates
the comparatively uniform mesoporous size of N-C@Sn0,-Co30,4
HNBs (2.0%). Such a regular mesoporous structure of sensor with
pore channels in the range of 4-6 nm serves to increase the ad-
sorption/desorption rate of target gas or water molecules and de-
liberately increases the charge carrier transmission across the sensor
surface [22]. In addition, constructing a hollow structure with a
mesoporous surface can efficiently expose the active sites of N-C
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catalysts to provide the easy accessibility of O, and electrolytes [23].
To explore the doping amount of N-C, the thermal gravimetric
analysis (TG) analysis of Sn0,-Co304 HNBs and N-C@SnO,-Co304
HNBs (2.0%) are presented in Fig. S4a, where a slight mass redu—c-
tion occurs up to about 670 °C. This finding directly evidences that
the dissociation of N-C with the doping amount is about 2.0%. Be-
sides, to prove the existence of N and C elements, the detailed
thermal decomposition process has been dynamically explored by
TG-FTIR combination analysis, as shown in Supplimentary Fig. S4b
and c. As can be seen in Supplimentary Fig. S4b, the heating tem-
perature is from 30 to 750 °C under N, gas. Notably, two distinct FTIR
peaks are detected as peak A and B. The peak A at 118 °C is indexed to
the desorption of physical-adsorbed H,0, CO, molecules and the
organic impurities, while peak B at about 658 °C suggested the ob-
vious phase formation due to the decomposition of N-C@Sn0,-C030,4
HNBs (2.0%) [24]. In Fig. S4c, the in-situ FTIR spectrum of N-C@SnO,-
Co304 HNBs (2.0%) is performed to prove the existence of N element
and related bonds, corresponding to the thermal decomposition
temperature at 658 °C, where the absorption peaks at 3000-3600,
2370, 1650 and 1540 cm™! can be ascribed to stretching vibrations of
N-H, 0=C=0, C°N and C-N, respectively [25-30]. Without a doubt, it is
confirmed that N and C elements could be successfully doped on the
surface of N-C@Sn0,-Co304 HNBs (2.0%) product.

X-ray photoelectron spectroscopy (XPS) is used to clarify the
valence chemistry and binding energy of the elements in SnO,-
Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%). Except for the peaks
of Sn, Co and O, very trace N and C elements can be seen in the XPS
spectra of N-C@Sn0,-Co304 HNBs (2.0%) (Figs. 3a and S5), which is
corresponding to the result from the TG analysis in Fig. S4, sug-
gesting that the surface of N-C@SnO,-Cos04 HNBs (2.0%) is suc-
cessfully modified via the vapor-phase processing method.
Furthermore, the O 1s peak for each composite can be fitted into
three Gaussian simulation peaks in Fig. 3b. The datum confirms the
existence of three different chemical states of oxygen species: lattice
oxygen (Op) belonging to the Co-O bonds and Sn-O bonds, oxygen
vacancy (Oy) and chemisorbed oxygen (Oc) [31-33]. Table 1 sum-
marizes the relative percentage of oxygen chemical states on the
surface of Sn0,-Co304 HNBs and N-C@Sn0O,-Co30, HNBs (2.0%) re-
spectively. Notably, comparing with Sn0,-Co304 HNBs, the contents
of Oy and O¢ in N-C@Sn0,-Co304 HNBs (2.0%) are greatly increased.
It proves that the gas sensing properties are closely related to the Oy
and Oc in N-C@Sn0,-Co304 HNBs (2.0%). In addition, it is speculated
that the increase of Oc is the result of the increase of Oy, since the Oy
could provide active sites for the oxygen adsorption and reaction on
the surface of the sensing materials. So the increase in Oy content
means that more O¢ species could participate in the oxidation-re-
duction reaction occurring on the surface of the sensing materials
and thus cause a larger enhancement in sensor response [20].
Moreover, the X-ray absorption fine structure (XAFS) is used to ex-
amine the local atom structural environment, which can be carried
out to further analyze the oxygen species because of the element-
specific techniques [34,35]. And this problem has been recognized
and will be researched in this area, which will be the next focus of
our work.

