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Improvement in sensing performance by metal oxide based materials has usually been achieved by
doping, morphology tuning, particle size tailoring or porosity modification. The existing models of band
bending and grain boundary depletion layer that explain chemiresistive sensing address the above issues
in terms of qualitative electronic behaviour. However, for thick film sensors in particular, there is a clear
demarcation between the surface and the bulk. Thus the concept of gross electronic distribution needs
refinement in terms of variable behavior of electrons in the surface and in the bulk so that the roles of
different layers in a sensor film are distinguishable. Using the case of improved 98.2% ethanol sensing
response by paramagnetic aluminium doped tin oxide mesoporous nano-systems, we have
demonstrated how Al doping promotes difference in electronic behavior in the surface and in the bulk
of thick film sensors, complementing the existing charge depletion model. The 4-fold improvement in
sensing responses by Sng.o47Alo.14401.881 and Snp.geoAlo 24201888 @s compared to tin oxide have been

Received 27th February 2021, explained in terms of shortening of the unit cell by virtue of aluminium doping, and the 2.4-fold

Accepted 15th April 2021 improvement in sensing response by SnggsoAlp 24201888 as compared to Sng g47Alg 14401881 has been
DOI: 10.1039/d1ma00172h explained by surface and bulk electron mobilization. Considering the conceptual inclusiveness of

correlation studied, it is expected to be applicable in explaining sensing mechanisms based on electron
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Introduction

Owing to their easy availability, longer life time, wide band-gap
behavior and reproducibility, pure and doped metal oxide
based systems have extensively been used for chemiresistive
2as/VOC sensing." Due to the ease of band-gap tunability,
they can be used to sense a wide variety of gas/VOCs. Tin oxide
is one such material which has been used numerous times in
sensing a wide array of gases.”> While achieving selectivity
remains a major challenge for metal oxide sensors, sensing
selectivity in metal oxides has been achieved by doping them
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mobilization in other metal oxide sensor systems also.

with a suitable dopant or changing other aspects like morphology,
particle growth and so on.’® And the route of material synthesis
remains a major pathway for introducing such alterations in
these materials. For soft chemical routes in particular, non-
stoichiometry is a common phenomenon that creeps into the
system. Hence, while all the factors above cumulatively decide
the fate of the sensing response, the plausible mechanism of
chemiresistive sensing has mostly been based on the charge
depletion model or the band bending concepts.”** But all the
concepts mentioned above give a qualitative idea of the electron
dynamics involved in the sensor material and hence visualizing
gas sensing from a more fundamental background seems
difficult."**® While electrons play the major role in all events
during chemiresistive sensing,'”'® it is necessary to address both
qualitative as well as quantitative analyses of their distribution
within the system to understand the sensing mechanism.
Particularly for thick film sensors, this understanding is expected
to pave the way to advanced layering strategies that can lead to
novel materials.

While a pristine metal oxide sensor system may be electro-
nically inefficient in responding effectively to a particular gas,
the introduction of the dopant is anticipated to trigger

