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The sensitive detection of toxic flammable volatile organics using low cost efficient sensors is important for
ensuring both indoor and outdoor safety. It is essential for chemical sensors to exhibit a significantly
stronger response to target analytes compared to equivalent amounts of analogous competing chemicals. In
line with this importance, current work evaluated the performance of Zn,SnO,4, a n-type semiconducting
metal oxide, for sensing n-butanol in comparison to methanol, ethanol, and propanol vapours. These
vapours fall within the category of aliphatic alcohols but vary in characteristics such as molecular weight,
vapour pressure, volatility, and diffusivity. In this work we have explored the sensor's performance by
adjusting the operating temperature over the range of 225-300 °C while detecting 1000 ppm of each of
these vapours. Efforts were made to establish a correlation between the sensor's responses with the interac-
tions of these vapours on the sensor's surface. Prior to assessing the sensing characteristics of the solid-
state-route-derived Zn,SnQ,, its structural characteristics, including phase purity, crystalline structure,
bonding patterns, morphology, and defect characteristics, were studied. This comprehensive analysis sheds
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1. Introduction

Semiconducting metal oxide (SMO)-based chemiresistive sen-
sors are popular for the sensitive detection of various gases and
volatile organic compounds (VOCs) owing to their simple opera-
tion, low cost, high response, durability in harsh environments,
and possibilities for miniaturization. Various SMOs, such as
ZnO, o-Fe,0;, Co;0,, SnO,, and In,0;, are already known for
the detection of various toxic and inflammable gases.'™®
Research activities are underway to modify the existing SMOs
by suitable chemical and electronic sensitizers to improve their
response characteristics, such as sensitivity, operating tempera-
ture, selectivity, and stability. New SMO compositions are also
being tested for exploring their sensing characteristics towards
various analytes. Understanding critically the role of various
parameters that influence the sensing features remains also very
important to researchers. Few recent works are highlighted
herein to understand the recent trends in SMO-based sensors.
In a recent review, Y. Yoon et al. reported the factors that could
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light on the potential of Zn,SnO4 as an effective sensor for detecting n-butanol.

enhance the sensitivity of metal oxide sensors and also discussed
the opportunities for metal oxides in developing flexible/
wearable sensors.” The influence of various parameters (compo-
sition, doping, microstructure, crystalline phases, operating
temperature, humidity, homo/hetero-junction, interaction type)
in modulating the sensing performances of metal oxide chemir-
esistive sensors were highlighted by S. Das et al® Goel et al.
discussed the different parameters that govern the sensitivity
and selectivity of SMO gas sensors and also highlighted the
techniques to improve the response of SMO sensors.” SMOs in a
1D architecture are attractive as chemiresistive sensors for the
detection of various analytes and B. Yang et al reviewed the
same.’ Si et al. modified Sr@SnO, materials with zeolite (ZSM-5)
catalytic materials and reported that temperature modulation
was effective for the selective detection of ethanol vapour.*’
For SMO sensors, one of the very fundamental features that
influences the receptor and transducer function and alters the
overall sensing performance is due to the presence of lattice
oxygen vacancies. Al-Hashem et al. described in detail the role of
oxygen vacancies in modifying the sensing response of metal
oxide sensors.'' The improvement of the gas-sensing perfor-
mance of a WO; sensor by modulating the oxygen vacancies was
studied by Yu et al.'*> Recently, oxygen-vacancy-enriched SnO,-
RGO hybrids were reported for the room temperature sensing of
NO,." In another recent work, Zhou et al. reported H, sensing by
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modulating the oxygen vacancies in ZnO nanosheets."* As
reviewed, mostly simple metal oxides and their modified counter-
parts have been investigated by researchers in sensing studies.

Compared with the aforementioned simple SMOs, binary/
ternary metal oxides (with multiple metal ions) have received
widespread attention due to their tuneable electrical conductiv-
ities and abundant surface active sites.>° In this regard, zinc
stannate (Zn,SnO,), a ternary, wide-band-gap n-type SMO is
attracting the attention of researchers as a promising gas-
sensing material. Zinc stannate-based chemiresistive sensors
are already being studied for the detection of various gases,
including carbon monoxide (CO), nitrogen dioxide (NO,),
methane (CH,4), and volatile organic compounds (VOCs).*'"**
Their promising sensitivity, selectivity to few vapours/gases,
and ability to operate in harsh environments make them
suitable for gas detection and monitoring. Zn,SnO, has super-
ior electrical conductivity, electron mobility, optical perfor-
mance, and stability compared to its counterparts ZnO and
Sn0,.>**” Its band gap varies typically between 3.6-4 eV
depending on the reaction conditions, particle size, composi-
tion, and defects, which ultimately changes its opto-electronic
properties as well as performance, not only for chemiresistive
gas sensing but also for other applications, such as in photo-
conductors, photocatalysis, photoluminescence, photodetec-
tors, lithium-ion batteries, and supercapacitors.>*=*

