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Highly responsive and selective formaldehyde sensor
based on La**-doped barium stannate microtubes
prepared by electrospinning
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La3+—doped BaSnO; microtubes (La3+—BaSn03) have been synthesized by electrospinning method, and the
influence of La>* content on the sensing properties of BaSnO; for detection of formaldehyde vapor has been
investigated. The as-prepared materials have been characterized using XRD, SEM, DSC, XPS, and UV-Vis. The
La**-BaSnO; sample doped with 4 wt% La exhibited a response as high as 220 to formaldehyde vapor (1000
ppm concentration) along with a very low detection limit of 0.1 ppm at 270 °C, whereas at 140 °C, it exhibited
a response of 80 and detection limit of 1 ppm. In addition, the sensor showed excellent selectivity of 57 to
formaldehyde at 140 °C when compared with other vapors. Further, the sensor also showed good repeatability
and stability over a long period of time suggesting its strong potential as a commercial formaldehyde sensor.
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Environmental air quality is a major factor affecting human

health; the presence of toxic gases in the air has been found to

20, 21]. Barium Stannate (BaSnOj;, BSO) is one such SMO
which, despite having shown its potential as sensor [22, 23, 24,
25, 26, 27], has not been well explored for sensor application.

be responsible for serious respiratory illness [1]. Volatile For example, BSO thin films, prepared through radio frequency %5
organic compounds (VOCs) are ever-increasing in our envi- sputtering, as reported by Ostrick et al, showed a good E
ronment as they find more and more applications in our day- ~ response to reducing gases (isobutene, H,, NO, CH,, CO, %
to-day activities, and some of them, such as formaldehyde, are etc.) at temperatures lower than 700 °C [22]. Lampe et al. R
known to be toxic to humans. VOC detection also finds  reported the use of BSO thin films, deposited on an ALOs; §
application in noninvasive medical diagnosis. Hence, the substrate through reactive sputtering, as NO sensor in the 2
detection of VOC has become an important aspect of  temperature range of 450-550 °C and as CO sensor in the -
current day research [2, 3]. Many active materials and  temperature range of 600-700 °C [23, 24]. Reddy et al. in- (;
techniques have been developed for the detection of VOCs vestigated the effect of additives such as Pt, Pd, Rh, Ru, and Ag 4
(4, 5, 6, 7, 8]. on the sensitivity of BSO, prepared by thermal decomposition of s
Semiconductor metal oxides (SMOs) have shown promis-  precursor salts followed by calcination at 1400 °C for 1 h, toward §

>

ing application as resistive gas sensors as the resistance of these
SMOs change sharply upon adsorption of a specific analyte
(VOC vapor or gas) [9]. In recent years, nanometer scale SMOs
having various size and shape have gained much interest in
a number of applications including gas sensors due to their
size-dependent properties [10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
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gases such as LPG, CO, and CH, [25]. The response time of the
sensor, toward the mentioned gases, with different catalytic
additives, was also studied. Lu et al. measured the electrical
conductivity of Sb-doped BSO, synthesized by milling, calcina-
tion at 1100 °C, pressing, and firing in a muffle furnace at 1300-

1400 °C, as a function of partial pressure of O, at elevated
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temperatures in the range of 843-1000 °C [26]. Tao et al.
reported the change in conductance of BSO, obtained from
chemical precipitation followed by calcination at various temper-
atures, in the presence of air while operating in the temperature
range of 200-550 °C, with conductance reaching a peak value at
290 °C; high response and good selectivity of BSO toward
ethanol were also reported [27]. However, no studies have
reported the formaldehyde-sensing properties of BSO, although
formaldehyde detection is very important considering the
associated potential hazards. Also, literature shows that doping
of SMOs by various metal ions can alter the conducting
properties of the SMO by creating defects [26], due to which,
investigation of the influence of dopants on BSO is an interesting
topic of research for sensor application.

