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ABSTRACT

Pure and palladium-doped tin oxide nanopowders were synthesized by wet
chemical synthesis with Tin (IV) chloride pentahydrate and palladium (II)
chloride as a precursor and dopant source, respectively. Effect of palladium (Pd)
concentration on the structural, morphological, and propane gas-sensing
properties were studied in detail. X-ray diffraction analysis confirms the
tetragonal rutile phase structure with (110) as the preferential orientation of
SnO,. Also, the presence of Pd and PdO phases was observed confirming the
formation of dopant clusters on the surface. The dopant incorporation into the
SnO, lattice was also observed by Raman analysis with a right shift in the
vibrational mode. Scanning Electron Microscopy (SEM) studies show the for-
mation of both large and small grains with irregular shapes and nanometric
crystallites. High-resolution Transmission electron microscopy (HRTEM) con-
firms the tetragonal shape of the particles and the undulations observed due to
dopant incorporation and the formation of surface dopant clusters. Gas-sensing
responses of all SnO, powder were obtained for propane gas, at different gas
concentrations and operating temperatures. The highest sensing response was
obtained for SnO, powder deposited at 4 wt%. By utilizing a simple chemical
synthesis and pellet manufacturing, a high surface area-doped nanostructures
were obtained, which show the highest propane-sensing response. Finally, in
this work, a complete and systematic structural and morphological analysis of
all samples were performed and the effect of Pd doping wt% on the propane gas
sensing of SnO, structures was clearly explained utilizing a schematic sensing
mechanism.
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1 Introduction

Tin oxide (5nO,) is a metal oxide semiconductor with
high durability [1], chemical stability [2], direct wide
bandgap (~ 3.3 eV) [3], and optical transmittance
(80-90%). This semiconductor has a wide variety of
applications in several areas such as electronic [4],
optical [5], and biological [6] fields. In addition, tin
oxide is one of the first materials tested for gas
sensing and is mostly utilized in available commer-
cial gas sensor devices. Furthermore, SnO, is widely
used as gas sensor due to its low cost, high abun-
dance on earth, and ecofriendly, easy synthesis,
which is very suitable to be employed in industry
and homes.

Increasing in the human activity such as transport,
industrial production, and deforestations, among
others [7], has originated an increment of the pollu-
tion in the environment and, therefore, putting in risk
the normal development of any type of life. More-
over, monitoring of air quality is a powerful tool
since the identification of pollutants in the air as well
as their concentration allows to take actions for its
reductions and degradation. Gas sensing provides a
reliable assessment for evaluating the quality and
performance of clean energies, renewable technolo-
gies, and ecofriendly devices for safe technological
applications. Most of the pollutants that are released
into the atmosphere come from products derived
from hydrocarbons, such as carbon dioxide (CO,) [8],
sulfur dioxide (5O,) [9], nitrogen oxides (NO) [10],
and propane (CzHg) [11] among others. Propane,
widely used in home stoves and at several industrial
activities and it is a corrosive, flammable, odor less,
and color less gas. It has been monitored by semi-
conductor oxides such as TiO, [12], MgSb,Og [13],
CdS, [14], ZnO [15], and SnO, [16].

Gas sensors generally work with principle of
change in surface electrical resistance or electrical
conductance due to the interchange of charge carries
from test gas molecules onto the semiconductor sur-
face. The overall quality of the gas sensors depends
on different factors, from which two play a significant
role: the surface morphology and the number of
active sites on the surface of the gas sensor. In the first
case, it has been found that the surface to-volume
ratio increases in grains with sizes of few tens of
nanometers, improving the performance of a semi-
conductor as a gas sensor [17]. On the other hand, the
number of electrically active sites on the surface can
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be increased by the incorporation of dopant atoms
which takes substitutional/interstitial positions on
the surface and acts as a catalytic agent resulting in
the improvement of sensing response [18]. Enhance-
ment of gas-sensing performance has been reported
in the SnO,doped with catalytic metals such as In
[19], Ga [20], Al [21], and Pd [22]. Theoretical and
experimental studies have shown that Pd occupies
substitutional sites of Sn and causes very slight dis-
tortion in the crystal lattice due to its comparable
ionic radii with Sn (Ionic radii of Sn and Pd are 0.71
and 0.64 A, respectively) [23]. Chemical methods like
precipitation, sol gel, among others [24, 25] have been
used to obtain SnO, nanostructures (either films or
powders) with higher gas-sensing responses. Among
them, dip coating [26], ultrasonic spray pyrolysis [27],
and homogeneous precipitation [28] are cost-effective
non-vacuum method, and relatively easy to perform
although it is worthy to note that complex physics-
chemical reactions take place during synthesis.SnO,
with good physical characteristics which depend to
their nature of synthesis has been reported [29-32]. In
comparison with thin films, powders or pellets pos-
sess more surface area and high porosity making the
surface to interact with more amount of target gas
molecules.