The present study explored the possibilities of solid-state-
synthesized zinc stannate for the detection of n-butanol, which
is a colourless transparent liquid that is extensively used as a
solvent, extractant, plasticizer, and reagent in different
chemical industries for preparing surfactants, ethylene glycol,
butyl ether, rubber products, coating solvents, dibutyl phtha-
late, etc.>* Prolonged exposure to n-butanol is a health risk as it
is corrosive and causes irritation to the human eyes, skin, and
respiratory tract. Furthermore, n-butanol is flammable and
explosive when mixed with certain organic solvents. Therefore,
it would be of great significance to monitor n-butanol in the
environment. The properties of n-butanol resemble well mod-
ern gasoline and thus the possibility of using this compound as
a fuel for combustion engines is being explored by researchers.
The presence of 11.5% n-butanol in the air can produce flashes
and explosions.*® In this context, the detection of n-butanol
seems crucial for the real-time monitoring of n-butanol in
industry and laboratories. Existing butanol sensors have limitations,
including cross-sensitivity to other volatile organic compounds,
high detection thresholds, susceptibility to environmental factors,
calibration needs, and potential drift over time. Further their
response times may not meet the demands for rapid detection
for many sensors. Ongoing research is seeking to address these
issues by enhancing the selectivity, sensitivity, and reliability while
reducing the costs and improving the performance. Achieving
distinguishably higher responses to the target analytes in particular
with respect to their equivalent amount of analogous competing
chemicals is important for any chemical sensor.>%**

Accordingly, in the present work, the response of Zn,SnOy,,
an n-type SMO, was assessed towards n-butanol with respect to
methanol, ethanol, and propanol vapours. These vapours
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belong to aliphatic alcohols but differ in their molecular
weight, vapour pressure, volatility, and diffusivity. The sensing
characteristics were measured by varying the operating tem-
perature within the temperature range of 225-300 °C for the
detection of 1000 ppm of each of these vapours. An attempt was
made to correlate the sensing response by understanding the
interactions of the vapours on the sensor surface. Prior to
exploring the sensing characteristics of the solid-state-route-
derived Zn,SnO,, its phase purity, crystalline nature, bonding
pattern, morphology, defect characteristics were investigated
using XRD, FTIR, Raman spectroscopy, XPS, EPR, TEM, and
SAED. The present article thus provides comprehensive insights
into the structural features of Zn,SnO, and its potential utiliza-
tion as an n-butanol sensor.

2. Experimental
2.1. Synthesis

The inverse spinel Zn,SnO, was synthesized by the conven-
tional solid-state-reaction route. The precursors used were ZnO
(SPEX Pure, 99.999%) and SnO, (SPEX Pure, 99.999%). The
required amount of the precursors was weighed and ground in
a mortar for complete mixing of the precursors followed by
calcining at 900 °C for 15 h in a tubular furnace. Then, it was
allowed to cool to room temperature followed by re-grinding.
The second stage heating involved sintering at 1200 °C for 15 h.
Then, a final grinding was done to obtain the phase-pure
compound. The corresponding equation for the solid-state
reaction is represented as:

27n0 + SnO, — Zn,Sn0O, (1)

The process flowchart and solid-state-synthesis mechanism is
presented in Scheme 1.

2.2. Phase and structural characterization

XRD was carried out using a benchtop Proto X-Ray diffract-
ometer to analyze the phase purity of the synthesized material.
The system was equipped with a monochromatic X-ray source
as CuKo (1.5405 A). All the measurements were done at an
accelerating voltage of 30 kV and tube current of 20 mA. The
XRD patterns were recorded within a 20 range from 15° to 80° at
a scan rate of 2° min~'. FTIR was carried out on a Bruker Alpha
FTIR spectrometer in the pellet mode. Raman spectral studies
were performed on a micro-Raman spectrometer (STR-300,
SEKI Technotron, Japan). A 532 nm CW diode pumped solid-
state laser (DPSS, gem 532, laser quantum) was used as an
excitation source. The XPS measurements were carried out on a
KAlpha plus XPS system (Thermo Fisher Scientific Instruments)
to determine the elemental content, chemical state, and the
oxygen vacancies. The EPR spectra were recorded on an EMX
series Bruker instrument in the X band frequency. The emis-
sion spectra were recorded on an Edinburgh fluorescence
instrument (FLS 1000), with a xenon lamp as the excitation
source. The TEM images and SAED patterns of the material
were obtained using a transmission electron microscope (FEI

Phys. Chem. Chem. Phys., 2024, 26, 7424-7434 | 7425
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Scheme 1 Solid-state-synthesis flow chart and mechanistic formation of Zn,SnO,.

