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KEYWORDS Abstract In this work, flame-spray-made Fe-doped SnO, nanoparticles were comprehensively
Fe doping; investigated for acetylene (C,H;) detection and the roles of Fe dopants on sensing mechanisms were
SnO,; explored. The sensing material properties were evaluated by X-ray diffraction, electron microscopy,
Flame spray pyrolysis; N, adsorption-desorption analysis, X-ray absorption/photoemission spectroscopy and UV-visible
Metal oxide; spectroscopy. The structural characterizations confirmed that the nanoparticles had a tetragonal
Acetylene; nanocrystalline SnO, phase and Fe** dopant species formed a solid solution with SnO, lattice.
Gas sensor The sensors were measured towards 0.15-3 vol% C,H, in dry air at various working temperatures

(200-350 °C). Gas-sensing data demonstrated that the optimal Fe doping level of 0.1 wt% led to a
substantially enhanced response of 748.7 toward 3 vol% C,H, with a decent response time of 2.5 s
at the optimal working temperature of 300 °C. Furthermore, the optimal SnO, sensor demonstrated
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hlgh C2H2 selectivity against C2H5OH, NOz, Hz, NH3, COz, NO, HQS, CH4, C2H40, C2H4 and
N,O. Additional detailed analyses suggested that Fe ¥ species played catalytic roles for enhancing
C,H, dissociation and oxidation. Thus, the Fe-doped SnO, sensors were highly promising for selec-
tive and sensitive detections of acetylene in industrial applications.

© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Semiconducting metal oxide gas sensors have been utilized
extensively in various industrial applications owing to their rel-
atively low cost and long life compared with other gas-sensing
technologies. Most metal oxides are suitable to detect harmful,
toxic, flammable and environmental gases while some others
may be used in specific applications such as medical breath
diagnosis, foods quality analysis and so on (Righettoni et al.,
2010). Thus, the new metal oxide materials and nanostructures
have been continually developed to attain excellent sensitivity,
outstanding selectivity, fast response/recovery rate and long-
term stability for practical use. Among various metal oxides,
tin oxide (SnO,) has still been the most effective gas-sensitive
material due to its broad gas response, modest conductivity,
good stability and low price. Moreover, its gas-sensing perfor-
mances including sensitivity, selectivity and operating temper-

ature can be extensively tailored by various modification
techniques including doping, loading, compositing, core-shell
formation and other nanostructural processing. Doping with
reactive transition metals including iron (Fe), nickel (Ni) and
cobalt (Co) is one of the most successful strategies to improve
the response and specificity to a target gas. Among these, Fe
and Fe,O3; are particularly attractive additives for SnO,
because of its useful catalytic activity and low cost. The gas-
sensing behaviors of SnO, nanostructures with Fe or Fe,O3
additives prepared by different methods have been extensively
studied as registered in Table 1. For instance, the SnO,/Fe,O;
double-layer thin film deposited by a sol-gel method exhibits
an enhanced response of 19.8-1000 ppm ethanol at 250 °C
(Jiao et al., 2000). Similarly, core—shell Fe;O3@SnO, nanohy-
brids made by flame-assisted spray pyrolysis offer a superior
response of 22.8-100 ppm ethanol at 300 °C (Li et al., 2013).
Also, Fe,O3; nanoparticle-coated SnO, nanowires fabricated

Table 1 Gas-sensing characteristics of Fe/FeOx — SnO, materials synthesized by various techniques.
Sensing materials Methods Sensing performances Ref.
Concentrations Response/  Temp.
tres
Sn0O,/Fe,03 multilayer thin film Sol-gel 1000 ppm 19.8/— 250 °C  Jiao et al. (2000)
CszoH
Core-shell Fe;O3@SnO, nanohybrids  Flame-assisted spray pyrolysis 100 ppm 22.8/— 300 °C Liet al. (2013)
C2H50H
Fe,O3 nanoparticles-coated SnO, VLS and hydrothermal 200 ppm 57.6/65 s 300 °C Choi et al. (2017)
nanowires C,HsOH
Hierarchical a-Fe,O3/SnO, composites Hydrothermal 100 ppm C;HsO  16.8/— 250 °C  Sun et al. (2013)
100 ppm 7.2/-
C,HsOH
Porous core—shell a-Fe,O3@Sn0O, Hydrothermal 100 ppm C3HcO 33.4/— 300°C  Yu et al. (2015)
nanotubes
SnO,—Fe,0; interconnected nanotubes  Electrospinning and thermal 50 ppm Toluene  25.3/— 260 °C Shan et al. (2013)
treatment
a-Fe,O3/SnO, nanorod composites Hydrothermal 1% LPG 32/<5s 370 °C Vuong et al. (2014)
Hollow SnO, sphere Hydrothermal and calcination 100 ppm C,H, 5.4/6s 206 °C Lin et al. (2015)
NiO/SnO, heterostructure 13.8/2's
SnO, nanoparticles Flame spray pyrolysis 1 vol% C,H, 6.3/34s 300 °C Liewhiran et al.
(2012)
Pd-doped SnO, nanoparticles Hydrothermal 100 pL/L C,H, 7.22/- 350 °C Chen et al. (2013a)
SnO, nanowire Hydrothermal 100 pL/L C,H, 46.96/7 s 250 °C Chen et al. (2013b)
SnO, nanorod 34.04/11 s
SnO, nanosphere 26.80/13 s 280 °C
SnO, nanobulk 20.34/15's
SnO, Sol-gel 1000 ppm C,H, 3.8/ 180 °C Qi et al. (2008)
Sm,05-doped SnO, 63.8/5s
SnO, Hydrothermal 50 uL/L C,H, 7.53/8-10s 260 °C Zhou et al. (2015)
Sm,05 decorated SnO, 38.12/8-
10s
Fe,05-doped SnO, nanoparticles Flame spray pyrolysis and spin 3 vol% C,H, 748/~2.5s 300 °C This work