As indicated above, it can be inferred more oxygen vacancy de-
fects lie in the N-C@Sn0,-Co304 HNBs (2.0%), furthermore, Raman
spectroscopy and PL measurement are carried out to assist the fur-
ther confirmation. In Fig. 4a, the Raman spectra of Sn0,-Co304 HNBs
and N-C@Sn0,-Co304 HNBs (2.0%) in the range of wavenumber
150-950cm™! are recorded at room temperature. Typically, the
peaks contain at about 512.4 and 670.8 cm™! are assigned as SnO,
and Co304 which verify the accuracy of XRD spectra [36,37].
Moreover, the peaks at about 593.0 cm™! detected in the two sam-
ples are ascribed to the surface oxygen vacancies, in which the ob-
taining peaks match with previously reported [38]. To investigate
the category and quantity of the defects, the ESR measurements of
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Fig. 2. (a, b) SEM images of Sn0,-C030, HNBs and N-C@Sn0,-C0304 HNBs (2.0%), (c) HRTEM image and (d) TEM image of N-C@Sn0,-Co304 HNBs (2.0%).

Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%) are obtained in
Fig. 4c, where a broad peak at g = 1.99 is identified and corresponded
to the electrons trapped in oxygen vacancies [39]. The intensity of
the peak is higher for N-C@Sn0,-Cos0, HNBs (2.0%) than for SnO,-
Co304 HNBs, demonstrating the successful introduction of oxygen
vacancies into N-C@Sn0,-Co304 HNBs (2.0%). This result is con-
sistent with the results of XPS, PL and Raman spectroscopies. Be-
sides, Fig. 4d illustrates the electronic band structures of both SnO,-
Co304 HNBs and N-C@Sn0O,-Co304 HNBs (2.0%). It has been shown
an obviously narrowed bandgap (E;) from 3.2eV down to 3.0eV,

Sn0O,-Co;0, HNBs

I~~~
o
R

2
53 =,
3 2
2
z N-C@Sn0,-Co;0, HNBs (2.0%)
& = =
=] = 2 =
P— 8 5 ° wn )

2
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Binding Energy (eV)

which is consistent with the report that oxygen vacancies as electron
donors can lead to bandgap narrowing by tuning the electronic
structure of MOS [40]. Although oxygen vacancies do not lead to a
large decrease in the bandgap, the energy barrier required for spe-
cies to move through the space charge region can be modified,
making room temperature applications more of a reality by changing
the bandgap values [41]. This can have even wider implications that
fine-tuning materials will be better for specific applications (e.g. the
narrowed bandgap is beneficial for the transfer of thermal-induced
electrons to affect the optimum working temperature, selectivity or

$n0,-Co;0, HNBs
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c
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Fig. 3. XPS spectra of the (a) survey and (b) high magnification of O 1s based on Sn0,-Co304 HNBs and N-C@Sn0O,-Co3;04 HNBs (2.0%).

4



M. Huang, S. Wang, H. Fu et al.

Journal of Alloys and Compounds 863 (2021) 158341

Table 1
Results of curve fitting of O 1s XPS spectra of Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%).
Sample (o1} Oy Oc
Binding Relative percentage (%) Binding Relative percentage (%) Binding Relative percentage (%)
energy (eV) energy (eV) energy (eV)
Sn0,-Co304 HNBs 529.5 40.63 530.7 5213 532.5 7.24
N-C@Sn0,-Co304 529.7 20.21 531.2 55.31 533.6 24.48

HNBs (2.0%)

response/recovery speeds of the sensor) [42]. Thus, all the char-
acterization analyses verified the sensing results of Fig. 5 that the N-
C@Sn0,-Co304 HNBs (2.0%) sensor with more oxygen adsorption
and higher electron mobility could be contributed to the surface
reaction between the adsorbed oxygen and test gas, which is good
for the improvement of gas sensing performance.

To confirm the assumption, gas sensors based on Sn0,-Co304
HNBs and N-C@Sn0,-Co304 HNBs (2.0%) are fabricated and their
gas-sensing performances have been investigated. Besides, other
amounts of N-C doping samples, such as N-C@Sn0,-Co30, HNBs
(0.9%) and N-C@Sn0,-Co304 HNBs (2.5%), are prepared to compare
with Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%) in Figs. S8
and S9. Fig. S8 presents the response of four sensors at different
operating temperatures from 140 to 180 °C. These four sensors show
the same tendency of “increase-maximum-decay” in the entire
range, and their optimum working temperatures are 160 °C. Besides,
combined with the result of Fig. S9, it can be deduced that the
loading amount of the N-C dopant affects the amount of oxygen
vacancies and has a great influence on response performance in the
whole sensing test. With the highest oxygen vacancies concentra-
tion, N-C@Sn0,-Co304 HNBs (2.0%) is found to be most optimal for
gas sensing application with regard to response and selectivity to-
ward acetone vapor sensing tests. But when the excess amount of N-
C loading, it may occupy aggregation and fewer oxygen vacancies of

Sn0O,-Co,0, HNBs

—— N-C@Sn0,-Co,0, HNBs (2.0%)
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Sn0,-Co304, which will hinder the surface sensing reaction and
decrease the MOS sensor response.