TECNAI G2 F20-ST, FEI) after drop-casting a drop of solution on
a carbon-coated copper grid. Energy dispersive X-ray spectro-
scopy (EDX) analysis was performed using an accelerating
voltage of 200 kv.

2.3. VOC sensing studies

In order to measure the sensing properties, the synthesized
powder materials were compacted in the form of thin circular
discs (10 mm diameter, 1 mm thick). Ag-paste-based parallel
strip electrode was prepared on one surface of the electrode.
The sample was kept inside the gas-sensing measurement set-
up, which included a hot-plate, temperature-controlled probe
station, gas injection points, feed through for the electrical
connections, and a programmable source meter (Keithley 2450)
interfaced with a computer for automatic data acquisition. A
schematic representation of the sensing set-up is shown in
Scheme 2.

The surface conductance of the sensor was measured by
applying fixed DC bias on the electrode. The sensing element
was aged at the operating temperature for 2 h in air to ensure a
stable electrical contact before starting the sensing measure-
ments. The change in surface conductance of the Zn,SnO,
pellet in air (C,) and in the target gas (C,) was measured over
time by applying voltage on the strip electrodes. The response
(S) was estimated as C,/C,. The volume of alcohol (V) [99.99%
purity] required achieving a specific vapour concentration in
ppm inside the test chamber, as obtained using eqn (2).

Cv, M

- & 2
2.46 x 107 x D @

where C is the required gas concentration (ppm), v, is the
volume of air, which is equal to the volume of test chamber
(mL), M is the molecular weight of alcohol (g mol "), and D is
the density of the alcohol (g mL™"'). The alcohol sensing
properties of the pellet were investigated by injecting the
desired concentration of alcohol into the gas chamber.

3. Results and discussions

3.1. Phase, vibrational spectroscopy, Raman spectroscopy,
and TEM analyses

Fig. 1a presents the XRD pattern of Zn,SnO,. The experimentally
observed pattern matched with the standard pattern with PDF
no. 00-024-1470, suggesting the pure phase formation of highly
crystalline Zn,SnO,. No other precursor peaks were found in the
pattern. The main peaks were observed at 17.7°, 29.1°, 34.2°, 36°,
41.6°, 45.6°, 51.6°, 55.1°, 60.4°, 63.5°, 68.5°, 71.4°, 72.3°, 76°, and
78.9°, corresponding to the (111), (220), (311), (222), (400), (331),
(422), (511), (440), (531), (620), (533), (622), (444), and (711)
planes. The observed diffraction peaks corresponded to the
cubic inverse spinel structure of Zn,Sn0,.*>> The crystallite size
was determined using the Debye-Scherrer formula.

k.
‘= (3)
(Bs? — B\?) cos 0

where ¢ represents the crystallite size; k is Scherrer’s constant
(0.9); 1 is the wavelength of the CuKa line (1.5406 A); 0 is the
angle corresponding to the Bragg reflection, which is used for
calculating the full width at half maximum (FWHM); and Bs and
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Scheme 2 Representation of the gas sensing set-up.
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Fig.1 (a) Powder XRD pattern, (b) Rietveld pattern, (c) FTIR spectrum, (d) Raman spectrum, (e) TEM image, (f) SAED pattern, and (g) EDX
spectrum of Zn,SnO,.

By are the FWHM values (in radian) of the selected diffraction calculated by fitting the curve to a pseudo-Voigt function. The
peaks of the sample and reference (LaBs). The FWHM was instrumental broadening was considered by subtracting the
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contribution from the reference LaBg. The average crystallite size
was estimated as 39.03 nm. Fig. 1b shows the Rietveld refine-
ment plot of Zn,SnO,. The value of the lattice constant (a) was
obtained as 8.65139 A, which matches with the literature
values,>® whereas the cell volume was 647.5 A%

Fig. 1c presents the FTIR spectrum of Zn,SnO,, which was
recorded in the range from 480 to 1500 cm ™ '. The sample was
prepared in the form of a pellet using KBr. The spectrum
displayed a broad peak at 575 cm ™", corresponding to vibration
of the Sn-O-Zn bond in Zn,Sn0,,>® and a shoulder peak at
650 cm™ ', corresponding to vibration of the Sn-O bond.?”