coating
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by vapor-liquid-solid (VLS) and hydrothermal processes pro-
vide a decent response of 57.6-200 ppm ethanol at 300 °C
(Choi et al., 2017). Differently, hierarchical a-Fe,O3/SnO,
composites and porous core-shell a-Fe,O3@SnO, nanotubes
synthesized by hydrothermal routes display selective responses
of 16.8 and 33.4-100 ppm acetone at 250 °C (Sun et al., 2013)
and 300 °C (Yu et al., 2015), respectively. Moreover, SnO,—
Fe,03 interconnected nanotubes produced by electrospinning
and thermal treatment show a good response of 25.3-50 ppm
toluene at 260 °C (Shan et al., 2013) while a-Fe;03/SnO,
nanorod composites give a decent response of 32-1% liquid
petroleum gas (LPG) at 370 °C (Vuong et al., 2014). It is
apparent that the impact of Fe/FeO, on the gas-sensing prop-
erties of SnO, is substantially related to its preparation
method, which dictates the surface and structural properties
of the composite materials. Thus, the benefits of Fe/FeO, dop-
ing can be better utilized by synthesizing superior Fe/FeOy-
doped SnO, nanostructures with an advanced preparation
method.

Flame spray pyrolysis (FSP) is a highly attractive produc-
tion method of metal-oxide sensing materials owing to large
specific surface area of synthesized nano-sized metal oxide
structures and homogeneous distribution of metal/metal oxide
dopants (Liewhiran et al., 2012). Numerous SnO, nanoparti-
cles incorporated with different transition metals including
In, Co, Ni, Pd, Pt, V and Mo have been synthesized produc-
tively by FSP in a single step and reveal remarkable gas-
sensing characteristics (Liewhiran et al., 2012, 2013; Sukunta
et al., 2017; Punginsang et al., 2015; Singkammo et al.,
2015). Nonetheless, there is still no report of Fe-doped SnO,
gas-sensing materials produced by FSP. In this research, Fe-
doped SnO, nanostructures are made by one-step FSP for
the first time with different Fe doping concentrations and stud-
ied for gas-sensing properties towards diverse gases including
C,H,, C,HsOH, NO,, H,, NHj;, CO,, NO, H,S, CH,,
C,H40, C,Hy and N,O. In addition, the role of Fe dopants
on gas-sensing mechanisms are profoundly studied.

2. Experimental methods

2.1. Synthesis of metal-oxide nanoparticles

0-2wt% Fe-doped SnO, nanostructures were made from a
precursor mixture by the FSP system formerly developed by
our research group (Liewhiran et al., 2012, 2013; Sukunta
et al., 2017; Punginsang et al., 2015; Singkammo et al.,
2015). Briefly, the precursor solution (0.50 M) was made by
dissolving suitable amounts of tin (II) 2-ethylhexanoate
(Aldrich, 95%) and iron (III) acetyl-acetonate (Aldrich,
99.9%) in the xylene solvent (CarloErba, 98.5%). In a nominal
synthesis process, the precursor was injected into a FSP cham-
ber using a syringe pump at 5 mL/min and then spread into
droplets by O, flow (5 L/min) defined as the 5/5 flame condi-
tion with a fixed O, pressure of 1.5 bar. The spray was com-
busted by subsidiary flamelets formed with oxygen (2.46 L/
min) and methane (1.19 L/min). A sheath O, flow of 3.92 L/
min was applied coaxially about the nozzle to regulate and
control the sprayed flame. SnO, nanoparticles were then nucle-
ated after vaporization and incineration of the droplets fol-
lowed by Fe-doping, coagulation and coalescence. Finally,
nanoparticles were attracted with the use of vacuum onto a

25.7 cm-diameter microfiber glass filter (Whatmann GF/A).
The unloaded SnO, powder was named as P-0 while doped
SnO, powders with 0.1, 0.2, 0.5, 1 and 2 wt% Fe were labeled
as P-0.1Fe, P-0.2Fe, P-0.5Fe, P-1Fe and P-2Fe, respectively.

2.2. Gas sensor fabrication

To form a paste for spin-coating of sensing films, as-prepared
flame-made 0-2 wt% Fe-doped SnO, nanoparticles were
meticulously mixed and crushed in a mortar with the binder
solution (0.30 mL) containing ethyl cellulose (Fluka, 30-
70 mPa s) and a-terpineol solvent (Aldrich, 90%) (Kotchasak
et al., 2018). The obtained paste was deposited by spin-
coating as a thick sensing film onto Au interdigitated elec-
trodes prefabricated on an Al,O4 substrate
(4 mm x 5.5mm x 0.4 mm). The sensors were stabilized in a
furnace at 450 °C for 3 h to completely remove binder. The
sensors coated using P-0 to P-2Fe powder samples were conse-
quently defined as S-0 to S-2Fe.

2.3. Particle and sensing film characterizations

The phase and crystallinity of the unloaded SnO, and 0.1-2 wt
% Fe-doped SnO, nanoparticles and sensing films were
assessed by X-ray diffraction in the glancing incident mode
(GI-XRD) (Rigaku TTRAX III diffractometer) using CuK,
X-ray source (20 kV, 20 mA) scanned with a rate of 3°/min.
The pore size distributions and specific surface areas of
nanoparticles were measured by nitrogen adsorption, which
was analyzed using Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods. The structural mor-
phologies of nanopowders and sensing films were inspected
by high-resolution transmission electron microscopy (HR-
TEM: JSM-2100Plus, JEOL) and scanning electron micro-
scopy (SEM: JSM-6335F, JEOL). The oxidation states of iron
in nanoparticles samples were evaluated by X-ray absorption
spectroscopy (XAS) and X-ray photoemission spectroscopy
(XPS). Moreover, the optical band gap energy of nanopowder
was measured by UV-visible spectroscopy.

