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In this research, a semiconductor metal oxide (SMO)-based gas sensor was designed for the ultrasensitive and
tunably selective detection of formaldehyde and acetone. Cobalt-doped 3D inverse opal SnO; multilayer films
(3D IO Co-SnO, MFs) used as sensing materials were prepared with the ultrasonic nebulizing deposition (UND)
method combined with a self-assembly template. The 3D 10 Co-SnO; (Co/Sn = 1:24 atom%) MF-based sensor
exhibited a much higher response and lower limit of detection to the volatile organic compounds (VOC) gases
because of the larger specific surface area, effective gas accessibility, high catalytic activity, and increased
chemisorbed oxygen species generated by the elevation of the Fermi level and the narrowing of the band gap.
More importantly, the 3D I0 Co-SnO; MF-based sensor showed dual-model gas sensing characteristics for
selectively detecting formaldehyde and acetone at 200 °C and 225 °C, respectively, because of the difference of
the VOC catalytic conversion and surface oxidative reaction rate that was dependent on the operating

temperature.

1. Introduction

According to data from the World Health Organization, millions of
people die per year due to indoor air pollution, which is highly toxic and
ubiquitous, especially for young children who are more easily suscep-
tible to indoor air pollutants compared with adults. The most repre-
sentative indoor air pollutants are VOCs. Among the VOCs,
formaldehyde, as a common harmful VOC, ranks second on the priority
control list of toxic chemical substances. Additionally, higher concen-
tration of acetone can cause an anesthetic effect, especially on the ner-
vous system [1-3]. Accordingly, monitoring indoor VOCs is particularly
essential. Recently, SMO-based gas sensors with various characteristics,
all solid state, miniaturization, and easy integration have become a
research hotspot. However, the unavoidable drawbacks of lower sensi-
tivity to trace level VOCs and the poor selectivity of SMO-based gas
sensors severely limit applications in exact VOC detection.

To date, some research groups have demonstrated that the design of
sensing material nanostructures and in-situ doping can improve the
sensing performances of SMO-based gas sensors. The design and prep-
aration of SMO sensing materials with diverse 1D-3D architectures, such
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as nanowires, nanosheets, and hierarchical nanostructures, have been
considered to provide sensing active sites to enhance chemisorbed ox-
ygen species, and the structural design of sensing materials has led to the
improvement of gas sensitivity [4-6]. Three-dimensional inverse opal
(3D I0) structured materials possess good permeability and porosity, as
well as large specific areas and pore volumes that can promote the
diffusion of gas molecules and improve thermal stability, and the 3D IO
structure has become the most preferred framework [7,8]. Thus, various
synthetic strategies have been found to prepare 3D IO sensing materials,
such as traditional and simple methods of gravity sedimentation, and the
rapid approach of spin coating [9,10]. However, owing to the long
processing time, tedious preparation, and the fact that the
self-assembled ordered structure can be easily damaged, the above
synthetic strategies are not conducive to scale production. The easily
achieved and effective approach of ultrasonic nebulizing deposition
(UND) has been utilized to prepare 3D IO SMO sensing material, which
was first pointed out in our previous report [11]. In addition, the in-situ
doping further obviously contributed to the selective detection of
trace-level specific VOC gases. This was because the transition metal ion
dopants could be used as a catalyst to improve gas sensing reaction
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activity, and the chemisorbed oxygen generated by the production of
oxygen vacancy sites via doping was obviously enhanced [12]. In-situ
doping can also lead to the regulation of the nanoparticle crystallite
size and affect the intergranular contact, therefore resulting in the
baseline resistance change of the SMO-based gas sensor [13-15].
Furthermore, some research articles have demonstrated that the Fermi
level position, the electron depleted region width, and the band gap can
be regulated by in-situ doping, leading to the control of SMO sensing
material conductivity and the concentration of chemisorbed oxygen,
and finally the enhancement of the sensitivity and change selectivity
[11,16,17]. Although the selective detection of one specific VOC gases
using a single high-performance sensor can be achieved with the
mentioned strategies, an increase in the number of sensors is inevitable
when detecting various indoor VOC gases. From this perspective, the
best choice is to develop a single sensor with dual or multiple functions
that can exhibit tunable selectivity to build an air quality monitoring
system with a minimal number of sensors. Some research groups have
reported the application of a gas sensing measurement system in dis-
tinguishing VOC gases [18]. However, to the best of our knowledge,
there are few reports of one single sensor with a dual-mode sensing
characteristic being used in selectively detecting two kinds of specific
VOC gases [19-24]. For example, Xu, et al. reported that a PdAu bimetal
decorated SnOy-based gas sensor could exhibit tunable selectivity
through the change of the operating temperature [24]. In this research,
the doping of heteroatoms and the regulation of a sensing material’s
microstructure made the SMO-based gas sensor capable of dual-model
gas sensing characteristics for the selective detection of formaldehyde
and acetone. Table S1 displays a comparison of the other decorated
SnO,-based gas sensors’ sensing characteristics (operating temperature,
gas response, response and recovery times, and limit of detection) with
the sensor in this work. Compared with the reported formaldehyde
sensors, it could be highlighted that the 3D IO Co-SnO; (1:24 atom%)
MEF-based sensor exhibited a much higher response, faster response time,
and lower limit of detection (50 ppb) to formaldehyde. Additionally,
compared with the reported acetone sensors, this sensor exhibited
excellent performance, reacted relatively quickly at 225 °C, and
possessed the lowest limit of detection (500 ppb) to acetone. However,
the sensor with a tunable selectivity showed dual-mode gas sensing
characteristics for selectively detecting formaldehyde and acetone at
200 °C and 225 °C, respectively.