© 2021 The Author(s). Published by the Royal Society of Chemistry
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variations in its electronic properties, paving the way to excellent
sensing. Suematsu et al. has achieved selective sensing of com-
bustible gases like H,, CO and ethanol against atmospheric
humidity by doping Al in SnO,."® Khudiar et al. has exhibited
improved H, sensing by Al doped SnO, with emphasis on the
particle size and crystallinity with doping.”° Farag has investigated
the electrical properties of Al loaded SnO, thin films in different
gaseous mediums with stress on conductivity between grains.*
But all the studies mentioned above significantly depend on
changes in the electronic properties of the systems with Al doping.
Thus, understanding the variable electronic distribution in doped
gas sensors becomes inevitably significant. Analysis of variation in
an electronic distribution requires a preliminary investigation into
the steady state variable distribution of electrons in the sensor
material, which may change upon chemisorption by the target
gas. Chemiresistive gas sensing is primarily a surface
phenomenon®** where the pattern of electronic distribution
before and after sensing actually determines the material
performance. Considering the surface as an energetically
favorable termination of the crystal lattice; the only source of
electronic contribution on the surface besides its own electron
content is the bulk, which comprises of numerous grains with
electrons moving via grain boundaries. Hence in order to address
variable electronic distribution within the system, before and after
sensing, the contribution from inter-granular free electrons apart
from those on surface needs to be considered. In our previous
work on ammonia sensing by vanadium doped tin oxide nano
systems™ we have explained sensing behavior in terms of
modifications in the crystal and surface electronic structures,
while keeping all other parameters affecting gas sensing like
particle size, temperature, surface area, morphology, inter-
granular activation energy and surface oxygen vacancy similar.
In the present work, we complement the abovementioned aspects
by introducing the concept of charge storage between grains as a
result of variable electron distribution to explain enhanced
ethanol sensing behavior of Al doped SnO, thick film sensors.
Charge storage between grains and its subsequent dissipation
could be studied by capacitance measurements of the
materials.”>?® On the other hand, the crystal structure of a
material can be elaborately studied by the Rietveld refinement
of powder X-ray diffraction data,>”?® and X-ray photoelectron
spectroscopy is an established method for analysing surface
electronic compositions.>**° Hence, a combined study of the
sensors based on the above techniques is expected to provide a
vivid idea of the variable electronic distribution in the sample
and its dynamics so that all aspects of chemiresistive sensing
could be better understood. Formation of nano particles ensures
a greater surface to volume ratio for surface adsorption, and
hence increasing response.® Thus to categorically analyze the
role of various structural aspects in improved gas sensing
performance, nanosized particle formation shall act as an
advantage in scaling up differences in performance so that the
changes are conveniently noticeable. In this work, using the
example of improved ethanol sensing by aluminium doped tin
oxide nano systems (Fig. 1) of similar morphology, particle size,
surface area and surface oxygen vacancy, we have tried to find
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Fig. 1 Crystal structure representing a unit cell of (a) Sngg330,, (b)
Sﬂo_947Alo_144ol_881 and (C) Sn0_869A10_24201_388 samples respectively. The
purple section in blue spheres is representative of aluminium doping in tin.

the role of crystal structure modifications in improved ethanol
sensing by doped samples and identify a direct correlation of the
sensing responses with the variable electronic behavior of the sensor
systems by employing the techniques mentioned above. While this
approach of interpreting the sensing mechanism is the first of its
kind, we have also achieved some highly improved and selective
ethanol sensing responses by a metal oxide based sensor system.

Experimental
Material synthesis and sensor fabrication

Aluminium doped tin oxide nanoparticles of the formulae
SNg.03302, SNg.047Alp.14401.851 and  Sng geoAly24201.585 Were
synthesized by a sol-gel method followed by prolonged ultra-
sonication. For the synthesis, SnCl,-5H,0 (Aldrich, 99.9%) and
Al(NO3)3-9H,0 (Aldrich, 99.9%) were dissolved separately in DI
water (Merck) following molar ratios (Al:Sn) 0.00, 0.05 and
0.10, followed by magnetic stirring for 2 hours each.
The aluminium solution was then added to the tin solution,
followed by magnetic stirring for another 2 hours. A whitish gel
was formed after adding ammonia solution (Merck) drop-wise
until a pH of 9 was obtained. Further addition of ammonia led
to formation of a soluble complex which dissolved in the
solution. Hence, utmost precaution was taken in collecting
the gel like precipitate. The gel was then ultrasonicated in a
360 watt probe sonicator (ChromTech UP 800 model) for one
hour, followed by repeatedly washing in ethanol (Merck).
The gel was finally dried at 60 °C for 12 hours followed by
calcination at 650 °C for 3 hours. For gas sensing experiments
(Fig. 2), Taguchi based sensors®' were fabricated in which a
small amount of the calcined powder sample (around 0.1 g) was
thoroughly mixed in iso-propyl alcohol using a mortar pestle
and made into a consistent slurry. The slurry was then coated
onto a cylindrical alumina substrate of 3 mm diameter and
4 mm length. The electrical contacts were made by platinum
electrodes attached to the substrate by gold paste. A Nichrome
wire was coiled inside the cylindrical substrate for heating the
material. The substrate was then placed in a pre-heated drying
oven at 60 °C and cured for 6 hours. It was then mounted on a
6 headed pin module, capped with a 200 pm polymeric mesh
and checked for coating consistency under a S neox SensoSCAN
6.6 non-contact optical profiler in both focus variation and
interferometry modes with 20x magnification (see the ESIT).
The comparable values of the average surface height and
maximum surface heights of coating ensured similar film
thickness for all sensors (see ESIf).
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Fig.2 5 ppm ethanol sensing dynamic responses of (a) Sngg3302,
(b)Sno 947Alo 14401 881 and (c) Sho eegAlo 24201888 respectively at 350 °C.
(d) Represents the response of (1) Snp 93302, (2)SNg.947Al0.14401 881 and (3)
SNo.geoAlp 24201 8gg to various ppm amounts of ethanol at 350 °C. The red
highlight in (a) is for correction by N, gas.