2.4. Gas-sensing measurement

The gas-sensing characteristics of Fe-doped SnO, sensors were
evaluated towards C,H,, C;HsOH, NO,, H,, NH;, CO,, NO,
H,S, CH4, C;H40, C,H, and N,O at the atmospheric pressure
in a closed stainless steel chamber having a dynamic volume of
~0.7 L. The sensors were tested by the typical flow through
method at varying working temperatures from 200 to 350 °C
controlled by an external dc-powered heater. In addition, the
characteristics towards C,H, as the main target gas were deter-
mined over the concentration range of 0.15-3 vol%. A flow of
dry air as a carrier was delivered to combine with the desig-
nated concentration of gas sample balanced in dry air at a reg-
ular T-junction with a combined gas flow rate of 2 L/min.
Computer-controlled mass flow controllers (5850E, Brook
Instruments) were used to precisely regulate gas flow rates.
The sensing devices were subjected to a target gas for 15 min
at each concentration and the dry air flow was recovered for
35min. The resistances of six sensors were simultaneously
monitored at a constant bias of 10 V using a picoammeter
(Keithley model 6487). The sensor response (S) was deter-
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mined from R,/R,, where R, was the steady-state resistance in
a reducing gas (C;HsOH, H,, NH3;, CO,, H,S, NO, CH,,
C,H40 and C,Hy) and R, was a baseline resistance in dry
air. For oxidizing gas such as NO, and N,O, the response
function was inversed to R,/R, (Samerjai et al., 2012). The
response time (z.s) was set as the time taken to reach 90%
of the response signal and the recovery time (7..) was the time
period to recover 90% of the baseline resistance.

3. Results and discussion

3.1. Structural characteristics of flame-made nanopowders and
sensing films

XRD data of flame-made undoped and 0.1-2 wt% Fe-doped
SnO, (P-0 and P-0.1Fe to P-2Fe) powders are reported in
Fig. 1(a). It is apparent that sharp diffraction peaks of all
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Fig. 1
sensing test.

XRD data of 0-2 wt% Fe-doped SnO, (a) nanoparticles (P-0 to P-2Fe) and (b) sensing films (S-0 to S—2Fe) after annealing and



Mechanistic roles of substitutional Fe dopants

3047

powders are only corresponding to the tetragonal cassiterite
SnO, structure (JCPDS file No. 41-1445), indicating a single
phase of highly crystalline SnO, material. In addition, all
SnO, nanopowders show similar texturization with four major
crystallographic planes at (110), (101), (211) and (200).
Moreover, the peaks are slightly widened as the Fe-doping
level rises from 0 to 2 wt%, implying the decrease of crystallite
size. The crystallite sizes of nanoparticles calculated from
Scherrer’s equation is plotted as a function of Fe-doping con-
centration as embedded in Fig. 1(a). From the resulting plot,
the average crystallite size slightly decreases as the Fe content
rises from 0 to 0.5wt% (~10.6 to ~10.3nm) and then
decreases rapidly from ~10.3 to ~8.4 nm as the Fe content
increases additionally up to 2 wt%. Hence, the Fe dopants
slightly limit grain enlargement of SnO, crystallites, which
can be attributed to the strain-induced grain-diffusion barrier
effect (Kim et al., 2007). The absence of Fe or Fe,O5 secondary
peaks may be due to either the low amount of iron species or
the development of the Fe-SnO; solid solution. Fig. 1(b) illus-
trates the related XRD patterns of all sensing films (S-0 and S-
0.1Fe to S-2Fe) on Al,O; substrates with Au/Cr electrodes
after sensing test. It confirms similar crystallinity between the
sensing films and their relevant powders having the same phase
with no secondary phase of Fe or FeO,. It can be noticed that
the peaks of Au electrodes (JCPDS file No. 04-0784) and
Al,O5 substrate (JCPDS file No. 46-1212) exhibit dominant
magnitudes relative to those of sensing films due to high X-
ray diffraction sensitivity of large-area Au interdigit patterns
and large-grain Al,Oj; crystallites of the substrate.

Fig. 2(a)—(d) illustrate typical bright field (BF)-TEM images
with selected area electron diffraction (SAED) patterns (lower
inset) and related high-resolution (HR)-TEM images (right
zoom) of P-0, P-0.1Fe, P-0.5Fe and P-2Fe, respectively. All
sample images demonstrate the primary particles with approx-

SnO, (211)
Sn0, (200)
Sn0, (110)
S0, (101)_
Sn0O, (301)

Sn0, (200) -

imately round and polygonal shapes having various dimen-
sions (3-20 nm). Additionally, the nanoparticles seem to be
slightly smaller with increasing Fe-doping concentration and
all particles appear to be the same phase, indicating the
absence of iron or iron oxide secondary species. The relevant
SAED patterns exhibit dotted ring features, specifying that
particles are mainly semicrystalline with principal diffraction
rings matched with principal planes of the cassiterite SnO,
phase, in accordance with the perceived XRD data.

The related HR-TEM images shows various nanoparticles
displaying lattice fringes, which can be indexed to principal
planes of cassiterite SnO, phase. Additionally, the planes of
P-2Fe tend to have slightly smaller d-spacing than those of
P-0, P-0.1Fe and P-0.5Fe, signifying a smaller lattice constant
due to substitutional doping of Fe atoms in the lattice. A
replacement of Sn*" by Fe®" species should result in a
reduced lattice constant due to its smaller ionic size (Bagheri-
Mohagheghi et al., 2009; Kaur et al., 2012)) relative to that
of Sn*™* (Lee et al., 2018; Sukunta et al., 2017; Kaur et al.,
2012)). The Fe-Sn substitution is concordant with the
Hume-Rothery principle due to the smaller difference of the
Sn** and Fe®* effective ionic radii than the upper bound of
15%. Besides, it agrees with some studies of Fe-doped SnO,
nanomaterials, which indicate the conception of solid Fe-
SnO, solution via the diffusion process (Bagheri-Mohagheghi
et al., 2009; Beltran et al., 2010; Rao et al., 2017;
Sambasivam et al., 2011).