Humidity for the sensor is another concerning issue in real ap-
plications. To quantify the effect of humidity on the chemiresistive
sensing behaviors of the samples, we calculated the ratios of the
sensor resistances (Ra.we¢/Ra-gry) at 160 °C in dry air and 90% R.H. in
Fig. 5a-i and a-ii [43,44]. Sensors with Ra.yet/Ra.gry 21 show the
humidity-independent gas response and sensor resistance in air,
respectively. The Ra.yet/Ra.qry values lower than 1 indicate a large
decrease in the gas response and sensor resistance by moisture,
respectively. Note that for the N-C@Sn0,-Co304 HNBs (2.0%) sensor,
the Ra.et/Ragry values tended to move closer to unify with in-
creasing R.H. values from 30% to 90%, indicating that the chemir-
esistive type sensors maintained the humidity resistance property.
Besides, in Fig. 5b, the gas selectivity of the SnO,-Co304 HNBs and N-
C@Sn0,-Co304 HNBs (2.0%) sensors under dry or humid (90% R.H.)
atmospheres are measured at 160 °C, while the gas responses under
the dry and humid conditions are similar, namely excellent se-
lectivity response to acetone under both dry and humid atmo-
spheres. Particularly, Fig. S10 has shown the actual change in Rg
values of the N-C@Sn0,-Co304 HNBs (2.0%) sensor to 50 ppm of
acetone under different levels of R.H. at 160 °C. And the sensing
profiles of the N-C@Sn0O,-Co30, HNBs (2.0%) sensor at 160 °C are
shown in Fig. 5c¢. It can be found that the response of the N-C@SnO,-
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Fig. 4. (a) Raman spectra, (b) zoomed Raman spectra between 450 and 750 cm™?, (c) ESR spectra and (d) optical bandgaps determined by UV-Vis diffuse reflectance spectra of

Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%).
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Fig. 5. (a)-i: The Ra.ye/Ra.qry values and (a)-ii: resistances of N-C@Sn0,-Co304 HNBs (2.0%) at 160 °C in different relative humidity (dry air, 30%, 60% and 90% R.H.), (b) Selectivity
of Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs (2.0%) to 50 ppm of different gases at 160 °C in dry air or 90% R.H., (c) Dynamic response of N-C@Sn0,-Co30,4 HNBs (2.0%) at
160 °C in different atmospheres (dry air, 90% R.H., dry air-50 ppm acetone and 90% R.H.-50 ppm acetone), (d) Dynamic sensing transients of Sn0,-Co304 HNBs and N-C@SnO,-
Co304 HNBs (2.0%) upon the exposure to 1-50 ppm of acetone at 160 °C in dry or 90% R.H., (e) Baseline resistances and responses of N-C@Sn0,-Co304 HNBs (2.0%) to 50 ppm

acetone at 160 °C in dry air and 90% R.H.

Co304 HNBs (2.0%) tends to be stable in dry air without injecting
acetone, while the response increased to 9 rapidly after acetone
injection. Even in 90% R.H., the corresponding response is no more
than 2, but the response increased to 12 after acetone injection in
such high humidity. The common character of the sensors is the
adsorption of water on their surfaces, indicating the positive effect of
water on the acetone sensing reactions. Thus, these results clearly
indicate that the N-C@SnO,-Co304 HNBs (2.0%) sensor can be im-
plemented for the practical acetone analysis regardless of the hu-
midity variation.