Structural characterization

The crystal structure of the samples was elaborately studied by
the established method of Rietveld refinement of powder X-ray
diffraction data.>”*® Synchrotron based room temperature
powder X-ray diffraction measurements were carried out on
well ground powder samples at the Extreme Conditions Angle
Dispersive/Energy dispersive X-ray diffraction (EC-AD/ED-XRD)
beamline (BL-11) at Indus-2 synchrotron source, Raja Ramanna
Centre for advanced Technology (RRCAT), Indore, India. For
the diffraction measurements, a small amount of sample was
finely ground in an agate mortar and filled into borosilicate
capillaries of length 80 mm and diameter 0.3 mm. The diffraction
pattern was obtained using a photon source of wavelength
0.63707 A in transmission mode, using an exposure time of
600 s. Quantitative Rietveld refinement®® of the collected data
was done using Jana 2006 software.*® Since the samples synthe-
sized were formed in a tetragonal rutile phase (Fig. 3), refinements
were carried out using the P4,/mnm space group. For background
correction of the diffractogram, 35 terms were used and peak
profiles were fitted employing pseudo-Voigt polynomials. For the
pure tin oxide sample, initial refinements with full occupancy of
Sn and O atoms resulted in unphysical isotropic thermal
parameters. This issue was resolved by refining total cation
occupancy which finally resulted in physically acceptable
values of isotropic thermal parameters. For the doped samples,
refinements with Sn and O atoms led to a large mismatch
between experimental and calculated profiles. This was resolved
by introducing Al in the Sn position and allowing the occupancies
to refine freely. But this led to negative isotropic thermal
parameters for Sn, indicating at over-estimation of the cation
occupancy. This issue was resolved by putting some Al atoms at
the O position and then allowing the program to refine freely.
This resulted in physically acceptable values of isotropic
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Fig. 3 Refinement profiles of pure and aluminium doped tin oxide sam-
ples. Red represents experimental points, blue the modelled points and
green represents difference between the above. The black straight lines
indicate the position of Bragg reflections.

thermal parameters along with the indication of oxygen vacancy.
Final refinements including all above parameters resulted in an
excellent fit between the experimental and calculated models,
hence confirming the accuracy of our model (Table 1 and Fig. 3).

X-Ray photoelectron spectroscopy (XPS) is an established
method for analyzing surface electronic compositions.>**° For
XPS, the powder samples (approximately 0.4 g) were pelletized
in a hydraulic press into pellets of size 1 cm diameter and then
treated at 100 °C to eliminate surface adsorbed moisture.
Measurements were carried out in a PHI 5000 VersaProbe II
instrument (Make: Physical Electronics) using monochromatic
aluminium K-alpha X-ray of photon energy 1486.7 eV as the
source at a pass energy of 11.75 eV and step size 0.10 eV.
Background correction of core-level spectra was done by
employing the Shirley algorithm®* and the chemically distinct
species of Al, O and Sn were resolved by a non-linear least-
squares fitting method, using the software KoIXPD (Fig. 7,
Table 2 and see the ESIf).*> The core level binding energies

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallographic details, and TEM and BET results of pure and aluminium doped tin oxide nanoparticles
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Sample S16.93302 Sno.047Alo.14401 881 Sno.g60Alo 24201 888
Crystal system Tetragonal Tetragonal Tetragonal
Space group P4,/mnm P4,/mnm P4,/mnm
Temperature (K) 298 298 298
No. of formula units (2) 2 2 2
a(A) 4.7994(14) 4.7277(3) 4.7241(5)
c(4) 3.2263(11) 3.1746(2) 3.1670(3)
o= fi =7 (degrees) 90 90 90
V(A% 74.319(4) 70.956(8) 70.677(3)
Sn-O bond length (A) 2.068(2) 2.031(2) 2.013(3)
R,/WR), 3.51/4.46 4.30/5.24 4.21/5.21
GOF 0.70 0.60 0.64
Sn/Al: x 0 0 0
y 0 0 0
z 0 0 0
Usso 0.0090(2) 0.0022(14) 0.0051(15)
O: x 0 0 0
y 0.3046(5) 0.3037(5) 0.3013(6)
z 0.3046(5) 0.3037(5) 0.3013(6)
Usso 0.019(2) 0.012(18) 0.031(2)
BET surface area (m” g ') 7.2 8.9 7.5
Average pore size (A) 19.6 20.3 21.3
Average particle size range (nm) from TEM 20-25 16-19 14-18
of individual elements were scaled with the adventitious > [(@) —signal | . [(b) —signal] . [(0) —signal
. .. £ -19998 | = g=19215 | £
carbon peak with a binding energy of 284.8 eV (see the ESIT). g € g g g1.9245
The incorporation of aluminium in the Sn positions is generally E E / £
ey I . a+ x x| g=1.9881 x ~
controlled by the compatibility of ionic radii between Sn™" and & & i | =1.9926
AP’" ions.*® In order to investigate the possible existing D i 2 Masatc fol ;fé’;’ 3090 raonetic field ()