In this research, ultrasonic nebulizing deposition (UND) combined
with the self-assembly polystyrene spheres (diameter: ~200 nm) tem-
plate as a new-generation strategy was proposed to synthesize 3D IO Co-
SnO, MFs. There was a significant increase in specific surface area of the
sensing materials and the diffusion rate of gas molecules by employing a
3D IO nanostructure. Compared with the 3D IO SnO, MF-based sensor,
the 3D IO Co-SnO; (1:24 atom%) MF-based sensor exhibited much a
higher response, a trace-level limit of detection (50 ppb formaldehyde
and 500 ppb acetone), and tunable selectivity. In detail, the 3D IO Co-
SnO; (1:24 atom%) MFs showed dual-mode gas sensing characteristics
for the selective detection of formaldehyde and acetone at 200 °C and
225 °C, respectively. Thus, the dual-mode monitoring of formaldehyde
and acetone was achieved by altering the operating temperature.
Additionally, according to the characterizations of UV-vis spectropho-
tometer, ultraviolet photoelectron spectroscopy (UPS), and HCHO
temperature programmed spectroscopy (HCHO-TPR), the doping of
cobalt could decrease the band gap, elevate the Fermi level position,
induce vacancy defects, and increase the surface chemisorbed oxygen,
finally resulting in the enhancement of the sensing performance.

2. Experiment
2.1. Synthesis of sensing materials

The 3D IO Co-SnOy MF sensing material was synthesized with the
ultrasonic nebulization deposition (UND) method combined with the
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self-assembly PS sphere template (diameter: ~200 nm, Fig. S1). The
synthetic path was illustrated in Fig. 1. First, for the precursor solution,
certain amounts of Co(NO3),:6H>0 (AR, SCR Co. Ltd, China),
SnCl4-5H50 (AR, SCR Co. Ltd, China) (Co/Sn = 1:16, 1:24, and 1:48
atom%), and well-dispersed PS sphere powder was dissolved in a certain
volume of the solution containing deionized water, hydrochloric acid
solution (38%, SCR Co. Ltd, China) and hydrogen peroxide solution
(30%, SCR Co. Ltd, China). Subsequently, the solution was stirred at
room temperature for one hour. Second, it was time for ultrasonic
nebulizing deposition (UND) (the ultrasonic vibrator frequency = 1.7
MHz) with the nitrogen (flow rate = 1000 sccm) working as the carrier
gas. After adding the solvent to the UND system chamber and atomizing
for two hours, the precursor slurry of the as-prepared 3D IO Co-SnO,
MFs was obtained. Finally, the slurry mentioned above was dried at
60 °C for 24 h and annealed at 600 °C for 3 h to prepare the 3D IO Co-
SnO; MFs powder. In addition, the 3D IO SnO; MF sensing material
without doping as a control experiment was synthesized with this
method to spray the solution and subsequent annealing.