The illustrative nitrogen adsorption—desorption isotherms
with relevant pore size distributions (insets) of P-0, P-0.1Fe,
P-0.5Fe and P-2Fe are exemplified in Fig. 3(a)—(d). It is
observed that various isotherms similarly conform to the
II-H3 TUPAC pattern, signifying the unhindered multilayer/
monolayer adsorption on microporous-mesoporous adsor-
bents with capillary condensation (Sing et al., 1985). The

S$no, (211)
SnO, (101)"
SnO, (110).
SnO, (200)
SnO, (301)

Sn0, (211)
SnO, (101)
b B2 VL
Sn0, (110) " »

SnO, (200) -
SnO, (301)

Sn0; (200)
242 nm

Fig. 2 BF-TEM images with SAED patterns (insets) and HR-TEM images of (a) undoped SnO, (P-0), (b) 0.1 wt% Fe-doped SnO, (P-
0.1Fe), (c) 0.5 wt% Fe-doped SnO, (P-0.5Fe) and (d) 2 wt% Fe-doped SnO, nanoparticles (P-2Fe).
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Fig.3 N, adsorption isotherms with the corresponding BJH pore size distributions (insets) of (a) P-0, (b) P-0.1Fe, (c) P-0.5Fe and (d) P-
2Fe. (e) Specific surface area: SSA4ggt (red) and corresponding total pore volume: V;, (blue) vs. Fe content.

respective BJH pore size distributions further reveal the depen-
dence of multi-mode pore size distribution on the Fe-doping
content. The distribution of unloaded SnO, powder (P-0) dis-
plays two eminent maxima around 10-20 A (Inset of Fig. 3(a))

but that of P-0.1Fe has one dominant maxima at ~15 A (Insets
of Fig. 3(b)). In the case of P-0.5Fe (Inset of Fig. 3(c)), the pore
size distribution exhibits seven narrow peaks at the pore diam-
eter of ~15, ~17, ~19, ~21, ~26, ~29 and ~ 32 1&, respec-
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Fig. 4 XAS spectra of 2 wt% Fe-doped SnO,, FeO and Fe,Os;. Inset table: Estimated XAS parameters.

tively. At the highest Fe-doping level of 2 wt%, three notable
peaks are seen ranging from ~15 to ~20 A with one main max-
ima at ~16 A. Also, the peak magnitudes of P-2Fe are consid-
erably higher than those of P-0, P-0.1Fe and P-0.5Fe. The
results imply that P-2Fe has relatively high micropore density
relative to P-0, P-0.1Fe and P-0.5Fe while the Fe contents
lower than 2 wt% result in the combination of micropores
(<20 A) and mesopores (20-500 A). In addition, the mesopore
sizes tend to decrease with increasing Fe-doping concentration
and the high Fe content results in higher pore density. Fig. 4(¢)
reports the BET specific surface area (SSAggr) and total pore
volume in relation to the Fe content. It can be seen that
SSAggr initially varies slightly as the Fe content rises from 0
to 0.5 wt% (around 57-58 m?/g) but then increase markedly
at the high Fe contents from 1 to 2 wt% (76.3-86.1 m?/g). Sim-
ilarly, the total pore volume decreases slowly from 0.56 to
0.27 cm®/g as the Fe content increases from 0 to 0.5 wt%
before increasing significantly to 0.72 cm?/g when the Fe con-
tent additionally rises to 2 wt%. The large total pore volume
and specific surface area may be associated with the very fine
micropore features of the nanoparticle structure at high Fe
contents.

The oxidation states and chemical species of Fe ions are
determined from the standardized Fe K-edge XAS spectrum
of 2wt% Fe-doped SnO, nanoparticles relative to those of
standard Fe compounds (FeO and Fe,O;) as demonstrated
in Fig. 4. It is evident that the absorption edge of 2 wt% Fe-
doped SnO, sample is located at 7121.41 eV, which lies much
closer to that of Fe,O3 (7121.80 eV) compared with that of
FeO (7115.95 eV). The relative percentage of Fe** and Fe**
oxidation states are calculated by the interpolation of edge
energies to be 93.45% and 6.55%, respectively as reported in
the inset table (Fig. 4). Thus, the main oxidation state of Fe-
doped flame-made SnO, nanoparticles is confirmed to be
Fe’* . It is also highly likely that Fe*" states substitute Sn**
ones in the lattice because the secondary phase of Fe,Oj
cannot be observed according to the HR-TEM image.

Fig. 5 illustrates the high-resolution XPS spectra consisting
of Sn 3d, Fe 2p and O 1 s principal levels of undoped and
2 wt% Fe-doped SnO, powders and sensors (P-0, S-0, P-2Fe
and S-2Fe) after sensing test. For the Sn element, the spin-
splitting pairs (Sn 3ds;2:Sn 3ds») of P-0 and P-2Fe (Fig. 5(a)
and (c)) can be independently deconvoluted into the leading
pairs located at 486.3:494.7 and 486.6:495.0 ¢V and the other
minor pairs positioned at 487.1:495.7 and 487.8:496.1¢V,
respectively. In contrast, the doublet pairs of S-0 and S-2Fe
(Fig. 5(a) and (c)) can be fitted with individual doublet pairs
of Gaussian peaks observed at 486.6:495.0 and
486.7:495.1 eV, respectively. The highest pairs of all samples
can be associated with the same Sn*”" oxidation state (SnO-)
while the tiny pairs of P-0 or P-2Fe can match with the
Sn** state of Sn(OH), due to humidity adsorption (Kwoka
et al., 2011). The results indicate that the states of Sn species
are insignificantly affected by Fe-doping but depend on the
form of materials. The materials in powder form contain Sn
(OH)4 species, which are absent in the related sensing films
due possibly to humidity desorption after annealing and sens-
ing test at elevated temperatures. Concerning the O element,
the O 1s levels of P-0:P-2Fe (Fig. 5(b): (d)) can be similarly sep-
arated into four components peaked at 530.4:530.5 (main
peak), 531.4:531.8, 532.3:532.8, and 533.2:534.1 eV, respec-
tively. For the sensing films, the O 1s peak of S-0 (Fig. 5(b))
can be divided into three peaks centered at 530.1, 531.1 and
532.1 eV while that of S-2Fe (Fig. 5(d)) can be broken into
four parts peaked at 530.4, 531.3, 532.5 and 533.9 eV, respec-
tively. The major O 1s component can be attributed to surface
lattice oxygen (O®7) of Fe-doped SnO, structures while the
minor ones located at 531.3-531.8, 532.5-532.8 and 533.9-
534.1 eV may be attributed to the superoxide species (O,), a
hydroxyl (OH™) group from humidity and loosely-bound oxy-
gen molecules, respectively (Watts, 1994). The results suggest
that the states of oxygen species are influenced by Fe doping
and the Fe-doped SnO, samples tend to exhibit higher
contents of chemisorbed and physisorbed oxygen species on
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Fig. 5 High-energy resolution core-level XPS spectra of undoped and 2 wt% Fe-doped SnO, powders (P-0 and P-2Fe) and sensors (S-0
and S-2Fe): (a, ¢) Sn 3d, (b, d) O 1s and (e) Fe 2p.