oxidation states of Al atoms, the area under 2p signal was
deconvoluted (Fig. 7, Table 2 and see ESIf) employing a
combination of Gaussian and Lorentzian profile functions.
The XPS results quantify the existence of multiple oxidation
states of aluminium. An estimation of surface oxygen vacancies
was made by deconvoluting the O 1s peak and calculating the
area (in arbitrary units) under the peak obtained at higher
binding energy, followed by a scaling (Fig. 7, Table 2 and see
the ESIT).>* While the XPS studies chemically substantiate
doping in the tin oxide samples, Energy Dispersive X-Ray
Spectroscopy (EDX) measurements using TEM also confirmed
it (Fig. 5 and see the ESIY).

Electron paramagnetic resonance (EPR) spectroscopic analyses

In order to verify the presence of cation defects in pure and
aluminium doped tin oxide samples, EPR spectroscopic studies
were performed (Fig. 4). EPR spectra were recorded for all the
powder samples in Bruker EMX MicroX instrument using
Bruker WinEPR Acquisition Software Version 4.40 Rev 1.1.
Powdered samples were loaded into Wilmad Clear Fused-

Fig. 4 Room temperature EPR spectra of (a) Sngo3zO2 (b)
SNo.947Al0.14401.881 and (C) SNo geoAlo 24201 888 Samples respectively. Lande
“g" values calculated at different resonance positions indicate the
presence of paramagnetic species.

Quartz (CFQ) EPR tubes having a high dielectric constant and
no paramagnetic impurities. Samples were measured in the
frequency range of 9.43-9.44 Giga Hertz (X-band EPR) at room
temperature (293.15 K). Experiments were done using micro-
wave power of 0.818 mW, modulation amplitude of 21.04 G,
modulation frequency of 100.00 kHz, conversion time 60.00 ms
and time constant 10.24 ms.

Electron microscopic and spectroscopic studies

Field Emission Scanning Electron Microscopy (FESEM) studies
of the powder samples were carried out on a Carl Zeiss Supra
35VP instrument (Fig. 8 and see the ESIf). For sample prepara-
tion, small amounts of powder were thoroughly dispersed in iso-
propyl alcohol and drop cast on Si wafers, followed by drying

Table 2 Surface electronic composition from XPS, sensing and capacitance results

Sample 51,9330, Sn.947Al0.14401.881 Sno.g69Al0.24201.888

Elements present with oxidation states sn*", 0*>~  sn', AP, AP, 07 Sn*', A, A", O*~

Surface electronic ComPOSition Sn4+027 Sn()A9474+A10A0202+y Al().1243+01A88127 Sn()A8694+Al()A0272+y Al()A2153+Ol.88827

Surface positive charge per formula unit — 0.438 0.399 (~1.1 times less than Sng g47Alp 14401.881)
Sensing response (%) 15 40.9 98.2 (~2.4 times more than Sng o47Alp 14401 8s1)
Response & recovery times (s) 5, 54 14, 551 4, 607

Capacitance change per formula unit 0.7 2.8 3.7 (~1.3 times more than Sng g47Aly.14401.881)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM studies of aluminium doped tin oxide nanoparticles. (a) Bright
field image of Snp.947Alo.14401 8g1. (b) HRTEM image of Sng .947Alo.14401 881
showing the (110) planes. (c—e) Bright field, SAED pattern and HRTEM
images of SnpgeoAlo24201888 respectively. (f) EDX spectrum of
SNno.8e9Alo.24201.888. The Cu and C signals are due to use of carbon coated
Cu grids.