Till now, BSO has been synthesized mostly using methods
such as radio frequency sputtering [22, 23, 24], thermal
decomposition [25], milling [26], chemical precipitation [27,
28], solid-state reaction [29], and thermal precipitation [30],
which have their own limitations. Electrospinning is a very
popular method for production of nano-to-microscale fiber
mats as this technique provides many advantages in controlling
the properties of the synthesized material such as high specific
surface area, tunable morphology, and surface chemistry [31,
32]. In this technique, the flow of a polymer solution is
controlled by a syringe pump under high voltage maintained
between the needle and metal collector surface acting as
electrodes. Properties of the solution, the electrical parameters
of the setup, and ambient conditions significantly affect the
electrospinning process and properties of the synthesized
material [33]. As a consequence, it has gained a lot of attention
in recent times, as is evident from the increase in patents and
publication in areas such as energy engineering, tissue engi-
neering, life sciences, and sensors [34, 35]. However, there are
no reports on the synthesis of BSO tubes using electrospinning,
and hence, considering the necessity of large surface area for
good sensing response of the sensor material, it is expected that
electrospinning-synthesized BSO tubes could exhibit excellent
sensing properties to VOCs, including formaldehyde. Further,
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since the electrical conductivity of semiconductors can be
significantly altered by introducing dopants, doping BSO tubes
with appropriate dopants is likely to improve the sensing
response of BSO sensors.

In view of the above, here we report the synthesis of BSO
and La’>"-doped BSO microtubes through electrospinning for
application in formaldehyde sensor. The choice of La as dopant
was based on its widespread use in recent literature as a dopant
in SMOs for a number of applications [36]. The as-prepared
LBSO samples of different dopant concentration were tested for
sensing of formaldehyde vapor within a large temperature
window to identify the optimum operating temperature as well
as the optimum dopant concentration. The optimally doped
LBSO sample (4 wt% La) was further characterized by a number
of techniques for structural, optical, and chemical information

which were correlated to its good sensing properties.

The TG-DSC curves of precursors used for sample preparation
have been illustrated in Fig. 1(a). As is evident from Fig. 1(a),
the precursors go through several steps of weight loss. The first
weight loss occurs between room temperature (25 °C) and
85 °C, accompanied by an endothermic peak which originates
from the removal of the adsorbed impurities. The second
weight loss occurs between 85 and 200 °C, accompanied by an
exothermic peak corresponding to the removal of the structural
water from the salts. The third weight loss occurs during
heating from 200 to 400 °C, with a weight loss of approximately
30%, accompanied by two exothermic peaks. Within this
temperature range, the first peak at 288 °C indicates the
decomposition and subsequent vaporization of DMF and
PVP, whereas the second peak at 327 °C results from the
decomposition of the metallic salts leading to the formation of
BaO, Sn0,, and La,0; as well as loss of NO, and HCI gases.
The sample then goes through a phase transition in the
temperature range of 400-500 °C, resulting in the formation
of BaSnOj; [27, 37, 38]. Another phase transition occurs in the
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Figure 1: (a) TG-DSC curves of 4LBSO and (b) X-ray diffractograms of BSO and various LBSO samples; the peaks representing planes of La,Sn,0; crystals are

marked separately.
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temperature range of 500-550 °C, marked by an exothermic
peak resulting from the formation of La,Sn,0;. The reactions
involved in the synthesis process are shown as follows:

2Ba(NO3), — 2Ba0 +4NO,(1) + 05(1) , (1)
SnCl - 5H,0 % $n0, + 4HCI(1) +3H,0 ,  (2)
La(NO3), - 6H,0 — La,03 + NOy (1) + H,O ., (3)
BaO + SnO, - BaSnO; (4)

La,03 + 25005 2 LaySmy05 (5)

Figure 1(b) depicts the powder X-ray diffraction (XRD)
patterns of BSO and LBSO samples in which peaks corre-
sponding to planes (110), (111), (200), (211), (220), and (310)
of cubic BaSnO; (PDF#15-0780) phase can be identified at 20
values 30.69°, 37.83°, 43.96°, 54.56°, 63.91°, and 72.56° re-
spectively, in all the samples. Two additional weak peaks are
also observed for LBSO samples containing more than 2 wt%
La®" at 20 values of 28.97 and 33.54 which correspond to (222)
and (400) planes of cubic La,Sn,O; phase (PDF#13-0082),
respectively.