2.2. Fabrication and measurement of gas sensor

The fabricating and gas sensing measurement procedures of the gas
sensors are described below (Fig. S2) [25]. The slurry of sensing material
powders mixed with ethanol solvent was uniformly coated on the
ceramic tube (two thin gold electrodes wrapped around, four platinum
wires hanging on, and a Ni-Cr alloy coil passed through as a heater) and
annealed at 250 °C for 2 h. Subsequently, the ceramic tube with sensing
material was welded onto a hexagon socket. The gas sensor was pre-
pared and aged at 200 °C for 5 days. The gas sensing performance was
evaluated by a static test system. First, the gas sensor was put into a
sealed chamber filled with clean air (80% N5 and 20% O,). The stable
value of the gas sensor resistance was labeled as the baseline resistance
in air (Rajr). Subsequently, the gas sensor was transferred into another
sealed chamber filled with a mixture of clean air and a certain concen-
tration of target gas. The stable resistance in the target gas was labeled as
Rgas. Afterwards, the gas sensor was placed back into the sealed chamber
with clean air, and the resistance recovered to the baseline resistance
(Rair)- The different concentrations of the target gas were prepared by
mixing the standard gas with the target gas, which could be calculated
with Eq. (1):

C=V,xC)/V, (€]

where C: the concentration of the target gas, in ppm, Vj: the volume of
standard gas that was injected into the chamber, Cg: the concentration of
standard gas (100 ppm standard gas mixing with clean air (80% N5 and
20% 05)), V: the volume of the sealed chamber (1 L).

The gas sensor devices were connected to the sensing system and
measured by Fluke 8846a (Fluke Co.) to detect the resistance variation
in real time. The different heating currents were supplied by the
constant-current power (Gwinstek GPD-3303S) to provide energy to the
sensor component. The sensitivity was defined as shown in Eq. (2):

S = Ra[r/Rga.w (2)

where Ry the baseline resistance in air and Rgy: the resistance in the
target gas.

The response time of the SMO gas sensor was defined as the time
taken for the original resistance to reach 90% of its resistance at equi-
librium reacting in the target gas, while the recovery time was the
opposite.

2.3. Characterization methods
The crystal phases of the mentioned samples were characterized by

X-ray diffraction (XRD) analysis with a Rigaku wide-angle X-ray
diffractometer (D/max 2500) using Cu Ka radiation with a wavelength
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Fig. 1. Illustration of the process flow to fabricate the 3D IO SnO, and Co-SnO, (Co/Sn = 1:16, 1:24, and 1:48 atom%) MFs.

of 0.154 nm at a scanning rate of five degrees per minute in the range of
20-80 degrees. The characteristic microscopic morphology and the
microstructure of the Co-SnO, MF sensing samples were observed with
field emission scanning electron microscopy (FESEM, JSM-7500F JEOL)
and transmission electron microscopy (TEM, JSM-2100F). Energy
dispersive X-ray spectroscopy (EDS) attached to the TEM was applied to
further investigate the micro-composition. The specific surface area and
aperture distribution analysis were measured with Brunauer-Emmet-
Teller (BET) through Ni adsorption-desorption isotherms (Micro-
metrics Gemini VII). The X-ray photoelectron spectrometer (XPS) mea-
surement was conducted with an ESCALAB 250 X-ray photoelectron
spectrometer using an X-ray source (Al Ko hv = 1486.6 eV) to obtain the
structural parameters. The work function was calculated according to
ultraviolet photoelectron spectroscopy (UPS) tested with the ESCALAB
250 X-ray photoelectron spectrometer. The UPS spectrum used He I (hv
= 21.22 eV) as an energy source. The ultraviolet-visible spectropho-
tometer (UV-2550, Shimadzu, Japan) was applied to obtain the UV
visible absorption spectrogram. The HCHO temperature programmed
reduction (HCHO-TPR, AMI-300, USA) was measured to characterize
the surface redox activity of the materials via a gas analysis mass
spectrometer (Omnistar, Pfeiffer, Germany).

3. Results and discussion
3.1. Structural and morphological characterization

The XRD patterns of the synthesized materials of pure SnO, and Co-
SnO; (Co/Sn = 1:16, 1:24, and 1:48 atom%) are shown in Fig. 2(a). All
the diffraction peaks matched with the tetragonal rutile structure of
SnO; (JCPDS 41-1445). There were not any detectable diffraction peaks
of cobalt oxide due to the low doping concentration. Additionally, with
the increase of the Co doping concentration, the (110) peaks (from 24 to
30 degrees) became broader and shifted to the larger angle side because
of the different diameters of Sn**, Co®*, and Co>*. Because the diameter
of cobalt (0.66 ;\, average oxidation state of < 3) was smaller than that
of tetravalent tin (0.69 ;\), the lattice distortion existed when the cobalt
ions were doped into the SnO; lattice. The Debye-Scherrer formula is as
follows (Eq. (3)):