The most interesting point observed from Fig. 5 and Figs. S10-12
is that the sensor resistance rises slightly during the pre-injection of
the humid vapor, and this ‘signal drift’ phenomenon is caused by the
‘donor effect’ [45,46]. The ‘donor effect’ has been attributed to that
water molecules replace the previously adsorbed and ionized oxygen
(07, 0%, etc.) on the surface of MOS, therefore, release the electrons
from the ionized oxygen. This process releases the electrons back to
N-C@Sn0,-Co304 HNBs (2.0%), which narrows the accumulation
layer of holes by electron-hole recombination, leading to an increase
of resistance [47-50]. Thus, this is probably because of the abundant
surface oxygen vacancy defects and large specific surface area of N-
C@Sn0,-Co304 HNBs (2.0%), which play an essential role in boosting
the humidity sensing performance. The surface oxygen vacancy
defects could provide a high local charge density and a strong
electrostatic field via a dissociative chemisorption process [51]. The
enhanced water dissociation triggered by surface oxygen vacancy
defects is beneficial for hopping transportation of protons on the
surface, which is demonstrated to be the dominant conduction
process in the humidity sensing test. Besides, the abundant ad-
sorption sites provided by the large specific surface area of meso-
porous N-C@Sn0,-Co30, HNBs (2.0%) also expedite the electrolytic
conduction process, resulting in further enhanced response at high
R.H. level [51].

Moreover, all sensors can effectively detect acetone gas under
various concentrations (1-50 ppm). With the increasing acetone

concentration, the response of N-C@Sn0,-Co304 HNBs (2.0%) sensor
increases in magnitude from 2.5 at 1 ppm to 12.1 at 50 ppm and
exhibits the highest response compared to another sensor in 90%
R.H. as shown in Fig. 5d. Furthermore, repeatability is also an im-
portant parameter to evaluate the reliability of the sensor for real-
life applications. The sensors demonstrate good reversibility, main-
taining stable baselines and rapid response during consecutive 1 or
50 ppm acetone cycles in dry air or even in 90% R.H., as shown in Fig.
S9b, ¢ and S12. In addition, no obvious decrease in the baseline re-
sistance and response are observed in the N-C@Sn0O,-Co304, HNBs
(2.0%) sensor over 25 days, even in 90% R.H., confirming the highest
long-term stability of N-C@Sn0,-Co304 HNBs (2.0%) (Fig. 5e).

At last, Table 2 lists a comparison of the key performance para-
meters of the N-C@Sn0,-Co304 HNBs (2.0%) sensor with some ty-
pical MOSs sensors, such as the working temperature, cites the effect
of oxygen vacancies and humidity effect. In most studies, the ideal
amount of dopant is often cited as being one that optimizes the
number of oxygen vacancies, producing the highest response, being
reported. As can be seen, the N-C@Sn0O,-Co304 HNBs (2.0%) syn-
thesized through N-C doping for detecting acetone is superior to
other sensors in 90% R.H. previously reported, regarding humidity
resistance, stability and working temperature. Besides, a portable
sensing prototype with excellent gas sensing performance is as-
sembled for remote monitoring of acetone via wireless transmission,
which has been depicted in our previous work [56]. As shown in Fig.
S13, a real-time response signal in terms of resistance changes are
transmitted via bluetooth and appeared in the application interface.
Thus, the success of our proposed strategy offers an efficient and
convenient approach to modify the sensing properties of the sensor
towards the expected research objective.

The gas-sensing mechanism of the N-C@Sn0,-Co304 HNBs (2.0%)
involves the surface-related redox reaction which can be explained
by the surface depletion layer model reported in previous kinds of
literature [9,57,58]. It mainly depends on the change of electrical
conductivity caused by the interaction between the tested gases and
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Table 2

Comparison of different sensors report in kinds of literature.

Refs.

Res. vs R.H.

Cited effect of Oy

Response (dry air/high R.H.)

30/11
15/9
20/7

Concn (ppm)

Working temp (°C)

Target gas

Material

Negative
Negative
Negative

ncreased Oc from increased Oy
ncreased Oy from doping Pt

ncreased Oc

ncreased O¢ from increased Oy

Negative

ncreased Oy from doping Pt and Al

ncreased Oy from doping N-C

This work

Humidity resistant

100

NO-

rGO-Co304 composites
Pt-In,03 nanofibers
Au-Sn0, nanotubes
Co-Sn0, nanofibers

180
200
300
450

Acetone
Acetone
Ethanol

50
50
10
50

Acetone 421/50
Acetone

Pt-decorated Al-doped ZnO nanoparticles

N-C@Sn0,-Co304 HNBs (2.0%)