The crystallite size of the samples was calculated using the
Debye-Scherrer formula. Addition of La** sharply reduced the
crystallite size by a significant amount with the minimum size
of 48.18 nm at 4 wt%, doping above which the size of the
crystallites started to increase again. The crystallite size of the
BSO was found to be similar to the previously reported
crystallite size of 60.63 nm [39].

LBSO
Nanoparticles

500 nm
=——

Rendered in Figs. 2(a)-2(d) are Field Emission Scanning
Electron Microscope (FESEM) micrographs of 4LBSO nano-
particles at different magnifications. As is evident from the
images, the LBSO microtubes were made out of smaller LBSO
nanoparticle. Analysis of these images shows that, on
average, the microtubes had a diameter of 280 nm and an
average length of 2.5 pm, approximately. The average nano-
particle size was found to be ~55 nm which agrees well with
the crystallite size (~48 nm) calculated from the XRD
patterns.

Figure 3(a) shows the UV-Vis diffused spectra of 4LBSO
sample. A Tauc plot was drawn using the raw data of Fig. 3(a),
as shown in Fig. 3(b). Subsequently, the electronic band gap of
4LBSO was found to be 3.61 eV. Figure 3(c) depicts the Tauc
plots as obtained by converting the UV-Vis diffused spectra of
each of the samples. It is evident from the intercepts with the x-
axis that the band gap energy of the samples, as shown in Fig. 3
(d), decreased initially with the addition of La3t, reaching
a minimum value of 3.61 eV at 4 wt% La>". Thereafter, the
band gap energy was found to increase with the addition of
La’*.

Figure 4(a) illustrates the X-ray Photoelectron Spectros-
copy (XPS) survey spectrum of 4LBSO sample confirming the
presence of Ba, Sn, La, and O in the sample. In addition, the
spectrum also confirms the cleanliness of the sample as no
impurity peaks apart from those due to C (adventitious) could
be observed. All data were calibrated with respect to the
position of the C 1s peak at 285 eV, observed due to the
presence of adventitious Carbon, in accordance with the
literature [40, 41].

Figures 4(b)-4(e) plot the spectra obtained from Sn 3d, Ba
3d, O 1s, and La 3d core levels, respectively. The Sn 3ds/, and

LBSO

Microtubes

Figure 2: (a)-(d) SEM micrographs of 4LBSO microtubes made from 4LBSO nanoparticles at various magnifications.
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Figure 3: (a) UV-Vis diffused spectra of 4LBSO, (b) tauc plot obtained from UV-Vis diffused spectra of 4LBSO along with slope showing intercept at the x-axis,
(c) tauc plots obtained from the UV-Vis diffused spectra of BSO samples with varying La>" content, and (d) comparison of the values of energy band gap as
obtained from Tauc plot for all BSO samples as a function of La>* dopant concentration.

Sn 3d;, peaks, shown in Fig. 4(b), were observed at 486.3 eV
and 494.7 eV, respectively, with a peak separation of 8.4 eV in
good agreement with literature suggesting Sn** states [42]. The
Ba 3ds,, and Ba 3ds, peaks, shown in Fig. 4(c), were observed
at binding energies of 780.4 eV and 795.7 eV, respectively,
confirming the presence of Ba®* oxidation state [42]. The
asymmetric peak in Fig. 4(d), can be deconvoluted into three
peaks centered at 532.2, 531.4, and 530.2 eV, confirming the
presence of chemisorbed oxygen species on the surface of BSO
(0*7), oxygen vacancies (O7), and lattice oxygen species
(O,7), respectively [43, 44]. The La 3d spectrum, shown in
Fig. 4(e), was fitted such that the two components representing
La 3ds,, are located at 835.2 and 838.86 eV, whereas the
components due to La 3d;/, are located at 852.46 and 855.84
eV, thus, confirming the presence of La>* ions in the sample.
The two components of La 3ds,, and La 3ds/, result from spin—
orbit interaction occurring separately in each spin-orbit
component [45].

Figure 5(a) shows the N, adsorption-desorption isotherm
plots obtained by the Brunauer-Emmet-Teller (BET) method
for 4LBSO. The specific surface area of the sample was
calculated to be approximately 8.6 m*/gm, whereas a pore size
diameter of about 14.5 nm for 4LBSO was obtained from
analysis of Fig. 5(b).