0892
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Fig. 2. (a) The XRD patterns of the 3D IO SnO, and Co-SnO» (Co/Sn = 1:16, 1:24, and 1:48 atom%) MF sensing materials. (b) Different doping concentrations
corresponding to various crystallite sizes obtained from XRD analysis. (c) The baseline resistances in air of the 3D IO SnO, and Co-SnO, (Co/Sn = 1:16, 1:24, and 1:48
atom%) MF-based sensors at different operating temperatures. (d) Co XPS spectra of Co-SnO, (Co/Sn = 1:16, 1:24, and 1:48 atom%) MF sensing materials. (e) O XPS

spectra of four sensing materials.
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breadth, and 6 is the Bragg diffraction angle [26]. The average size of
crystallites of the pure SnO3 and Co-SnO; (Co/Sn = 1:16, 1:24, and 1:48
atom%) were estimated to be 4.3 nm, 5.0 nm, 6.1 nm, and 8.1 nm
(Fig. 2(b)). The incorporation of Co effectively inhibited the grain
growth of the SnO, and regulated the crystallite size. The crystallite size
of the sensing materials gradually decreased with the increase of the
doping concentration of cobalt, indicating that the cobalt was success-
fully doped into SnOs lattice, and this resulted in the effective restraint
of the SnO; grain growth. Furthermore, it was proven that the sensitivity
was significantly increased when the crystallite size of the sensing ma-
terials was comparable to or smaller than the Debye length [27]. As
shown in Fig. 2(c), it could be found that the baseline resistances in air of
the Co-SnOs-based sensors were higher than that of the pure SnO5-based
sensor, and these resistances were gradually enhanced with the
increasing doping concentration of the cobalt. The electrons encoun-
tered more grain barriers when the electron transfer occurred as the
crystallite size became smaller, which showed an increase in resistivity,
macroscopically. The heteroion doping could lead to the regulation of
the crystallite size and affect the intergranular contact, finally resulting
in the baseline resistance change of the SMO-based gas sensor. The XPS
analysis was conducted as shown in Fig. 2(d and e). The full spectra XPS
of the 3D IO SnO5 and Co-SnO- (Co/Sn = 1:16, 1:24, and 1:48 atom%)
MF sensing materials are displayed in Fig. S3. As shown in Fig. 2(d), two
peaks were located at 779.9 eV and 795.5 eV, corresponding to the Co
2ps3,/2 and Co 2p; /5. The two Co peaks were divided into Co®" and Co?*,
respectively. The [Co®*]/[Co?*] ratios of the Co-SnO, (Co/Sn = 1:16,
1:24, and 1:48 atom%) MFs were calculated to be about 0.3, 0.34, and
0.56, and the value of the [Co®"]/[Co®"] ratio decreased with the
increased doping concentration [28,29]. The O XPS spectra could be
fitted into two peaks: the chemisorbed oxygen (O¢) and the lattice ox-
ygen (Op) species in Fig. 2(e), located at 531.4 +0.2eV and
530.2 £ 0.2 eV via the Gauss-Lorentz function [30]. The O; was a
relatively stable oxygen species in the crystal lattice and it had no
contribution to the electron transfer in the gas sensing reaction. How-
ever, the O¢ was essential for the gas sensing performance. More
chemisorbed oxygen could participate in the reactions with targeted gas
molecules on the surface when the O¢ species increased. Thus, the
sensing materials showed a higher sensitivity. The concentrations of the
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chemisorbed oxygen species of SnO, and Co-SnO; (Co/Sn = 1:16, 1:24,
and 1:48 atom%) were 47.3%, 50.6%, 52.4%, and 48.9%. Accordingly,
the 3D IO Co-SnO; (1:24 atom%) MF-based sensor possessed a much
higher response that could be attributed to the highest concentration of
chemisorbed oxygen species on the sensing material surface.