under a UV lamp. The wafers were then carbon coated and tested
on the microscope. For color mapping (Fig. 6), small pellets of
the powder sample were prepared and attached to a carbon tape
mounted on a metallic stub. The chemical composition and
uniformity of doping were reassured by color mapping (Fig. 6
and see the ESIt). Grain size and morphology were determined
from the microscopic images using the software Image] (Fig. 8
and see the ESIt). Transmission Electron Microscopy (TEM) analyses
of the samples were carried out on a FEI Tecnai G2 30ST
instrument (Fig. 5 and see the ESIf). The average particle size
distribution was further analyzed by a Malvern DLS (Dynamic
Light Scattering) analyzer (see the ESIt). In order to detect the
light absorption and emission characteristics of the sensors,
temperature dependent UV-Vis spectroscopic measurements
(30 °C to 70 °C) (see the ESIT) were carried out using a CECIL
Aquarius 7200 UV-Vis spectrometer and photoluminescence
studies (see ESIt) using a Fluoro Max-P (HORIBA JobinYvon)
luminescence spectrophotometer. BET surface area®” measurements
of the samples were carried out using a Quantachrome AsQwin
Surface Area Analyzer using a N, gas adsorption/desorption method
(Table 1 and see the ESIY).

Snlal AlKa1

AlKa1 Snlal

OKa1l

Fig. 6 EDX colour mapping of (a—c) Sngogs47Alp14401881 and (d—f)
SNno.geoAlo 24201 888 respectively. The color distribution indicates at uni-
formity of doping in both doped samples.
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Resistive and capacitive gas sensing measurements

For the resistive gas sensing measurements, the sensors were
heated at different temperatures starting from room temperature
up to 350 °C using a Keysight DC power supply. The dynamic
resistance (Fig. 2) was measured using an Agilent Multimeter
interfaced with the Agilent GUI software. The most stable base
resistance was observed at 350 °C which corresponds to a voltage
of 5 V. For the comparative study, all sensors were aged for
72 hours at same temperature of 350 °C followed by steady state
sensing measurements. Calibrated gas cylinders of different gases
(in ppm) were connected to the Alicat make Mass Flow Controllers
and low ppm dilutions were made with air and nitrogen gases.
Gas pulses at a constant flow rate were applied to the sensor for
10 s each, followed by recovery (Fig. 2). Sensing responses were
calculated using the standard formula,**"° response (%) = (Rair —
Rgas)/Rqir Where Ry, is the sensor resistance in air/N, and Rgq is
the sensor resistance in the presence of the target gas. The I-V
characteristics of the sensors were measured under similar
conditions. Capacitive sensing measurements were carried out
using an LCR meter (HP 34970A). The frequency was varied from
100 Hz to 1 MHz using a computer-controlled Hewlett-Packard
impedance analyzer (HP4192A), both in the presence and in the
absence of gases (Fig. 8). Most stable response was observed at the
1 kHz value, at which all the measurements were finally
carried out.

Calculation of charge leakage based on capacitor model
For capacitors in series (Fig. 9b), the equivalent capacitance C’
is

1 1 1 1 1

cTaatat e

for n capacitors, having the same capacitance (C, = C, =...C,) or

l_n
T q
or
o=
n

ch c

Cl
In the charged state, Coq = e S LY
n n n
Co=A(L L b, 1
4 n d] d2 d3 dn ’

where ¢ is the permittivity of air, d,, d,...d, is the distance
between equivalent capacitors in different parallel branches
and n is the total number of capacitors in parallel.

In the discharged state,

dA(1 11 1
=g+ttt

4 _ JR—
Co=w\atata d

where ¢’ is the permittivity of the medium between the grains
during ethanol sensing and n’ is the number of capacitors
which actually get discharged.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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n 48 x 1.1 x¢ ¢
For Sng geoAly.24201 388, _> =T7 59 oL 1.71 x —
n); 11x28 xe €
! 5.0 x075x¢ !
For Sng 947Al.14401 851, (n_) = 2 XTI XE =127 x 8—
" nj, 23x13xe g

"1 1296 ~ 1.3,
n
(5),

Assumptions in the capacitor model:

1. “d” spacing for individual capacitors in each branch is the
same. This varies for the equivalent capacitors in different
branches of the parallel connection.

2. Any criss-cross connections in the capacitor model have
been currently avoided which means that the grains have been
arranged in a similar pattern/order.