9.25/14

160
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the ionized oxygen species (mainly O at 160 °C in our work) onto the
material surface [59]. The sensing mechanisms of N-C@Sn0,-Co30,4
HNBs (2.0%) in air and target gas are schematically shown in Fig. 6a
and b. In general, when the N-C@SnO,-Co30, HNBs (2.0%) based
sensor is exposed to an air atmosphere, the oxygen molecules can be
adsorbed on the surface of the N-C@Sn0O,-Co30, HNBs (2.0%) and
capture free electrons from the conduction band of the material.
Then the adsorbed oxygen will form the chemisorbed oxygen species
07, which turns to a hole depletion layer on the surface and forms
the potential barrier. When a sensor based on N-C@SnO,-Co304
HNBs (2.0%) is exposed to acetone vapors, the acetone molecules will
react with the adsorbed oxygen and release the electrons trapped
from the material conduction band back. This reaction increases the
electron concentration of the composite, that is, more electrons flow
to neutralize the holes, resulting in the thickening of the depletion
layer, the increase of resistance, and the improvement of response.

The enhancement in acetone-response property of the sensor
based on N-C@Sn0,-Co304 HNBs (2.0%) can be explained as follows.
Firstly, the appropriate amount of N-C doping could enhance the
acetone sensing properties by inducing surface oxygen vacancies in
the synthesized material. Based on all defect characterization re-
sults, more oxygen vacancies observed in N-C@Sn0O,-Co30, HNBs
(2.0%). As electron donors, oxygen vacancies provide unpaired
electrons for oxygen adsorption and ionization, suggesting more
active chemisorbed-oxygen-sites to react with acetone in N-C@
Sn0,-Co304 HNBs (2.0%) than SnO,-Co30, HNBs [40]. Moreover,
oxygen vacancies on the surface are reported to dissociate water
through the transfer of one proton to a nearby oxygen atom, en-
hancing the chemisorption of the dissociative water molecules,
which provides a high local charge density and a strong electrostatic
field via a dissociative chemisorption process. To analyze the ad-
sorption of acetone, the FTIR analysis of N-C@Sn0,-Co30, HNBs
(2.0%) pre-treated by saturation adsorption of acetone are tested in
Fig. S14. Before the FTIR test, the N-C@Sn0,-Co30, HNBs (2.0%)
based sensor was pre-treated by saturation adsorption of acetone. As
can be seen, the wavenumber from 1514 to 1637 cm™' can be as-
cribed to the existence of N-H and C-N stretching vibrations. These
results suggest that the partial reaction of acetone still maintained a
good form of chemi-adsorption on the surface of N-C@Sn0,-C0304
HNBs (2.0%) at 100 °C because of highly polar nature of acetone and
low dissociation energy of CH3-COCH; bond, accompanied by a small
amount of oxidation [43]. Therefore, an abundance of surface oxygen
vacancies on the surface is expected to enhance selectivity and re-
sponse, regardless of humidity change. Secondly, oxygen vacancies
narrow the bandgap of N-C@Sn0,-Co304 HNBs (2.0%) from 3.2 eV
down to 3.0 eV, which improves the transition of electrons and the
adsorption or activation of the target gas. Lastly, the prepared ma-
terial is a hollow structure with uniform mesoporous (Pore Dia-
meter: 5.62 nm). Such a structure is favorable for acetone diffusion
and improves the kinetics of the reaction of the acetone molecules
with oxygen species. And the abundant adsorption sites provided by
the large specific surface area of mesoporous N-C@Sn0O,-Co304 HNBs
(2.0%) could expedite the electrolytic conduction process, resulting
in an enhanced response at high R.H. level. To sum up, the factors
synergistically contribute to improving gas sensing performance.
Moreover, the exact mechanism for the improved acetone selectivity
through the addition of N-C@Sn0,-Co304 HNBs (2.0%) still needs
further studies.

4. Conclusion

Aiming to efficiently tuning the abundant surface oxygen vacancy
defects that can help obviously enhance gas selectivity and the re-
sponse of the semiconductor heterostructure-based chemical sensor,
we designed mesoporous N-C@Sn0,-Co304 hollow nanoboxes
(HNBs) via a unique vapor-phase processing method. And compared
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Fig. 6. (a-c) Schematic of the sensing mechanism of N-C@Sn0,-Co304 HNBs (2.0%).

with the Sn0,-Co304 HNB derived directly from thermal-decom-
position of CoSn(OH)g precursor, the aim of tailoring the nitrogen-
carbon (N-C) dopant did can be achieved by such strategy. The defect
characterizations had confirmed the successful preparation of such
N-C@Sn0,-Co304 HNB compound, as well as the generation of
oxygen vacancies. Thanks to the N-C dopant as active units for gas
sensors, the oxygen vacancies of N-C@Sn0,-Co304 HNBs (2.0%) were
significantly improved which exhibited superior acetone selectivity,
lower temperature (160°C) and excellent response (Rg/R,
=9.29-50 ppm). This study provided a new perspective for the de-
sign of sensing materials via rational oxygen vacancy defect en-
gineering, which may offer guidance for the design of other high-
performance materials.