According to Group theory, there are 5 Raman active modes
for bulk Zn,SnO,. Theoretically, the peaks are at 143, 227, 377,
532, and 667 cm ™', corresponds to the Tu(1), By, Tog(2), Tag(3),
and A;,; symmetries. As can be seen in Fig. 1d, the Raman
peaks here were at 223, 375, 525, and 662 cm ™', which were in
agreement with the theoretical values.*® The peak at 662 cm™"
corresponded to the stretching vibration of the short M-O bond
in the MOg octahedron. The peak at 525 cm ™! corresponded to
the internal vibration of the oxygen tetrahedron.?**° Fig. 1e and
f correspond to the TEM and SAED pattern of the material. TEM
suggested that the particles had sizes >300 nm. From the
SAED pattern, sharp diffractions spots could be observed,
which suggest that the synthesized material possess good
crystallinity. The patterns were indexed to the (440) and (400)
crystal planes, respectively.’ Fig. 1g presents the EDX spectrum
of Zn,SnO, for confirming the elemental composition of the
prepared material, which confirmed the material was pure with
no impurities.

In order to confirm the surface composition and valence
state, XPS was performed. The survey scan of Zn,SnO, is shown
in Fig. 2a. From the survey spectra the presence of Zn, Sn, and
O was confirmed. The Zn 2p convoluted spectrum is shown in
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Fig. 2b, where 2 peaks with binding energy values of 1022 and
1045 eV could be observed, corresponding to Zn 2p;/, and Zn
2p1s2, respectively. The spin orbit splitting value of 23 eV
confirmed that Zn existed in the Zn>" valence state. Fig. 2c
presents the Sn 3d convoluted spectrum, with 2 symmetric
peaks at 495 and 486.6 eV, corresponding to Sn 3d;/, and 3ds),,
respectively, while the peak spacing of 8.4 eV confirmed the
Sn** valence state.*! Fig. 2d presents the O 1s spectrum, which
was deconvoluted into 3 peaks with binding energy values of
530, 531, and 532 eV. The first peak corresponded to the lattice
oxygen (M-0), the second peak to the oxygen vacancies, and the
third peak to the chemisorbed oxygen.*” Thus the XPS analysis
confirmed the purity of the prepared material.

Fig. 2e presents the EPR spectrum of Zn,Sn0O,. The spectrum
consisted of a resonance signal at g =1.98, corresponding to the
electrons trapped in the oxygen vacancies.**** The emission
spectrum shown in Fig. 2f resulted from excitation at 320 nm,
in which a broad emission could be observed ranging from
500 to 1000 nm, which was mainly contributed by the defect
levels between the band gap. The broad emission was composed
of green, orange, and red emission, which was mainly due to the
presence of oxygen vacancies, and the interaction of oxygen
vacancies, oxygen interstitials, Sn interstitials, interstitial Zn,
and Sn vacancies respectively. The broad peak could be decon-
voluted into 3 peaks with maxima at 562, 639, and 744 nm. The
emission spectra are shown in the inset of Fig. 2f. Hu et al*’
reported a broad orange red emission for Zn,SnO, nanowires,
which was due to the interaction of oxygen and tin vacancies
and/or interstitial oxygen (orange). The other emission (in the
red region) was due to the variation in the Zn/Sn stoichiometry
and the disorder in the inverse spinel structure.*® Also Zn,SnO,4
micro prisms synthesized by Zhao et al. exhibited an asymmetric
broad band emission around 606 nm and 740 nm, which was
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Zn2p
= Sn3d 5 S 3d.,
; Ols my . ;, i 3d,,
= £ = .
5} _ 8.4 eV
55' E 23 eV g
1200 900 600 3(1) 1050 1040 1030 1020 495 492 489 486 483
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) —— Lattice O Ols (E) (f)
= O vacancy - —_
'~ | = Chemisorbed O 3 g=1.983 3
= £ s
E z J z
~ 7] 7]
& ] H
g £ £
© <
E g
E
w
- : A=320nm
40 =33 534 223 300 310 320 330 340 350 360 370 380 a0 w0 780 %0 w0 om0
Binding energy (eV) H(mT) Wavelength (nm)