Mechanistic roles of substitutional Fe dopants

3051

surface. In the case of Fe element (Fig. 5(e)), the Fe 2p doublet
pair overlaps with the Sn 3ps,, peak of SnO, so that Fe 2p
peaks must be found by the deconvolution of overlapped
peaks. Due to relatively weak Fe 2p signals, only Fe 2ps;
peaks of P-2Fe and S-2Fe can be found at 710.8 and
711.3 eV, respectively. They can match well with the Fe ™3 oxi-
dation state (Fe,O3) (Pradhan et al., 2014; Bhargava et al.,
2007). The XPS result of Fe is in accordance with the Fe™3
oxidation state identified by XAS. It should be remarked that
the XAS and XPS data of Fe-doped SnO, nanoparticles with
lower Fe contents are omitted because their Fe signals are
either poor or absent.

Fig. 6 shows UV-Vis absorption spectra of 0 — 2 wt%
Fe-doped SnO, nanoparticles versus the wavelength in the
range of 200-700 nm. It is seen that all samples show strong
absorption edges in the UV region (300-330 nm) correspond-
ing to the band gap transition and the edge position of
Fe-doped SnO, nanoparticles moves toward longer wave-
length as the Fe content rises from 0 to 2 wt%. The optical
band gap energy (E,) can then be calculated using Tauc’s rela-
tion (Shaikh et al., 2017):

(hv — E)"

=C
* x hv

where C is a constant, « is the absorption coefficient taken
from the UV-spectra, hv is the photon energy and n is a con-
stant depending on the type of transition: n = 1/2, 3/2, 2,
and 3 for direct allowed, direct forbidden, indirect allowed,
and indirect forbidden band gaps, respectively. The absorption
data can be best fitted with n = 1/2, confirming the direct tran-
sition nature of SnO, semiconductor. Thus, the optical band
gap of Fe-doped SnO, nanoparticles can be computed from
the intercept of the extrapolated linear part (« = 0) of (athv)?
versus hv as displayed in the inset of Fig. 6. The band gap of
P-0 (3.52 eV) is close to the reported values of SnO, materials
prepared by various techniques (Saleh et al., 2016). With
increasing Fe-doping content, the band gap energy decreases
to 3.47, 3.44, 3.38, 3.16 and 2.95¢V for P-0.1Fe, P-0.2Fe,
P-0.5Fe, P-1Fe and P-2Fe, respectively. The result reveals that

—P-0
——P-0.1Fe

Absorbance (a.u.)

—P-0.2Fe
—P-0.5Fe
——P-1Fe
——P-2Fe
T v T T T v T T
300 400 500 600 700

Wavelength (nm)

Fig. 6 UV-Visible absorbance spectra as a function of wave-
length for SnO, nanoparticles with different Fe-doping levels.
Inset: Tauc plots between (ohv)? vs. photon energy.

the optical energy band gap decreases with increasing Fe
content, which may be attributed to the doping effect of Fe
atoms that introduces additional defect-state energy levels
close to the band edges (Mani et al., 2017; Rao et al., 2017).

Fig. 7(a)—(f) demonstrate the cross-sectional SEM images of
sensors (S-0 to S—2Fe) after sensing measurements. The images
show various sensing films with thicknesses of ~10-15 um
comprising densely collective nanoparticles well arranged on
solid alumina substrates. It was found that the densification
of sensing films occurred after annealing at 450 °C. From the
results, the Fe-doping level does not markedly affect the film
density and the evenness of the film thickness endorses the reli-
ability of powder-pasting and spin-coating methods.

3.2. Gas-sensing properties

The gas-sensing characteristics of SnO, sensors with different
Fe concentrations were characterized in terms of sensor
responses towards various environmental and flammable gases
including C2H2, C2H50H, HQ, CH4, C2H4, H2S, NH3, COz,
C,H40, NO, NO; and N,O at their typical concentrations
and a working temperature of 300 °C as shown in Fig. 8. It
is clear that the SnO, sensor (S-0) shows comparatively high
response towards C,HsOH, modest responses to CoH, and
NO,, and low responses to H,, NH;, CO,, NO, H,S, CHy,
C,H,40, C,Hy and N,O, presenting good CoHsOH selectivity
against these gases. With Fe-doping at the lowest content of
0.1 wt%, the C,H, response increases prominently while those
to C;HsOH, and NO, marginally decrease and other gas
responses remain relatively very low. Thus, the small Fe-
doping level causes the sensor to become selective to C,H,.
However, the attained C,H, selectivity is only guaranteed
under the condition that the concentrations of C,HsOH and
NO, polluting gases are usually in the ranges of lower than
1000 ppm and 10 ppm, respectively (Gouw et al., 2012;
Bikov et al., 2013; Cho et al., 2006). Thus, the sensors will
be applicable for C,H, leakage detection under normal ambi-
ent conditions with typical polluting concentrations of
C,HsOH and NO,. As the Fe content additionally increases
to 1 wt%, the C,H, response decreases steadily but is still lar-
ger than those of other gases, implying reduced C,H, selectiv-
ity. However, the NO, response decreases more significantly to
a very low value at 1 wt% Fe, indicating improved C,H, selec-
tivity against NO, and the possible use of 1 wt% Fe-doped
SnO, sensor for C,H, detection when NO, is a potential inter-
fering gas. With the highest Fe-doping level of 2 wt%, the
responses to all gases degrade considerably to similar values
and the sensor displays very low selectivity among these gases.
From the data, the optimal Fe doping level of 0.1 wt% pro-
vides substantial improvement of C,H,-sensing characteristics
at a moderate working temperature of 300 °C. Thus, only full
results of C,H, will be further reported.