Therefore,

Results and discussion

Gas sensing experiments revealed that out of several gas/VOCs
(see the ESIt), the aluminium doped samples (Sng.o47Alp 144
O;1.851 and Sng geoAly24201.885) (Table 1) showed an excellent
response to ethanol vapor as compared to pure Sngo3z0,
(Table 2 and Fig. 2). In order to optimize the minimum
detection limit, tests were performed with different concentrations
of ethanol vapor from 1 ppm to 100 ppm (Fig. 2). The maximum
stable response of 98.2% for 5 ppm ethanol was exhibited by
SN g60Al0 24201 85 followed by 40.9% response of Sng g47Alp 14401 881
(Table 2). Investigations into the dynamic sensing response reveal
that with the application of pulses of ethanol vapor above the
sensor head, the sample resistance decreases. This can explained
by the following surface reactions that reveal an electron release
mechanism by virtue of ethanol oxidation:****

0, (gas) — O, (ads) (1)

0, (ads) + e~ — 0, (ads) (T,p < 100 °C) (2)
0, te — 20 (100 < Top < 300 °C) (3)
O +e - 0° (T, > 300 °C) (4)
C,HsOH + 60°” — 2CO, + 3H,0 + 12¢~ (5)

In order to investigate the possible causes behind these
improved variable responses, initially, the structural and surface
electronic analyses of all the samples were performed. Rietveld
refinement results show that aluminium doped tin oxide
samples undergo a unit cell contraction by 3.363 and 3.642 A®
for Sng 947Alp.14401.531 and Sng geoAl 24201 555 TESpectively due to
the smaller size of aluminium compared to tin which in turn
causes the reduction of Sn-O bond lengths by 0.037 and 0.055 A
respectively for Snggs47Alp144018s1 and  Snp geoAlp 24201 gss
(Table 1 and Fig. 3). As per our previous calculations,” this unit
cell contraction leads to the generation of a maximum of 10"°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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excess active sites per mm® of the sample for chemisorption.
Since chemiresistive gas sensing is primarily a surface
phenomenon and it is the effective concentration of surface
active sites that determine the initial rate of surface reaction, the
shortening of the unit cell explains the enhanced sensing
response of doped samples as compared to pure tin oxide.
Hence, it is the combined contribution from the increase in
active site density and surface interaction that enhances the
sensing performance in Al doped samples. Composition
analyses from Rietveld refinements revealed non-stoichiometry
in the pure tin oxide sample which has Sn vacancies with the
formula Sng ¢330, (Fig. 3, Table 1). Also, there are cation vacan-
cies in doped samples with formulae Sngg47Alp 14401881 and
Sng geoAlo 24201 888 (Fig. 3, Table 1). This information indicates
the presence of non-stoichiometric defects in all samples which
was further confirmed by EPR spectroscopic measurements
(Fig. 4). Sny9330, has an EPR signal with a g value of 1.9998
corresponding to the presence of paramagnetic Sn** and O,~
centers.”® In Sng g45Alg 14401 gs1, there were signals with g values
1.9881 and 1.9215 for Sn** and AI*>* centers respectively (Fig. 4).
And in SnggeoAlp 24201888, Signals with g values 1.9926 and
1.9245 were obtained similarly for Sn** and AI** centers respec-
tively (Fig. 4). The presence of the EPR signal due to Al** was
confirmed from previous studies where X-ray irradiation on AI**
impurities in BeO, lead to the generation of unstable A%
species.**

Since chemiresistive gas sensing is dependent on several
important factors like particle surface to volume ratio, porosity,
morphology and size,"” the role of the mentioned parameters is
also necessary to be considered for further analysis of the
causes for improved sensing responses. Microstructural studies
by FESEM and TEM revealed formation of spherical nano-
particles in the range of 18-20 nm (Table 1, Fig. 5, 6 and see
ESIt). HRTEM studies revealed the preferential exposure of
energetically favorable 110 planes in both doped and pure tin
oxide samples (Fig. 5 and see ESIT). While all particles have
similar size and morphology (Fig. 5 and see ESIt), N, adsorption/
desorption experiments indicated the formation of mesopores
with similar diameters in all samples with similar BET surface
areas (Table 1 and see ESI{).

Surface electronic structure analyses from XPS results reveal
that aluminium has been doped in the 3+ state during synthesis
(see the ESIf); for SngossAlp.14401.8s1 and Sng geoAlp 24201 838,
both AI** and AI*" states are present (Table 2 and Fig. 7).**> This
presence of variable aluminium valency in tin sites with the 4+
state leads to the generation of excess surface positive charges;
SNy 947Alp14401 851 having a 1.1-fold greater surface positive
charge than Sng geoAly 24201885 (Table 2). The concept of lower
surface positive charge in the latter is actually a manifestation of
the presence of the more unstable AI** species, which by
shedding electrons intend to achieve the stable 3+ state.*”
Considering the surface immobilization of incoming electrons
from the surface reaction of oxidizing ethanol vapor, the lower
surface positive charge content of SnggeoAly 24201885 allows
greater transport of electrons into the bulk, hence leading to a
greater lowering of resistance of the sample (Table 2). This is
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contrary to Sngo47Alp 14401 8g1 Which has a higher tendency of
surface immobilization of electrons and hence lower sample
response. This tendency is also responsible for different recovery
rates of the doped samples where Sngo47Alp14401851 takes a
lower recovery time as compared to Sng geoAly 24201 885 (Fig. 2,
Table 2).