Fig. 2

7428 | Phys. Chem. Chem. Phys., 2024, 26, 7424-7434

(a) XPS survey scan, core level spectra of: (b) Zn 2p, (c) Sn 3d, (d) O 1s; (e) EPR spectrum; and (f) photoluminescence spectrum of Zn,SnOy.
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due to the interactions between the oxygen vacancies and the
interfacial tin and/or zinc defects.*’

3.2. VOC-sensing studies

The prepared Zn,SnO, sensing element showed n-type sensing
characteristics, i.e. the electrical conductance of the sensor
increases in the presence of reducing vapours (e.g. methanol,
ethanol, propanol, butanol etc.). The mechanism for chemir-
esistive sensing by a typical n-type SMO for the detection of
reducing vapors, e.g. ethanol, is schematically presented in
Fig. 3. As shown in Fig. 3(a), when the semiconducting metal
oxide (SMO) sensor is kept at elevated temperature, oxygen is
chemically adsorbed on its surface. Such chemi-adsorption of
oxygen makes the particles electronically depleted. Particles
having enriched oxygen vacancies deplete more than the nor-
mal metal oxide particles due to the chemisorption of a higher
amount of oxygen. The chemisorption of oxygen on metal oxide
followed by the formation of an electron-depleted layer even-
tually increases the potential barrier (qVs) for interparticle
charge transportation, leading to the increase in resistance of
the sample.

Upon exposure to reducing vapours, the chemi-adsorbed
oxygen ions react with the vapours and the released electrons
come back to the conduction bands of the SMO particles. As a

@) e B
Atmospheric oxygen

Temperature (T °C)

Normal metal oxide

v, Vo Vo Atmospheric oxygen

Vo V.
Vo Vo

Oxygen vacancy
enriched metal oxide

(b)

Temperature (T °C)

Depleted 1 i Reducing gas
region : H

Oxygen

0560000600000 °

(c) 1 Reducing gas

Resistance
Al

%, Oxygen

Time
Fig. 3 Schematic showing (a) the chemisorption of oxygen on normal
and oxygen-vacancy-enriched semiconducting metal oxide particles and
the formation of an electron-depleted layer. (b) Change in the depleted-
layer-induced potential barrier in the SMO grains due to the exposure to
reducing gas and air. (c) Change in the resistance transients of the SMO
sensor when going back and forth between air and reducing vapours.
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result, the resistance of n-type sensing materials decreases
upon exposure to reducing gases. Fig. 3(b) shows the formation
and lowering of the potential barriers when oxygen and redu-
cing gases were exposed respectively on the SMO surface. The
respective change in the sensor resistances is shown in
Fig. 3(c). The sequential phenomenon of the sensing process
over SMO can further be described using the following
reactions:

0, + SMO — O™ + e-depleted SMO (chemisorption) (4)

Rg,s + e-depleted SMO — R,q + e-depleted SMO (physisorption)

()

R,q + O + e-depleted SMO — RO,q + SMO (response process)
(6)
RO,q + SMO — ROg,, + SMO (recovery process) 7)

Eqn (4) represents the chemisorption of atmospheric oxygen on
the SMO surface leading to the formation of the electron-
depleted SMO (e-depleted SMO). The reducing gas (Rgas) when
exposed on the e-depleted SMO becomes physisorbed (eqn (5)).
The physisorbed reducing gas (R.q) is then oxidized by chemi-
sorbed oxygen forming RO,q (eqn (6)). The oxidation of the
physisorbed reducing gas by the chemisorbed oxygen is considered
to be the rate-determining step for the response process. The
adsorbed oxidized product is then desorbed as ROy, recovering
the e-depleted SMO in the presence of air during the recovery
process (eqn (7)). The response and recovery for the detection of
reducing gases over the SMO surface can thus be considered as the
catalytic oxidation of reducing vapours at elevated temperature,
where SMO acts as the catalyst. The overall reaction thus can be
expressed as follows:
SMO 2% ¢.depleted SMO + O~ + Ry —
o, ®)
Rgs + e-depleted SMO ——— SMO

The chemical composition, defects, size, and band structure of
metal oxides influence the chemiresistive sensing characteristics.
Defects or vacancies in the form of oxygen vacancies typically arise
during the formation of metal oxides, and they exert a significant
influence on the sensing properties of these materials. The role of
oxygen vacancies for improving the gas sensing by metal oxides has
also been reported elsewhere.'''>*8