C,H, responses of all sensors (S-0 to S-2Fe) evaluated at
different working temperatures from 200 to 350 °C towards
3vol% C,H, are displayed in Fig. 9. It is evident that all
C,H, responses monotonically rise with increasing tempera-
ture from 200 to 300 °C, before slightly reducing as the work-
ing temperature additionally increases to 350 °C. In addition,
the response increases rapidly as the working temperature rises
from 250 to 300 °C. Thus, the undoped and Fe-doped SnO,
sensors (S-0 to S-2Fe) have the highest responses at the
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Fig.7 SEM micrographs of undoped SnO; and Fe-doped SnO, sensing films: (a) S-0, (b) S-0.1Fe, (c) S-0.2Fe, (d) S-0.5Fe, (¢) S-1Fe and

(f) S-2Fe on Au/Al,Oj5 substrates.

optimal working temperature of 300 °C. Concerning the effect
of Fe content, the sensor response increases greatly with a tiny
Fe-doping level (0.1 wt%) while the higher Fe content leads to
a substantial decline of C,H, response. Principally, the S-0.1Fe
sensor displays a high C,H, response of ~750 to 3 vol% at
300 °C. The roles of Fe dopants and the influence of working
temperature will be explained further in the mechanism
section.

Fig. 10(a) displays the change in resistance of S-0 to S-2Fe
sensors subjected to various C,H, concentrations in backward

(3-0.15vol%) and forward (0.15-3 vol%) cycles at 300 °C.
The results demonstrate that the resistance in air increases
monotonically by more than a few orders of magnitude with
increasing Fe content from 0 to 2 wt% and are repetitively
stable in both cycles. Interestingly, the 0.1 wt% Fe-doped
SnO, sensor exhibits notably rapid resistance decrease upon
C,H, exposure, confirming a common n-type gas-sensing
property to a reducing gas. Furthermore, the change in resis-
tance extends markedly with Fe-doping at the lowest content
of 0.1 wt% but then deteriorates at higher Fe concentrations.
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Fig. 9 The histogram of sensor response of 0-2 wt% Fe-doped
SnO, sensing devices (S-0 to S-2Fe) to 3 vol% C,H, as a function
of operating temperature in the range of 200-350 °C.

The related sensor responses and responses time of all sen-
sors (S-0 to S-2Fe) as functions of C,H, concentration at
300 °C are reported in Fig. 10(b). It is clear that the C,H,»
response critically increases owing to the addition of Fe at
the small doping concentration of 0.1 wt% but then continu-
ally declines as the Fe concentration rises from 0.1 to 2 wt%.
Particularly, the optimal Fe-doped sensor (S-0.1Fe) offers
excellent responses of 741.0 (backward) and 748.7 (forward)
with a small response time (~2.5s) to 3vol% C,H, in
comparison with S-0.2Fe (S = 376-383, t = ~3.15),
S-0.5Fe (S = 277-282, t,s = ~3.55), S-1Fe (S = 154-158,
tres = ~5.35), S-0 (S = 125-143, t,s = ~61s) and S-2Fe
(S = 26-32, t,s = ~113s), respectively. Regarding the gas
response function, the responses rise steadily with increasing
C,H, concentration following the typical power-law relation-
ships as reported along with the labels. It can be observed that

the calculated exponent values in backward and forward cycles
of all sensors are similarly around one, signifying that the
amount of Fe dopants insignificantly affect the type of pread-
sorbed surface oxygen species (Yamazoe and Shimanoe, 2008).
Moreover, the optimal Fe-doped sensor also displays good
responses of 169-171 and 20-22 at lower concentrations of 1
and 0.15vol%, respectively. Correspondingly, the limit of
acetylene detection is estimated to be as low as ~25ppm
according the power equation at the threshold response of
1.1. Thus, the Fe-doped flame-made SnO, sensor is a potential
candidate for leakage detection of acetylene, which is a widely
used fuel for various industrial applications in cutting, weld-
ing, straightening and other confined heating processes (Lin
et al., 2015). Furthermore, the achieved response and response
time values are significantly better than other advanced C,H,
sensors as previously displayed in Table 1, which offer sensor
response of <70 and response time of >3 s to C,H, at various
concentrations (<1vol%). The superior C,H, sensing
performances may be credited to relatively large effective sur-
face area and well distributed Fe dopants in the FSP-made
Fe-doped SnO, nanoparticles.

3.3. Gas-sensing mechanisms

From the observations, the optimum Fe-doping level of 0.1 wt
% delivers significantly enhanced gas-sensing properties with
high, fast and selective C,H, response. However, the crystallite
and particle sizes only slightly change upon Fe doping accord-
ing to the structural characterization results. Hence, the slight
change of morphology upon Fe doping should only marginally
contribute to the response enhancement. Consequently, the
catalytic and electronic effects of substitutional Fe dopants
should play much more important roles to the gas-sensing
enhancement, which can be described with the representations
as portrayed in Fig. 11. With no Fe doping (Fig. 11(a)), the
SnO, nanoparticles display nominal n-type behaviors with a
moderate conductivity from n-type structural defects, which
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relevant sensor response and response time vs. C,H, concentration.

are mainly oxygen vacancies. SnO, has a relatively low elec-
tronic resistivity compared with many metal oxides owing to
its relatively high amount of surface oxygen vacancies. On sur-
face, chemisorbed oxygen species (O,, O™ and 0%") take elec-
trons from SnO, conduction band and induce surface electron
depletion regions as displayed in Fig. 11(a).