© Materials Research Society 2019

Analysis of gas-sensing response

The change in the resistance of the LBSO sensor caused by its
exposure to formaldehyde was used to measure the sensor

response using the following equation.

s=22 (6)

where R, is the electrical resistance of the gas sensor in air and
Ry is the electrical resistance of gas sensor in the presence of the
gas.

Figure 6(a) shows the response of all the samples to 1000
ppm concentration of formaldehyde at different temperatures.
It can be seen that, above a threshold temperature of 75 °C, the
formaldehyde-sensing response of 3LBSO, 4LBSO, and 5LBSO
increased with increasing the temperature. Interestingly, the
2LBSO sample showed sensing response toward formaldehyde
only after the temperature was raised above 210 °C. All samples
showed their best response toward formaldehyde at an oper-
ating temperature of 270 °C above which it started to decrease,
and 4LBSO sample showed the highest response (220) com-
pared to all other samples tested.

The response of 4LBSO sample to 1000 ppm of various

VOCs as a function of temperatures has been illustrated in
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Figure 4: XPS spectra of 4LBSO sample: (a) survey, (b) Sn 3d, (c) Ba 3d, (d) O 1s, and (e) La 3d spectra, respectively.

Fig. 6(b). It can be observed that 4LBSO showed some response
to ammonia, acetaldehyde, acetic acid, and ethanol at room
temperature which decreased rapidly as the temperature was
increased and disappeared at 50 °C above which it increased
again. Among all the VOCs tested, the best response was
obtained at 270 °C to formaldehyde.

© Materials Research Society 2019

The selectivity of the sample, G, is defined as follows:

_5

G= ;
S,

(7)

where S; is the response of the sample to formaldehyde at

a particular temperature and S, is the significant response shown
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Figure 6: (a) Influence of La content on the sensing response of the various BSO and LBSO samples when exposed to 1000 ppm concentration of formaldehyde as
a function of temperature, and (b) response of 4LBSO to various VOCs at a concentration of 1000 ppm.

to other gas at the same temperature. Using the data obtained
from Fig. 6(b) in Eq. (7), we obtained G = 57.14 at 140 °C which
is much higher than its value (6.29) obtained at 270 °C, thus
confirming that the sample’s best selectivity is at 140 °C.

Figures 7(a) and 7(b) depict the response time plot for the
4LBSO sensor to different concentrations of formaldehyde at
operating temperatures of 270 °C and 140 °C, respectively.
Further, the 4LBSO sample showed a very low detection limit of
0.1 ppm, with a response of 1.33 at 270 °C and at 140 °C, it
increased to 1 ppm with a response of 1.6. Figure 7(c) shows that
the sensor response is highly reproducible at 270 °C even after
five cycles, whereas Fig. 7(d) shows that the sensor response
gradually rises as the concentration of formaldehyde is increased.

The stability of the sample has been shown in Fig. 8. The
response of the sample remained stable in the range of 215-225 for
3 days following which the response declined to approximately half
of the original value on the 4th day. The sample then maintained
the modified response for a prolonged period of 31 days.

Formaldehyde-sensing mechanism of LBSO

The sensing mechanism in metal oxide gas sensors is generally

explained by the ionosorption of oxygen species on the SMO

© Materials Research Society 2019

surface when operating in ambient air. In the temperature
range between 100 and 200 °C, oxygen ionosorbs in a molecular
(O,7) form and at higher temperatures the atomic form (O7)
may be responsible since O, has a lower activation energy
than that of (O7) [46, 47, 48, 49]. BSO being a wide band gap
n-type semiconductor and due to its microfiber-like morphol-
ogy combined with defects produced by La doping, favors the
adsorption of oxygen species on its surface and subsequent
adsorption of test gases. The adsorption of oxygen species on
the surface of the LBSO based sensor, during heating, can be
described by the following equation:

0,(ad) < 05 (ad) <20 (ad) <20 (ad) . (8)

As the adsorbed species capture electrons from the SMO,
they bring about an increase in the resistance of the SMO
caused by the enlargement of the space-charge region.