The formation of oxygen vacancies within a metal oxide
crystal lattice can be represented by the following reaction:

05 < 302(g) T+ V& +2¢/ ©)

where Of is the oxygen atom lost from the lattice as oxygen gas
[20,(g)], creating positively charged oxygen vacancies (V¢) in
the lattice. To maintain the charge neutrality, each V§ traps
electrons (e), which act as donor levels within the band gap.
For SMO sensors, the presence of oxygen vacancies modu-
lates both the receptor and transducer functions, which con-
trol, respectively, the interaction of the target analyte on the
sensing surface and the transportation of the generated
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electronic signal within the sensor. The oxygen vacancy sites
(V&) in SMO enhance the chemisorption of oxygen on the
sensing surface kept at an elevated temperature. The chemi-
sorbed oxygens help improving the receptor function by oxidiz-
ing more of the target gas. The electrons released in the defect
state at the conductance band minimum (CBM) act as donor
sites and help improving the transduction of the electronic
signal within the sensor.

The role of oxygen vacancies in modulating the sensing
performance of SMO can further be explained using the width
of the electron-depleted layer that is formed due to the chemi-
sorption of oxygen on the SMO surface at elevated temperature.
The width (Lp) of the electron-depleted layer can be expressed
according to the following relations:

LD = (SokT/n()e‘z)l/z (10)

where ¢, is the static dielectric constant of the metal oxide, n, is
the remaining donor concentration, e is the carrier charge, k is
the Boltzmann constant, and T is the absolute temperature.
At a fixed temperature, the change of Ly, will be more promi-
nent for oxygen-vacancy-enriched metal oxide, leading to a super-
ior response of the sensor. The presence of oxygen vacancies in
Zn,Sn0O, was already confirmed by the EPR and XPS analyses, as
shown in Fig. 2. The aforementioned influence of oxygen vacan-
cies is also applicable for alcohol sensing by the n-type Zn,SnO,.
Fig. 4 shows the conductance transients of the Zn,SnO,
sensing element at (a) 225 °C, (b) 250 °C, (c) 275 °C, and (d)
300 °C for the detection of 1000 ppm methanol (MeOH), ethanol
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(EtOH), n-propanol (PrOH), and n-butanol (BtOH). At each
temperature, two conductance transients were recorded for each
of the target vapours. At 225 °C, the conductance transients were
a bit noisier and the base resistance did not recover fully when
the test vapours and oxygen flowed back and forth on the
sensing element. However, at higher temperature (250-300 °C),
the recorded transients were distinct for each of the test vapours.
It was notable that for a fixed test vapour, the conductance
transients were identical, which demonstrated that the sensor
could identify the target vapour and produce a characteristic
chemiresistive sensing signal. Comparing the conductance tran-
sients, it seemed that the sensor showed the maximum change
in conductance in the presence of butanol vapour.

The variation of the estimated response with the sensor
operating temperature is shown in Fig. 5. As displayed in the
figure, the response of the sensor increased with the rise in the
operating temperature. This can be explained by the concept of
the temperature-dependent chemisorption of oxygen on the
metal oxide surface. The chemisorption of oxygen on the metal
oxide surface increased with the rise in operating temperature,
resulting in an enhanced opportunity to oxidize the target
reducing vapours, and thus the response of the sensor also
increased with the operating temperature. At lower operating
temperature (225 °C and 250 °C), the selectivity towards butanol
was not profound compared to the other studied vapours.
However, at higher temperature the response of the sensor
towards butanol vapour was noticeably higher.

The response of the SMO chemiresistive sensor towards
gases and vapours is a complicated process®*** that is

b
(115_ T: 250°C
a1
2
(O]
S 10
S
S EtOH £
T 0.5{ MeOH Zag
(@]
8 :
1450 2900 4350 5800
Time (s)
d) 5
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0
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Fig. 4 Conductance transients of Zn,SnO,4 for sensing 1000 ppm methanol, ethanol, propanol, and butanol at (a) 225 °C, (b) 250 °C, (c) 275 °C, and (d)

300 °C.
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Fig. 5 Temperature-dependent response of Zn,SnO4 for the detection of
alcohol vapours.