With Fe doping (Fig. 11(b)—(c)), Sn** ions in the lattice
should be substituted by Fe’" ions, resulting in the creation
of holes via the defect reactions (Inyawilert et al., 2017):

1
F6203 +§Oz — ZFelSn + 300Y + V” (1)
o1 N .
V,+50: = O} +2h 2)

where Fe,03, Fe's,, O, i and V), are the quasi-Fe,O3 dopant
molecule, the Fe-substituted Sn site having a single negative

(a) Change in resistance of 0-2 wt% Fe-doped SnO, sensors (S-0 to S-2Fe) subjected to 0.15-3 vol% C,H, at 300 °C and (b) the

electronic charge, a neutral lattice oxygen site, a hole with a
single positive electronic charge and oxygen vacancies with a
double positive electronic charge, respectively. The induced
holes will recombine with electrons, leading to a lower electron
concentration and the extension of surface depletion regions.
Thus, the resistance in air of SnO, nanoparticles rises signifi-
cantly with increasing Fe doping content as observed earlier
in Fig. 10(a). The assumption of Fe-Sn substitution is concor-
dant with the results from TEM, XRD, XAS and XPS analy-
ses. Additionally, it accords with the first principle
determination of Fe-doped SnO, structure, which indicates
the formation oxygen vacancies around Fe substitutional sites
(Mudarra Navarro et al., 2015), resulting in hole generation
upon interaction with O,. Fe-doped SnO, materials will turn
into p-type semiconductors if the hole concentration surpasses
the electron concentration of SnO,, and the resistance will be
reducing with increasing Fe content (Galatsis et al., 2003;
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Othmen et al., 2016, 2018). Nonetheless, the gas-sensing data
(Fig. 10(a)) reveal that the SnO, nanoparticles still display
an n-type conductivity at the highest Fe content of 2 wt%.
From the UV-Vis absorption analysis, the band gap energy
decreases considerably from 3.52 to 2.95 eV as the Fe content
increases from 0 to 2 wt%. This effect may lead to an increase
of electron concentration via valence band to conduction band
transition and lower resistance but the effect of p-type doping
is dominant because the amount of these thermally excited
electrons is much less than the hole concentration induced by
the Fe dopants. After subjecting to C,H,, the chemisorbed

oxygen species will interact with C,H, molecules via the reac-
tion paths:

CHy +30,s500,) = 2C0(g) + HaO) + (SnO,) + 3¢ 3)
COats) + Opyg(sno,) — COxg) + €~ (4)

CoH; + 30750, — 2C0(g + H0) + (Sn0z) + 6~ (5)

COaas) + Oi;s(slqoz) — COxg) +2¢~ (6)
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To initiate the reactions, C,H, molecules must adsorb and
then be oxidized by O~ or O*~, emancipating H,O and CO. In
addition, some CO may readsorb on surface and then oxidized
again into CO,. These processes reduce the steady-state surface
coverage of oxygen species while releasing electrons into the
SnO,conduction band, leading to a lower electrical resistance.
Hence, the C,H, response will principally relate to the C,H,
dissociation rate and the amount of surface oxygen species.
It can be expected that Fe doping can affect the C,H, dissoci-
ation rates on SnO, since Fe and FeO, are well-known cata-
lysts for C,H, dissociation widely used for the growth of
nanocarbon materials (Khedr et al., 2008). In addition, Fe/
SnO, cocatalysts have been used to synthesize carbon nano-
coils from C,H, source (Muneaki and Khalid, 2014). It is thus
plausible that Fe-substituted SnO, nanoparticles can act as co-
catalysts that will directly enhance C,H, interaction as well as
chemisorption of oxygen species as suggested by the XPS anal-
ysis discussed earlier.

The catalytic properties of Fe/SnO, cocatalysts for C,H,
detection can be quantitatively verified by considering the
response rates versus Fe concentration using the Langmuir iso-
therm model (Boontum et al., 2018). According to the model,
the adsorbed surface coverage of gas species will rise approxi-
mately linearly with increasing gas concentration at low gas
concentrations or low partial gas pressures. In addition, the
coverage is proportionate to the response rate at which oxygen
species interact with gas molecules. The response rate corre-
sponds to the rate of change in resistance and is the reciprocal
of the response time (/1)) (Singkammo et al., 2018). Fig. 12
displays the plots of f. versus C,H, concentration of Fe-
doped SnO, sensors with various Fe contents at 300 °C in for-
ward and backward cycles. The results demonstrate that all
sensor response rates for both cycles increase approximately
linearly with increasing C,H, concentration, following the
Langmuir isotherm model. The slope of each plot corresponds
to the effective reaction rate constant (k), which is plotted ver-
sus Fe concentration as presented in the inset of Fig. 12. It is
apparent that the rate constant increases significantly to a
maximum value at the optimal Fe content of 0.1 wt% before
dropping rapidly down almost to the starting value as the Fe

content increases to 2 wt%. The complex relationship of the
rate constant with the Fe content signifies compound catalytic
mechanisms of Fe-doped SnO, cocatalyst, which accelerates
the reducing reaction with C;H, via multi-step electron trans-
fers (Natkaco et al., 2018).

The exact catalytic roles of Fe dopants on gas-sensing
mechanisms of SnO, materials remain not clearly understood
and presently under exploration. In this research, a new
C,H, dissociation mechanism on Fe-doped SnO, surface is
proposed with the atomic-level reaction models as sketched
in the inset of Fig. 11(b). The first step illustrates the Fe-
doped SnO, surface with preadsorbed oxygen species on
Fe** and Sn*" in air. Upon injecting acetylene, the C,H,
molecule may preferentially adsorb at Fe*™ sites of Fe-
doped SnO, surface possibly by exchanging with the oxygen
ion (O7) and forming C, species together with a water mole-
cule while an electron is injected to reduce Fe’ ' to Fe? ™. Next,
the oxidation of a C, molecule necessarily occurs via the inter-
actions between two adjacent O~ species, resulting in the break
of carbon triple bonds and the formation of pairs of CO mole-
cules that may either directly desorb or readsorb to other sites
and be oxidized again into CO, (omitted in the inset diagram).
In the process, the oxidation of C, is expected to be the rate-
limiting stage since the oxidation of C, into CO is a highly
exothermic process (Ard et al., 2013). At this step, electrons
are released back to Sn lattice to oxidize C, into CO molecules.
The Fe** state will only be restored after readsorption of oxy-
gen species. The low C,H, response of undoped SnO, is likely
due to a dissimilar role played by Sn compared with Fe on the
formation of carbide. Iron carbide (FeCy) can be much more
easily formed compared with tin carbide (SnCy) due to much
lower required energy and temperature (H, 1896; Janbroers
et al., 2011). Therefore, Fe-doping significantly improves the
C,H; response of SnO, nanoparticles by facilitating the carbon
binding and succeeding oxidation of carbon species.