As is evident from the surface electronic structure analysis,>*
the ratio of the surface excess positive charge between
Sng.047Al0.14401.831 and Sng geoAlg 24201835 is of the order of
1.1 (Table 2) while the ratio of ethanol sensing responses
between Sng geoAlp.24201.883 and Sng.ou7Alg14401.851 1S 2.4
(Table 2). Since all the samples chosen in this study were based
on similar particle size, surface area, morphology and surface
oxygen vacancy (Tables 1 and 2), the excess surface positive
charge values of Sng.o47Alg.14401.851 and SnggeoAlp 24201.888
alone could not explain the enhanced ethanol sensing
behavior; some other aspect of the sensors needed to be
addressed to resolve this. Using the idea that bulk electrons
stored in between adjacent grains of the material could possibly
have a role to explain the variation in ethanol sensing, we
carried out capacitive sensing measurements of all the samples
at different temperatures (room temperature to 350 °C), both in
the presence and in the absence of 5 ppm ethanol vapor applied
to sensor head (Table 2, Fig. 8 and see ESIT). While for pure
Sny 9330,, the decrease in capacitance on applying ethanol gas
at a bias voltage of 1 V was negligible (see ESI}), for
SN geoAlp.24001.855 the decrease was 1.3 times more than
SNy 947Alp14401.881. This implies that SnggeoAlp.24201 888
undergoes a 1.3 times greater volume charge leakage as
compared tO0 Sngo47Alo.14401881 during interaction with
ethanol. Since all the capacitive measurements were carried
at out at the sensor operational temperature of 350 °C, the
volume charge mobilization via leakage can be understood
from the decrease in capacitance values (Table 2). PL studies
have confirmed the absence of additional defect states in
aluminium doped samples, thus ruling out contribution from
material defects in volume charge mobilization at the sensor
operational temperature (see the ESIt).*®

According to the grain boundary model,*”*° chemisorption
on metal oxide surface leads to change in grain boundary
thickness, affecting electron transport. From the room
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Fig. 8 Grain size estimation in (a) SnogeoAlo24201888 and (b)

SNo.947Alo.14401 881 respectively by FESEM micrographs of powder drop-
cast on the Si substrate. (c) and (d) show capacitance measurements of
SNo.869Al0.24201.888 and Sng.947Al0.14401 gg1 respectively at 1 kHz frequency
and 1V bias, both in the presence and in the absence of ethanol.

temperature capacitive studies, it has been observed that for
all the samples, decrease in capacitance on exposure to ethanol
gas is negligible (see the ESIt). Considering the region between
two adjacent grains as the space between two plates of a parallel
plate capacitor, a thick film coating on a tubular substrate
could be considered as a cylindrical capacitor made of numer-
ous small capacitors (Fig. 9 and see the ESIf). At room tem-
perature, the electron transport through the grain boundaries is
minimal, thus there is maximum storage of the charge between
the grains. At high temperature, on attaining the necessary
activation energy, the electron transport is facilitated, which in
turn can be interpreted to be the leakage of stored charges
between two adjacent grains (Fig. 9). There is also a reduction
in band gap as is evident from the high temperature UV-Vis
studies (see the ESIt).

(a) e \/:"e_\e,ou ~OH (b) —fll—lcil—ﬂ- -C",,_
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Fig. 9 (a) Mechanism explaining the role of volume charge mobilization
by grain boundary concept and capacitive modelling. The region between
two adjacent grain boundaries is modelled to act as the space between
two plates of parallel plate capacitor with gaps a; and a, (for charged and
discharged systems respectively) holding electrons by electrostatic fields.
The left part represents the system of charged capacitors and right
represents the system during discharge (represented by yellow arrows)
when the material interacts with ethanol. R represents an external
resistance though which discharging occurs as equivalent to an electrical
circuit. (b) (i) Actual arrangement of capacitors and (i) equivalent capacitor
arrangement.
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Fig. 10 A model mechanism explaining the role of variable electronic
distribution in explaining improved ethanol sensing by aluminium doped
tin oxide samples. The black arrows represent electrons replenished into
the system after ethanol interacts with the surface oxygen layer trapping
them. The orange arrows represent the electronic movement due to
mobilization of electrons stored in the bulk.