As the surface of the SMO is further exposed to an analyte
gas, the analyte molecules adsorb on its surface which soon
interacts with the preadsorbed O®~ species. The following
reaction, as reported by Wu et al. [50], shows a possible
exchange scenario that might occur on the surface of LBSO

when it is exposed to formaldehyde:
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Figure 7: (a) Sensor response to various concentrations of formaldehyde at 140 °C, and (b) at 270 °C, (c) Repeatability of the sensor response at 270 °C, and

(d) Sensor response versus concentration of formaldehyde at 140 and 270 °C.
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HCHO(ad) 4+ 20?~(ad) — CO, + H,O +4e~ . (9)

This leads to a release of electrons that have been trapped
by the adsorbed oxygen which in turn lowers the resistance of
LBSO in accordance with our observation.

In order to understand the importance of this work with
respect to previous reports on formaldehyde sensors, we have
listed the main sensing parameters of this work and compared

them with those of other reports in Table I.

BSO and LBSO microtubes, with varying concentrations of
La®" dopant, were synthesized successfully through electro-
spinning. Characterization by multiple analytical techniques
revealed the formation of microtubes having a length of 2.5 um

and a diameter of 280 nm, made up of ~55 nm nanoparticles
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TABLE I: A comparison of formaldehyde sensing properties of La-doped BaSnO3 and similar metal oxide-based sensors.

Operating Highest response Selectivity ~ Detection limit
Material temperature (°C) (Ra/Rg) (5+/S5) (ppm) Ref.
Ga; 4Ing 603 nanofibers loaded with 1 wt% IrO, 280 44 at 200 ppm Poor (2.93) 0.06 [51]
Potential barrier modulated In,03 hierarchical structures 260 8.6 at 100 ppm Poor (2.43) 1 [52]
Al-doped zinc oxide thin film 350 95.5 at 20 ppm Good (6.57) 0.04 [53]
rGO/ZnSn05 with 3 wt% rGO 103 12.8 at 10 ppm Good (5.12) 0.1 [54]
Mesoporous In,0; nanoparticles synthesized by hydrothermal method 280 20 at 10 ppm Poor (2.23) 10 [55]
ZnSn0; hierarchical microspheres decorated with NiO nanosheets 85 104 at 1 ppm Good (4.16) 0.1 ppm [56]
In,03-5n0, with 3% In,03 100 30.7 at 100 ppm Good (3.07) 1 [57]
Cr,03-Zn0 hierarchical heterostructure 220 3.75 at 500 ppm NA 5 [58]
CeO, polyhedral nanostructures 220 172 at 150 ppm Poor (1.376) 1 [59]
Ag decorated SnO, 125 14.4 at 10 ppm Good (7.2) 0.53 [60]
Sn0,@rGO nanocomposite with 0.5% rGO 160 138 at 100 ppm Good (3.89) 1 [61]
Modified Sn0O,/Sn;0, with Ag/Ag,0 160 12.76 at 100 ppm Good (4.8) 10 [62]
Layer by layer assembled In,03/MoS, Room temperature  75.29% at 100 ppm  Poor (1.52) 0.2 [63]
La-doped BaSnO; 270 220 at 1000 ppm  Good (6.29) 0.1 This work
La-doped BaSnO3 140 80 at 1000 ppm High (57.14) 1 This work

of LBSO. LBSO sample prepared with 4 wt% La’" dopants
showed the best response to formaldehyde vapor and at 270 °C,
the sensor exhibited response as high as 220-1000 ppm concen-
tration of formaldehyde. The response of the 4LBSO sensor
decreased upon increasing and decreasing the temperature, and at
140 °C, it gave a response of 80. It was also noted that the
detection limit of the sample was reduced to 0.1 ppm when
operating at 270 °C with a response of 1.33, whereas the detection
limit was 1 ppm when the sensor operated at 140 °C with
a response of 1.6. The stability of 4LBSO reduced rapidly on the
fourth day, following which the sample maintained its stability
over a duration of 30 days, which signifies the potential of La>*-

doped BaSnO; for application as a stable formaldehyde sensor.