The scanning electron microscopy (SEM) images of the pure SnO,
and Co-SnO, MFs are shown in Fig. 3(a and b) and Fig. S4. The long-
range ordered macroporous structure was constructed using the self-
assembly PS sphere template. The spherical pore size was approxi-
mately 155-170 nm, which was slightly smaller than the diameter of the
PS sphere (average size: ~200 nm) because of the shrinkage of spheres
during annealing [31]. Additionally, the 3D macroporous structure of
the Co-SnO5 did not change with the increased amount of dopant. Ac-
cording to the UND preparation process, the specific porous structure of
the sensing materials was composed of many stacked nanoparticles after
removing the self-assembly PS sphere template through annealing,
forming a 3D 10 macroporous gas diffusion channel. As shown in Fig. 3(c
and d), the macroporous Co-SnO; (1:24 atom%) MFs was uniform and
continuous. It could be inferred that the nanoparticles wrapped around
the surface of the PS spheres and subsequently formed an interconnec-
tion between each sphere while self-assembling. To further demonstrate
the existence and distribution of the cobalt element in Co-SnO,, the EDS
elemental mappings for the Sn, Co, and O of the Co-SnO; sample were
conducted, as shown in Fig. 3(d). These three compositions were uni-
formly distributed and a few cobalt dopants were homogeneously
distributed in the SnO,.

3.2. Sensing properties

The gas sensitivities of the 3D IO pure SnO, and Co-SnOy MF-based
sensors to the 100 ppm target gases (ethanol, formaldehyde, acetone,
methanol, benzene, toluene, CO, NOy) at the temperature range from
200 °C to 300 °C are exhibited in Fig. 4(a-d). It could be found that the
3D IO Co-Sn0O5 (Co/Sn = 1:16, 1:24, 1:48 atom%) MF-based sensors all
possessed higher sensitivity to 100 ppm formaldehyde at 200 °C
compared with the pure SnO, MF-based sensor at 225 °C. The 3D IO Co-
SnO, MF-based sensor with the Co/Sn atom ratio of 1:24 exhibited the
highest formaldehyde response of 52.3 among different Co-SnO; (Co/Sn

Fig. 3. (a) The SEM image of the 3D IO Co-SnO, (1:24 atom%) MF sensing material at a low magnification. (b) The SEM image at a high magnification. (c) The TEM
image of the 3D IO Co-SnO- (1:24 atom%) MF sensing material at a high magnification. (d) The TEM image at a low magnification and (e, f) the EDS mapping of the

Sn, Co, and O elements.
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Fig. 4. (a-d) The gas sensitivities of the 3D I0 SnO; and Co-SnO; (Co/Sn = 1:16, 1:24, and 1:48 atom%) MF-based sensors at the temperature range from 200 °C to
300 °C reacting with eight 100 ppm target gases: ethanol, formaldehyde, acetone, methanol, benzene, toluene, CO, and NO,. The 3D IO Co-SnO, (1:24 atom%) MF-
based sensor: (e) the dynamic sensing performance for different concentrations of formaldehyde at 200 °C, (f) the resistance change to 0.05 ppm formaldehyde at
200 °C. () The sensitivity of the 3D IO SnO5 and 3D IO Co-SnO; (1:24 atom%) MF-based sensor to various concentrations of formaldehyde at the optimized operating
temperature. The 3D I0 Co-SnO (1:24 atom%) MF-based sensor: (h) the dynamic sensing performance to different concentrations of acetone at 225 °C, (i) the
resistance change to 0.5 ppm acetone at 225 °C. (j) The sensitivity of the 3D IO SnO; and 3D IO Co-SnO,, (1:24 atom%) MF-based sensor to various concentrations of
acetone at 225 °C.

= 1:16, 1:48 atom%)-based sensors, which was 4.3-times higher than acetone sensing performance. For example, the response to 100 ppm
that of pure SnO5 at the optimal operating temperature. The Co-SnO» acetone was 39.8 at 225 °C, which was higher than that of pure SnO5
(1:24 atom%)-based sensor also exhibited the lowest formaldehyde limit (the 100 ppm acetone response was 10.9). As shown in Fig. 4(h and i),
of detection of 50 ppb with the response of 1.3 (Fig. 4(e and f)). More the Co-SnO4 (1:24 atom%)-based sensor could detect a lower concen-
importantly, the gas selectivity of the Co-SnOs (1:24 atom%)-based tration (0.5 ppm) of acetone with the response of 1.2. Thus, it was noted
sensor could be changed by alternating the operating temperature. The that the 3D IO Co-SnO; (1:24 atom%) MF-based sensor exhibited a
3D IO Co-SnO; (1:24 atom%) MF-based sensor exhibited a superior highly selective detection of formaldehyde and acetone at the operating
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temperatures of 200 °C and 225 °C (Fig. 4(a-d)), respectively. This
demonstrated the promising potential of a single sensor with two
different functionalities. Namely, if a very small Co-SnO; (1:24 atom
%)-based sensor is made on a microheater platform and two different
pulse-driven heaters are applied, the gas sensing characteristics at two
kinds of operating temperatures can be measured quickly using one
sensor, which will facilitate the dual function of a sensor to detect
formaldehyde and acetone in a highly selective and sensitive manner.