The overall decrease in the capacitance is thus a cumulative
measure of this charge leakage, which can be considered as the
enhancement of charge transport through the grain boundaries
(Fig. 9). A calculation based on the total capacitance of the
sensor material at 5 V (350 °C) shows that the ratio of the
number of capacitors discharged on applying ethanol vapor to
the total number of capacitors in the normal steady state is
proportional to the ratio of permittivity of the material between
the capacitor plates in the presence and in the absence of
ethanol vapor (see the Experimental section, Fig. 9). For
Sny ge0Alp 24201 8ss, the proportionality constant is 1.71 whereas
for Sng.g47Aly.14401 851, the constant is 1.27. Since the ratio of
the permittivity terms is calculated for sensing at the same
operating temperature of 350 °C, a ratio of the relative
population of discharged capacitors in Sng gsoAlp 24201 885 to the
relative population of discharged capacitors in Sng ¢47Alp 14401 881
is nearly 1.3; which is exactly the same ratio of volume charge
mobilization during ethanol sensing (see the Experimental
section). This correlation is in consonance with the fact that
volume charge mobilization during the sensing phenomenon is
a manifestation of the leakage of charges stored between adjacent
grains, which has been considered here as a network of charged
capacitors. The enhanced ethanol sensing by a factor 2.4 in the
case of Sng gsoAlp 24201888 as compared to Sng g47Alp 14401 881 CAN
now be explained by excess volume charge mobilization in
Sno g69Al0.24201.885 as compared to Sng.o47Alg 14401 851- During the
interaction of ethanol molecules with the chemisorbed
surface oxygen layer, the surface charge immobilization in
Sng geoAlp 24201888 1S hence accompanied by volume charge
mobilization, together resulting in a 2.4 times greater sensing
response in Sng geoAly 24201885 than Sng o47Alp 14401 8¢1 (Fig. 10).

These phenomena of surface charge immobilization and
volume charge mobilization are probably due to crystal
termination®" effects which indicate the variable electronic
behavior at different profiles of a thick film, subject to different
boundary conditions. The electronic distribution on the surface
is also subject to the influence of the bulk electronic
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distribution, together deciding the course of surface specific
reactions. Hence, it is the complex interplay of the crystal
structure, surface electronic structure and grain charge
dynamics that actually determine the improved sensing
responses in non-stoichiometric aluminium doped tin oxide
systems (Fig. 10). The reduction in the space charge layer
concept in the band bending model of chemiresistive sensing
is also a manifestation of these, establishing a link between the
structural and electrical models of sensing. The increased mobi-
lity of electrons through the grain boundaries at high sensing
temperatures is also an effect of modification in boundary width
assisted by temperature (Fig. 10). Further quantitative analyses
in terms of surface electron density and temperature dependent
studies on grain dynamics could explain this concept much
better.’>>?

Conclusions

Aluminium doped tin oxide nanoparticles were synthesized by
a sol-gel method followed by ultrasonication. Sensing measurements
with 5 ppm ethanol at 350 °C revealed that while aluminium
doped samples showed a multi-fold improved response as
compared to pure Sngo330,, Sng geoAly24201.535 showed a 2.4
times improved response as compared to Sng o474l 14401 881-
Crystal structure analysis by X-ray diffraction revealed the
shrinkage of the unit cell volume in tin oxide due to aluminium
doping, leading to an excess generation of maximum active
sites up to 10" mm* of the sample. This explains the multi-
fold improved ethanol response by doped samples. Surface
electronic structure analysis using XPS revealed that surface
excess positive charge in Sng ggoAl 24201 885 Was 1.1 times less
than Sng.g47Alp14401.8g1. Considering the concept of charge
immobilization, the estimation of surface electron deficiency
in Sng geoAlg.24201.885 aNd SN 947A15.14401 851 could not be solely
used for explaining 2.4 times improved sensing responses.
Moreover, it was observed that Sng_ggeAlg 24001 .g3s has 1.3 times
more volume charge mobilization at 350 °C as compared to
Sny.047Alp 14401 881, manifested in terms of a decrease in sample
capacitance during interaction with ethanol vapors. Hence we
can comprehend that it is the delicate interplay of crystal
structure, surface electronic structure and volume electronic
mobilization phenomenon that is responsible for the variable
sensing patterns in aluminium doped tin oxide systems. It is
expected that a similar interplay will be responsible for sensing
responses in other doped metal oxide systems also.
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