Associated content
Supporting information

The Supporting Information is available free of charge on the
Journal of Alloys and Compounds publication website: Experimental
details; Materials characterization; Gas sensing properties; Illustra-
tion of the process of synthesizing N-C@Sn0,-Co304 HNBs and SnO,-
Co304 HNBs (Fig. S1); (a-f) Elemental mapping of Sn, Co, O, N and C
elements in N-C@Sn0,-Co304 HNBs (2.0%), and (g) EDS spectrum
image (Fig. S2); N, adsorption-desorption isotherm and pore size
distribution of N-C@Sn0,-Co304 HNBs (2.0%) (Fig. S3); (a) The TG
curves of Sn0,-Co304 HNBs, and various N-C@Sn0O,-Co30, HNBs
(0.9%, 2.0% and 2.5%) products, (b) and (c) The TG-FTIR combining
analysis of N-C@Sn0,-Cos0; HNBs (2.0%) with the heating

temperature from 30 to 750 °C under N, gas, and with the wave-
number of 600-4000 cm™! (Fig. S4); High magnification XPS spectra
of (a) C 15, (b) N 1s in N-C@Sn0,-Co304 HNBs (2.0%), as well as (c)
Co 2p, (d) Sn 3d on Sn0,-Co304 HNBs and N-C@Sn0,-Co304 HNBs
(2.0%), respectively (Fig. S5); SEM images of (a) SnO,-Co304 HNBs,
(b) N-C@Sn0,-Co304 HNBs (0.9%), (c) N-C@Sn0,-Co504 HNBs (2.0%)
and (d) N-C@Sn0,-Co304 HNBs (2.5%) (Fig. S6); PL spectra of SnO,-
Co304 HNBs and various N-C@Sn0,-Cos04 HNBs (0.9%, 2.0% and
2.5%) products (Fig. S7); Response of Sn0,-Co304 HNBs and various
N-C@Sn0,-Co304 HNBs (0.9%, 2.0% and 2.5%) sensors to 50 ppm
acetone at different working temperatures from 140 to 180 °C in dry
air (Fig. S8); (a) Dynamic responses of Sn0,-Co304 HNBs and various
N-C@Sn0,-Co304 HNBs (0.9%, 2.0% and 2.5%) sensors at 160 °C in the
acetone concentration range of 1-50 ppm in dry air, (b) Cyclic sen-
sing response of the four sensors to 50 ppm acetone in dry air, (c)
Cyclic sensing response of N-C@Sn0,-Co304 HNBs (2.0%) to 1 ppm
acetone at 160 °C in dry air (Fig. S9); Resistance change of N-C@
Sn0,-Co304 HNBs (2.0%) to 50 ppm acetone with pre-injected var-
ious R.Hs. at 160 °C (Fig. S10); Response and recovery of N-C@Sn0,-
Co304 HNBs (2.0%) to 50 ppm acetone in (a) dry air and (b) 90% R.H.
at 160 °C (Fig. S11); (a) Dynamic response to different acetone con-
centrations and (b) cyclic sensing response to 50 ppm acetone of N-
C@Sn0,-Co304 HNBs (2.0%) under 90% R.H. (Fig. S12); Photograph of
details for the portable acetone sensing prototype based on the N-
C@Sn0,-Co304 HNBs (2.0%) probe, (c-e) simulated acetone gas
testing and transient dynamic response-recovery curves of the
sensing prototype to the simulated acetone atmosphere. Insert of (e)
is the long term stability tests of the N-C@Sn0,-Co304 HNBs (2.0%)
sensor to 20 ppm acetone at 160 °C (Fig. S13); FTIR spectrum for N-
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C@Sn0,-Co304 HNBs (2.0%) before and after exposure to 50 ppm
acetone. The extra appeared peak within the wavenumber of
1000-2000 cm™! indicates the preferred adsorption of acetone on
the N-C dopant after N-C@Sn0,-Co30, HNBs (2.0%) are exposed to
acetone (Fig. S14).
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