governed by two physical functions, namely the receptor and
transducer functions, which are influenced by the character-
istics of sensing materials (e.g. chemical composition, conduc-
tivity, bandgap, surface area, porous nature, morphology),
sensor architecture (e.g. thin film, thick film, powder com-
pacted disk), physical and chemical properties of vapours
(e.g- mass, diffusivity, boiling point, shape and size of mole-
cules, oxidation probability), and also on the measurement
conditions (e.g. temperature, vapour concentration). The
entangled effect of all these parameters influences the sensing
characteristics, and the critical comparison of the individual
sensing responses varying with temperature becomes difficult.
However, at a particular temperature, for a fixed sensing
element, the sensor transients are mainly the reflection of the
adsorption, diffusion, and interaction of the respective vapours
with the sensor surface. As envisaged from the table, at a
fixed studied operating temperature (225/250/275/300 °C), the
sensing response (S) followed the trend: Spytanol > Spropanol >
SEthanol > SMethanol- 1IN order to understand the sensing
responses of the vapours, we took a few physical (molecular
weight, diffusivity in air, density, boiling point) and chemical
(chemical structure as well as adsorption and oxidation prob-
ability) properties into consideration (as summarized in
Table 1).

The higher molar mass and boiling point of n-butanol led to
its low vapour pressure and lower diffusion in air (within the
sensing chamber) resulting in the superior adsorption on
the sensing surface than the other studied alcohol vapours.

Table 1 Properties of the studied alcohol vapours

View Article Online

PCCP

The trends for the polarity of the -O-H bond is methanol >
ethanol > n-propanol > n-butanol, with the oxidation prob-
ability in the same order.

The selectivity towards butanol compared to other vapours
was not profound at lower temperature (225/250 °C) due to its
higher adsorption but lower oxidation probability. However,
the higher oxidation of butanol at increased operating tem-
perature improved its selectivity. In order to understand and
correlate the vapour-solid interactions with the chemiresistive
sensing signal, the response transients of the sensors for the
detection of all the studied vapours were recorded at 275 °C and
300 °C, and are compared in Fig. 6a and b, respectively. The
figures clearly show that at 275 °C and 300 °C, the sensor
response towards butanol was significantly higher than for the
other vapours. The response times for the detection of the
vapours were also less than <60 s. The alcohol, in particular
butanol, sensing performances of the prepared Zn,SnO, were
further compared with the already reported SMO chemiresistive
sensors, and the results are summarized in Table 2. As envi-
saged from the table, the simple metal oxide and their modified
counterparts are known for the sensing of alcohol vapours,
including butanol. However, Zn,SnO,4-based materials are not
very frequently reported for sensing alcohol with a higher
response towards butanol. The operative temperature of the
present Zn,SnO, sensor was also comparable to the already
reported sensors. Further research studies thus need to explore
suitable modifications of primitive Zn,SnO, for the detection of
even lower concentrations of butanol at low operating
temperatures.

4. Conclusions

The present work evaluated the Zn,SnO, sensor performance
with adjusting the operating temperature in the range of 225-
300 °C for different aliphatic alcohols with 1000 ppm concen-
tration. The synthesized material was well characterized by
XRD, FTIR, Raman spectroscopy, EDX, TEM, and XPS. The
formation of phase-pure Zn,SnO, with good crystallinity was
confirmed through the XRD in conjunction with FTIR and
Raman spectra analyses. The defect characterizations as well
as photophysical properties analysis were carried out using EPR
and photoluminescence measurements, respectively. The XPS,
EPR, and PL results in combination suggested the presence of
oxygen vacancies in the synthesized materials. The role of
oxygen vacancies in modulation of the sensing performances
of semiconducting metal oxide sensors was investigated and

Molar mass Mean molecular Boiling Vapour pressure Diffusion in air coefficient
Analyte (g mole™) radius (A) point (°C) (kPa) at 25 °C (em? s™") at 25 °C
Methanol (CH;-OH) 32.04 4.11 65 11.9 0.177
Ethanol (CH3;-CH,-OH) 46.07 4.64 78 5.95 0.126
n-Propanol (CH;-CH,-CH,-OH) 60.1 5.10 97 2 0.089
n-Butanol (CH;-CH,-CH,-CH,-OH) 74.12 5.52 117 0.9 0.053

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 7424-7434 | 7431


https://doi.org/10.1039/d3cp05178a

Published on 31 January 2024. Downloaded on 2/11/2026 5:04:33 AM.