In this experiment, the selectivity variation could be attributed to the
following aspects. The appearance energy was the minimum energy that
had to be supplied to a gas phase atom or molecule to produce an ion,
and the appearance energy of formaldehyde was smaller than that of
acetone. The HCHO deprotonation to the [CHO]" appearance energy
was 11.97 eV, which was lower than the deprotonation of CsHsOH to
[C3H501", measured at 13.10 eV [32]. Thus, the redox reaction between
the formaldehyde and O could be achieved at a lower thermal energy,
and the Co-SnOs-based sensor exhibited high selectivity to 100 ppm
formaldehyde at 200 °C. However, once the operating temperature
exceeded 200 °C, desorption could easily occur for the adsorbed form-
aldehyde molecules before the reaction, so the sensitivity changed [33].
Accordingly, the operating temperature was an essential factor for the
gas sensor, and because of the different affinity energy of the gas mol-
ecules, the activity of the gas was different at various temperatures. The
lowest unoccupied molecular orbital (LUMO) of acetone is lower than
that of formaldehyde [34]. When the temperature was above 225 °C, the
gas sensing materials were more inclined to react with acetone, leading
to the selectivity variation at different temperatures. Therefore, the
in-situ selection of the formaldehyde and acetone gas sensor could be
realized by changing the operating temperature.

As shown in Fig. 4(g and j), the 3D IO Co-SnO; (1:24 atom%)-based
sensor exhibited a lower limit of detection than the pure SnOs-based
sensors. The response of both sensors gradually enhanced with the in-
crease of the concentration of the target gas and showed a good linear
characteristic curve. Additionally, the response and recovery times of
the sensor for the 100 ppm target gas at the respective optimal operating
temperatures could be obtained, as shown in Fig. S5. The response times
of the Co-SnO5 (1:24 atom%)-based sensor to the 100 ppm formalde-
hyde and acetone were all 1 s, indicating that the 3D IO structure was
beneficial for the improvement of the gas molecule transportation. The
recovery time of the sensor for formaldehyde was within 176 s, but the
recovery time of the sensor for acetone was 256 s, which was attributed
to the desorption of formaldehyde and acetone gases being relatively
slow at the operating temperature [35]. Humidity interference with the
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sensing properties had to be considered. The water molecules would
occupy most active sites on the surface of the sensitive materials at high
humidity atmosphere and prevent the sensing reaction between target
gas and chemisorbed oxygen, and also inhibit the transformation of the
adsorption of oxygen into O Thus, higher humidity had a negative
impact on the gas sensor. As shown in Fig. 5(a and b), the gas responses
of the sensor to formaldehyde at 200 °C and acetone at 225 °C had been
decreased in the acceptable ranges while the humidity increasing from
30% RH to 50% RH. Moreover, the gas resistances of the sensor to
formaldehyde at 200 °C and acetone at 225 °C were both reduced by
about 10% at 30-50% RH, respectively. Besides, the ratio of changes in
resistance were lower than the gas response value (Rair/Rgas = 1.2)
defined as the detection limit of target gas.

The cyclic performances of the 3D I0 Co-SnO; (1:24 atom%) MF-
based sensor for 100 ppm formaldehyde and acetone were measured
at 200 °C and 225 °C, respectively (Fig. S6). The sensor could return to
baseline resistance each time after detecting the target gases, and the
sensor possessed extraordinary reliability and repeatability, even after
repetitive measurements. For the long-term stability measurement
(Fig. 5(c and d)), the response of the 3D IO Co-SnO; (1:24 atom%) MF-
based sensor to formaldehyde and acetone and the baseline resistance
(~195 MQ at 200 °C and ~140 MQ at 225 °C) were steady, indicating
that the sensor could remain relatively stable after long-term stability
measurement at the optimal operating temperature for 12 days.

Thus, the 3D IO Co-SnO, (1:24 atom%) MF-based sensor exhibited
excellent sensing performance toward formaldehyde and acetone with
the in-situ altering operating temperature for dual-mode sensing
characteristics.