Materials

Barium nitrate (Ba(NO3),, 99.999%, Aladdin Chemicals,
Ontario, California), tin(IV) chloride pentahydrate (SnCl,-5H,0,
99.999%, Aladdin Chemicals), lanthanum nitrate hexahydrate
(La(NO3)5-6H,0, 99.999%, Aladdin Chemicals), polyvinylpyrro-
lidone (PVP, (C4HoNO),,, 99.999%, Aladdin Chemicals), and
dimethylformamide (DMF, HCON(CHj;),, Aladdin Chemicals)

were purchased and used without further purification.

Synthesis of undoped and La**-doped BSO
microtubes

Firstly, a solution of Ba(NOs3), and SnCl,-5H,0 was prepared
by dissolving in a mixture containing DMF and ethanol in the
ratio of 1:9. The solution was stirred for 30 min followed by
addition of 10% PVP by weight in the solution. The solution
was then stirred for 6 h to form a homogeneous solution. The
obtained solution was then transferred into a syringe with
a conventional single nozzle. Electrospinning was carried out at

an applied voltage of 15 kV while the collection distance was

© Materials Research Society 2019

30 cm. The microtubes were collected on an Al foil and dried at
a temperature of 95 °C for 4 h. The sample was then annealed
under an oxidative atmosphere in a controlled temperature
regime (heating @ 1 °C/min from room temperature to 700 °C,
maintaining at 700 °C for 6 h and cooling down to room
temperature @ 1 °C/min) to improve the crystallinity of the
samples.

To prepare doped BSO samples, La(NO5);-6H,O precursor
was added in appropriate ratio along with the other precursors
as above in the mixture of DMF and ethanol while keeping the
rest of the procedure unchanged. The various samples thus
prepared were named as BSO (undoped), 2LBSO (2 wt% La
doped), 3LBSO (3 wt% La doped), 4LBSO (4 wt% La doped),
5LBSO (5 wt% La doped), and 6LBSO (6 wt% La doped).

Materials characterization

To understand the thermal behavior of the precursors ther-
mogravimetric differential scanning calorimetry (TG-DSC),
data were recorded in the temperature range of 25-1000 °C
with a scan rate of 5 °C/min using a Netzsch STA449F3 system,
Netzsch, Selb, Germany. Information on the crystallinity and
phase composition of the samples was obtained by X-ray
diffraction (XRD) analysis in a Bruker D8 diffractometer
(Bruker, Billerica, Massachusetts) illuminated with Cu K,
radiation at a scan rate of 15°/min. The electron microscopic
images of 4LBSO sample were obtained using a Hitachi S-4800
(Hitachi, Tokyo, Japan) Field Emission Scanning Electron
Microscope (FESEM) at an accelerating voltage of 10 kV.
The electronic band gap of the samples was compared by
measuring the UV-Vis diffused absorption spectra in a Shi-
madzu UV-3600 spectrophotometer, Shimadzu, Kyoto, Japan.
The elemental composition and oxidation states of the species
present in the 4LBSO sample were analyzed by X-ray Photo-
electron Spectroscopy (XPS) performed by a Thermo
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Figure 9: (a) Circuit used for gas sensing and (b) schematic diagram of a gas sensor.

ESCALAB 250 XI spectrometer, Thermo scientific, Waltham,
Massachusetts. The specific surface area of 4LBSO was evalu-
ated by Micrometrics ASAP 2020 apparatus, Micrometrics,
Norcross (Atlanta), Georgia.

Fabrication of gas sensor and gas-sensing property
measurement

Figure 9(a) shows the schematic circuit diagram of the gas
sensing measurement set up used in this work. The LBSO-based
formaldehyde sensor was made by coating the exterior surface of
an alumina tube with a slurry of the as-prepared LBSO micro-
tubes obtained by dispersing in terpineol followed by drying at
80 °C for 10 h, a step necessary to remove the terpineol. The
alumina tube had two gold contacts at two ends to enable
resistance measurement across the LBSO film when connected
with a multimeter. A Ni-Cr coil was inserted through the
alumina tube to heat the sensor at temperatures in the range of
20-450 °C [Fig. 9(b)]. Gas sensing measurement was carried out

at a relative humidity of 50% in a sealed chamber.

This work was supported by NSFC (No. 61671019).
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