PCCP
—O—275M
—O—275E
—O—275Pr
—O— 275Bt
0.0 r , r {
0 250 500 750 1000
Time (s)

View Article Online

Paper
4.59 (b) —O—300M
240 —O— 300E
323.5] —O— 300Pr
Q 3.0 %—o— 300Bt
£ 2.5
G 2.0
183 15
310
0.5
0 250 500 750
Time (s)

Fig. 6 Comparison among the sensing responses towards methanol, ethanol, propanol, and butanol vapours at (a) 275 °C and (b) 300 °C.

Table 2 Comparative study of the Zn,SnO4 sensor in this work with previously reported alcohol sensors

Operating ~ Minimum
S. no. Material Targeted analyte/s temperature detection Ref.
1. Al,03/ZnO Propanol, n-butanol, ethanol, acetone, 350 °C 100 ppm 51
hydrogen, and ammonia
2 In,0;/Pt nanoparticles and Ag nanowires Ethanol 125 °C 200 ppm 52
3 Pd-doped SnO, nanoparticles Methanol, ethanol, acetone, or hydrogen — 1000 ppm 53
4. CeO,-doped SnO, nanoparticles C3HO, CH,, H,, NO,, H,S, and H,O 350 °C 200 ppm 54
5. SnoO, Ethanol, isopropyl alcohol, acetone, and ammonia 90 °C 800 ppm 55
6 Pd-SnO, Methanol and ethanol 200-400 °C  — 56
7 Lanthanum-loaded indium tin oxide (ITO)  Ethanol 300 °C 100 ppm 57
8 Soda-lime glass slide was decorated with Acetone, benzene, ethanol, and toluene 300-500 °C 30 ppm 58
palladium nanoparticles
9. SnS-ZnS composite Ethanol 27 °C 100 ppb 59
10. ZnO nano-flowers Methanol and ethanol 250 °C 700 ppm 60
11. CuO-decorated Fe,O; nanoflakes Ethanol 250 °C 100 ppm 61
12. Sm,0;/Zn0O/SmFeO; microspheres Methanol 195°C 5 ppm 62
13. MoS,/TiO, composite Methanol ethanol 300 °C 5 ppm 63
14. Pd-doped CeO, nanofibers Hydrogen, carbon monoxide, ammonia, 200 °C 100 ppm 64
ethanol, methanol, and benzene.
15. Coating Au nanoclusters onto ZnO Ethanol, benzene, toluene, and p-xylene 450 °C 100 ppm 65
and Co;0, sensors

16. Pt-modified WO,/p-Si film with Al Methanol 25 °C — 66
17. Zn doped NiO samples Methanol 260 °C 100 ppm 67
18. Co,LaFe,_,0O3, x = 0.00, 0.01, 0.05, and 0.10 n-Butanol — 10 ppm 68
19. ZnO-In,0; nanocomposites n-Butanol 220°C 50 ppm 69
20. Palladium-doped SnO, n-Butanol 100 ppm 70
21. ZnO@TiO, n-Butanol 200 °C 133 71
22. CdO/ZnO nanocomposites n-Butanol 300 °C 72
23. ZnSnO; hollow spheres n-Butanol 200 °C 300 ppm 73
24. ZnFe,0, macroporous spheres n-Butanol 250 °C 100 ppm 74
25. Zn,Sn0, n-Butanol 225-300 °C 100 ppm  Present work

discussed. The sensing performance for different reducing
vapours (methanol, ethanol, propanol, and butanol) was stu-
died in the temperature range of 225-300 °C. The response of
the sensor was maximum at 300 °C. Among the four aliphatic
alcohols, n-butanol had a superior sensing response due to its
higher molar mass and boiling point, which led to its low
vapour pressure and lower diffusion in air. The estimated
response of the sensor was 4.5 for the detection of 1000 ppm
butanol at 300 °C. The response time of the sensor for the
detection of 1000 ppm butanol at 300 °C was <60 s. The
response and recovery for the detection of reducing vapours

7432 | Phys. Chem. Chem. Phys., 2024, 26, 7424-7434

over the Zn,SnO, surface could thus be considered as due to
the catalytic oxidation of reducing vapours at elevated tempera-
ture where Zn,SnO, acted as a catalyst. This study reveals the
potential of Zn,SnO, as an effective sensor for detecting n-
butanol. This study reveals that oxygen-vacancy-enriched
Zn,SnO, could be an effective sensor for selectively detecting
n-butanol. However, the particle size of Zn,SnO, was found to
be a little bigger (400-800 nm), which should be reduced
further to improve the response of the sensor. The primitive
Zn,Sn0O, may also be modified with suitable chemical/electro-
nic sensitizers to make it operative at lower temperature.
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