3.3. Gas sensing mechanism

The sensing performance of SMO gas sensors to VOC gas is associated
with the surface chemisorbed oxygen, and the surface chemisorbed
oxygen species is O at the temperature of 150-400 °C (Eq. (4)) [36,37].
The sensing mechanism is briefly described as follows: (i) At step one,
when the SnO; is exposed to air, because the electron affinity of an
oxygen molecule is higher than the work function of the SnO,, the
electron will be captured by oxygen, thus leading to the existence of a
chemisorbed oxygen ion.

4

Simultaneously, the transfer of the electron induced the band to bend
upward and form the electron depletion layer, which causes the SMO gas
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Fig. 5. The responses (a) and the baseline resistances (b) of the 3D IO Co-SnO, (1:24 atom%) MF-based sensor at different humidity (30-90% RH); The long-term
stability measurement of response (c) and resistance (d) of the 3D IO Co-SnO, (1:24 atom%) MF-based sensor toward 100 ppm formaldehyde at 200 °C and 100 ppm

acetone at 225 °C.
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sensor to have high resistance. (ii) At step two, when detecting form-
aldehyde, acetone (Egs. (5 and 6)), and other reducing gases, the
reducing gas reacts with the chemisorbed oxygen, and electrons are
released from the oxygen to the semiconductor conduction band, lead-
ing to the increase of the electron concentration, the decrease of the
depletion layer thickness, and the decline of the barrier height.

HCHO+20" < CO,+H,0 + 2e” 5)

CH;COCH; +80" < 3C0O, +3H,0 + 8¢~ (6)

In this research, the excellent gas sensing properties could be
attributed to the following aspects. For molecular dynamics, the Knud-
sen diffusion formula explains that gas sensing properties are related to
the microstructure of the sensing materials [38]. It is worth mentioning
that the 3D IO macroporous structure is a reliable framework for gas
sensing. 3D IO structured materials with good permeability and
porosity, as well as a large specific area and pore volume that can pro-
mote the diffusion of gas molecules. As shown in Fig. S7, the Ny
adsorption/desorption isotherms of the 3D IO pure SnO; and Co-SnOy
(1:24 atom%) MFs all exhibited a type of III isotherm. The specific
surface area of the 3D I0 Co-SnO; (1:24 atom%) and pure SnO, MFs
were 53.6 and 51.6 m? g™}, respectively, which were all much higher
than that of the SnO; solid nanospheres (~10.7 m? g™!). The doping
macroporous material had a pore diameter of ~138 nm and the pure
material was ~140 nm, coincident with the SEM/TEM analysis. There-
fore, it could be concluded that the Co-doping had barely any influence
on the morphology. Additionally, the macroporous structure was
conducive to the effective diffusion of the gas molecules and helpful for
improving the utilization efficiency of the sensing materials, indicating
that the materials had better gas sensing properties. In addition, the
in-situ Co-doping had a significant impact on the gas sensing response.
The doping of the Co?>" and Co®' for the Sn*" could generate more
oxygen vacancies, thus leading to the increase of the chemisorbed ox-
ygen [39]. The defect reaction Eqs. (7-9) was
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C0,05—2Co,, +V,” +305. ©)

To verify that the electron transfer could be obviously influenced by
doping, the Fermi level (E¢) and the maximum valence band (E) of the
Sn0O; and Co-Sn0O; (1:24 atom%) MFs were obtained with UPS (Fig. 6(a
and b)). The work function could be obtained as shown in Eq. (10):

Wr = hv— Ecut—q/f (high binding energy) (10)

where hv (~21.22 eV) is the energy of the UV lamp. The Fermi levels of
the SnO; and Co-SnO, (1:24 atom%) MFs were calculated to be
— 3.08 eV and — 2.70 eV, respectively. Moreover, the Ey was deter-
mined by defining the cut-off values of the high binding energy and the
low binding energy. Thus, the corresponding Ey levels were — 5.43 eV
for the pure SnO5 MFs and — 5.80 eV for the Co-SnO, (1:24 atom%) MFs
[40]. The calculated results showed that the work function of the
Co-Sn0; (1:24 atom%) decreased, indicating the elevation of the Fermi
level after doping. As is well known, when the SMO gas sensor was
exposed in air, the oxygen molecules were adsorbed on the surface of the
sensing materials and they captured electrons from the semiconductor
conduction band, forming the surface chemisorbed oxygen. The energy
band bent upward until the Fermi level became the same as the LUMO of
the chemisorbed oxygen. Therefore, as shown in Fig. 6(c), the elevation
of the Fermi level increased the depletion layer thickness and led to a
larger energy level between the SMO and chemisorbed oxygen, finally
resulting in the increase of the chemisorbed oxygen, which was bene-
ficial for improving the gas sensing performance. Accordingly, the
higher gas sensitivity of the 3D I0 Co-SnOy (1:24 atom%) compared
with the pure SnO, was attributed to the increase of the chemisorbed
oxygen generated by the elevation of the Fermi level, which meant that
more chemisorbed oxygen participated in the surface sensing reaction
while detecting target gas molecules after cobalt doping.