Moreover, the catalytic reactivity of Fe-doped SnO, nanos-
tructures is rather particular to Co,H, molecules, resulting in
high C,H, selectivity against various oxidizing and reducing
gases except ethanol (C,HsOH) due to their similar chemical
structure and NO, due to its very high reactivity with SnO,.

0.8 0.8
Backward T=300 °C Forward
0.7+ 0.15 —s— Backward 0.7
" —— Forward
0.64 ' 0.10 0.6
Lo -'\= 1 ‘R
: a S - h | L ;
2 051 = ¢ 7,80 S o0s b 980 03 %
Y -1 -
-1 -~
‘é 044 ¢ ¢ " ,S-0.1Fe ¢t »801Fe o4 S
"3 -1 1 L
g 034 ~ ¢ L S-0.2Fe 0.0 0.5 1.0 o1.5 2.0 - s ? S-0.2Fe 0.3 g
o 4 Fe content (wt%) ) F g-
202 v ¢, 505k Vo he o S0SFe g, B
& 1 o 1, S1Fe 2
0.1 @ tres N S-1Fe res L0.1
4 + ¢ 7 S2F
0.0 * tres » S-2Fe res ' ¢ 0.0
6 5 4 3 2 1 0 1 2 3 4 5 6

C,H, concentration (vol%)
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concentration at 300 °C.
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With increasing Fe content from 0 to 0.1 wt%, the high activ-
ity of Fe species provides enhanced C,H, response but other
gas responses are not much changed owing to their little reac-
tivity with the nanoparticles. The attained selectivity may be
associated with an optimal Fe-substituted Sn structure provid-
ing most suitable adsorption sites for CoH,. The activity of Fe/
SnO, cocatalyst should depend significantly on the density of
Fe sites in SnO, since the adsorption energy will be substan-
tially affected by atoms surrounding the adsorption sites
(Ard et al., 2013). At higher Fe-doping levels, the catalytic
reactivity to C,H, of Fe-doped SnO, nanostructures decreases
rapidly due possibly to the elevating level of structural disor-
ders particularly on surface whereas other gas responses also
decrease but with lower rates because their reactivity were
already low, leading to relatively low C,H; selectivity. The dis-
orders behave as surface states that capture charge carries
(Zhang and Yin, 2013), reducing charge transfer from reducing
or oxidizing reaction to the SnO, conduction band, lowering
the change of surface conductivity and diminishing gas
response as depicted in Fig. 11(c). Consequently, the response
is optimal at a low Fe content of 0.1 wt% since active Fe®*
species are formed with a sufficiently low content of surface
and bulk defects. At a higher Fe content, the sensor response
declines due to increasing density of surface states. Neverthe-
less, additional experimental and theoretical studies of C,H,
interaction with Fe-doped SnO, nanostructures will be
required to validate the offered mechanisms and conclude
the true role of Fe dopant on the C,H, sensing process.

Concerning the formation of oxygen species, the oxygen
chemisorption rate depends mostly on temperature and the
physiochemical properties of base metal oxides, which may
be modified by additives. Hence, the characteristics of oxygen
desorption and adsorption rates of a sensing material at differ-
ent temperatures dictate the temperature dependency of gas-
sensing properties. For pristine SnO,, O, ions are prevailing
below 160 °C and will start transforming to O~/O?~ species
above this temperature whereas the desorption of O, and
O~ or O will follow while reducing the temperature under
150 and 560 °C, respectively (Yamazoe et al., 1979). Thus,
undoped SnO, sensors usually show an optimal adsorption
rates of O~ and O? at 300-350 °C. Consequently, adsorbed
C,H, molecules can increasingly react with oxygen species as
the temperature increases up to 300 °C but the desorption of
C,H, as well as oxygen species will become significant at
higher temperatures, resulting in the decline of C,H, response.
With Fe doping, Fe atoms as p-type dopants for SnO, can
enhance the density of oxygen vacancies, facilitating the disso-
ciation of oxygen gas molecules into oxygen atoms (Zhao
et al., 2017), which can chemisorb easily on the surfaces at a
raised temperature, resulting in a supplementary increase of
response. However, the small amount of Fe dopants does
not change the temperature dependency of adsorption/desorp-
tion behaviors of SnO, surface. Thus, the Fe-doped SnO, sen-
sors still exhibit the same optimal working temperature of
300 °C.

4. Conclusions

In conclusion, the FSP-made Fe-doped SnO, nanostructures
with varying Fe concentrations were carefully studied for
C,H, gas sensing. Analyses by TEM, SEM, XRD, BET,

XAS and XPS demonstrated that Fe-doped SnO, nanoparti-
cles with diameters of ~5-20 nm were polycrystalline with
the nominal tetragonal SnO, phase. In addition, the results
suggested that Fe* ' species were doped substitutionally into
the SnO, lattice. The test results revealed that the Fe-doping
at a low content of 0.1 wt% led to a significantly enhanced
response of 748.7 to 3 vol% C,H, with a decent response time
of ~2.5s at an optimal working temperature of 300 °C. Fur-
thermore, the Fe-doped SnO, sensor offered good C,H, selec-
thlty against C2H5OH, NOQ, H2, NH3, COz, NO, st, CH4,
C,H,40, C,H4 and N,O. Moreover, the activities of Fe dopants
were effectively explained on the principle of catalytic effect
with a new mechanistic model. Therefore, the flame-made
Fe-doped SnO, nanoparticles were attractive materials for
highly sensitive and selective C,H, detection.
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