In addition, gas sensing performance is also associated with the band
gap of SMO sensing materials [41]. For example, if the SMO has a nar-
rower band gap, the potential energy barrier will decrease and the

C0304—Co0 + C0,0;, @ carrier concentration change will be not obvious while forming the
, depletion layer [42]. Accordingly, it is necessary to control the doping
CoO—Coj, +V, + 0}, (8) concentration to optimize the band gap. As shown in Fig. 7(a and b) and
Fig. S8, the band gaps of the 3D IO SnO5 and Co-SnO5 (Co/Sn = 1:16,
a
b — Co-Sn0, (1:24)
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Fig. 6. (a and b) The UPS spectra of the 3D I0 SnO, and Co-SnO, (1:24 atom%) MF sensing materials. (c) The energy band structure of the sensing materials.
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Fig. 7. (a) The UV visible absorption spectrogram of the 3D IO SnO, and Co-SnO, (Co/Sn = 1:16, 1:24, 1:48 atom%) MF sensing materials. (b) The calculation of the
band gap energy using a Tauc-Plot analysis. (c) Schematic energy diagram illustrating the effect of the Co doping sensing materials. (d) The HCHO-TPR of 3D IO SnO,

and Co-SnO, (1:24 atom%) MF sensing materials.

1:24, and 1:48 atom%) MF sensing materials were 3.40 eV, 3.13 eV,
3.21 eV, and 3.29 eV. Additionally, the UV visible absorption spectra
could be modified when an additional energy level such as the oxygen
vacancy was introduced into the band gap of sensing materials (Fig. 7
(a)) [43]. With the increasing Co doping concentration, the band gap of
the Co-SnO5 became smaller and the 3D IO Co-SnOy (1:24 atom%)
sensing material with the band gap of 3.21 eV possessed the best gas
sensing performance. More importantly, the HCHO-TPR was also used to
characterize the concentration of chemisorbed oxygen of pure SnO, and
Co-Sn0; (1:24 atom%) and to simulate the gas sensing reaction. The
experimental procedure is described in Fig. S9. As shown in Fig. 7(d), the
generated concentration of CO2 could reflect the intensity of the sensing
reaction between the HCHO and the chemisorbed oxygen. More HCHO
was consumed for the Co-SnO5 compared with pure SnO; for the same
condition, further verifying that the cobalt doping could produce more
oxygen vacancy and surface active sites and lead to the generation of
more chemisorbed oxygen bound to the sensing material surfaces [23].
Thus, it could be concluded that more chemisorbed oxygen would
participate in the sensing reaction on a heteroion doped SMO surface
while being exposed to the target VOC.

4. Conclusions

In summary, the 3D IO Co-SnO, MF sensing materials were designed
and prepared with ultrasonic nebulizing deposition (UND) combined
with the self-assembly polystyrene sphere template. The 3D 10 MF
structure could achieve effective gas diffusion and enhance gas acces-
sibility to improve the utilization efficiency of the sensing material.
Importantly, the doping of cobalt could elevate the Fermi level position,
decrease the band gap, induce vacancy defects, and increase the surface
chemisorbed oxygen, finally resulting in the enhancement of the sensing
performance to formaldehyde and acetone. Accordingly, the 3D IO Co-
SnO, (1:24 atom%) MF-based sensor exhibited ultra-sensitivity, a fast
response, and high selectivity to the low concentration of formaldehyde
(at 200 °C) and acetone (at 225 °C), respectively. Thus, a single gas
sensor based on ordered porous Co-SnO, multilayer films with dual
functionality could achieve the synchronous, sensitive, and selective

detection of two different VOC gases (formaldehyde and acetone) via the
tuning of the operating temperature.
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