In general, a large amount of works has been
reported in utilizing Pd-doped SnO, nanostructures
for detecting acetone, hydrogen, carbon monoxide, or
ethanol vapors. Very few works have been reported
in the last 2 decades [33-35] for detecting liquid
petroleum gas (LPG) or propane. For example, Sri-
vastava et al. [33] reported the preparation of Pd-
doped SnO; thick films by screen printing and its
LPG sensing. In this work, commercially available tin
oxide pasted was utilized and the highest sensitivity
achieved was around 70% for 1 wt% Pd-doped tin
oxide. However, authors mention clearly in the work
that LPG contains both butane and propane compo-
nents, and the selective detection of the propane was
not reported. Additionally, morphological and
structural properties of the obtained thick films were
also not discussed in the above-mentioned work.
Also, Lohia reported [34] a theoretical implementa-
tion of artificial neural network for detecting LPG gas
by Pd-doped SnO, sensors and achieved 72% of
sensing at 350 °C. However, authors in this work did
not discuss the effect of Pd doping on the structural
and morphological properties of the sensors. In
addition, Phani reported the XPS studies of Pd-doped



] Mater Sci: Mater Electron (2023) 34:228

SnO, petroleum sensor in which author achieved a
sensitivity around 97% for 1.5 wt% Pd-doped SnO; at
350 °C, and the sensors were obtained by coprecipi-
tation method. However, this work also did not
provide the effect of different physical parameters on
the gas-sensing mechanism of LPG. Also, authors
mentioned that the test gas contained 80% of butane
and only 10% of propane. Based on all these previous
reports, it is still pending the fabrication of pure
propane gas sensors (not LPG) and discuss their gas-
sensing mechanism based on different structural and
morphological properties. To the best of our knowl-
edge, the preparation of Pd-doped SnO, pellet sen-
sors by wet chemical synthesis, and their utilization
for detecting propane gas with all the structural and
morphological properties has not been reported yet.
In this work, the preparation of undoped and Pd-
doped SnOjpellets to detect propane gas has been
carried out. The pellets were prepared by utilizing
5nO, powders synthetized with ammonium
hydroxide as precipitation agent. Powders were
obtained by using the tin (IV) chloride pentahydrate
as starting solution and palladium (II) chloride as
doping solution. The purpose of this work is to ana-
lyze the nanostructured surfaces and the doping
concentration pellets on the sensor’s performance.

2 Experimental procedure

2.1 Pure and Pd-doped SnO, powders
preparation

Two separate 0.4 M aqueous solutions of tin chloride
(IV) pentahydrate (SnCl,-5H,0, Sigma Aldrich, USA)
and ammonia (NH,OH, Sigma Aldrich, United State)
were prepared. The ammonia solution was added
drop by drop into the tin chloride solution until the
pH reaches 12. The resulted precipitates obtained
were dried at 100 °C for 24 h in a drying oven and
subsequent calcinating process in air at 800 °C for
120 min.

For the preparation of doped SnO, powders, a
proportionate amount (0.5, 1, 2, and 4 wt%) of pal-
ladium (II) chloride (PdCl,, Sigma Aldrich, USA) was
added in the starting solution and the similar pro-
cedure as in the case of pure SnO, powders is fol-
lowed. Figure 1 demonstrates the over synthesis
procedure.
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2.2 Sensor fabrication

Pure and Pd-doped SnO; pellets of each sample were
obtained by considering 1.0 g of each sample and
pressed in a 1.2 mm die (Fig.2b) with an IMR-
pressing machine (Fig. 2a). Pellets were obtained
with a force of 16 tons for 90 min, the diameter of the
obtained pellet was 12 mm, and the weight of each
pellet is between 0.45 and 0.48 g, with the average
thickness of 0.5 mm =+ 10%. Subsequently, silver
contacts were drop casted over each using commer-
cially available silver conductive paint. Finally,
before gas-sensing measurements, all the pellets were
calcinated at 200 °C for 15 min in order to remove
any residues of silver paint. Figure 2c shows the
overall flow chart of the material fabrication process.

2.3 Characterization

The structural properties of SnO, pellets were
investigated by X-ray diffraction with Cu-Kal
(/. =15418 A) radiation, with an angle ranging
between 20 and 80°. Scanning Electron Microscopy
(SEM) JEOL JSM-5900LV was employed to study the
surface morphology of the surface. High-resolution
transmission electron microscope (HRTEM JEM-ARF
200F) analysis was performed to confirm the crystal
size, dopant location, and lattice spacing.

All the vibrational modes of the pure and doped
SnO, samples were performed by Raman analysis
with 532 nm laser beams and detecting scattering
signals by a thermoelectrically cooled charge coupled
detector. In order to investigate the sensor response,
surface electrical resistance measurements in air and
in different concentrations of propane gas were
obtained and according to Eq. (1):

G — Go

Sensor response = ————,
Go

(1)
where Gg is the surface electrical conductance in the
presence of different concentrations of C3Hg, 1, 5, 50,
100, 200, and 300 ppm, and Go is the surface electrical
conductance in vacuum (0.61 x 10~2 atm minimum
base pressure). The surface electrical conductance
was obtained from the inverse of surface electrical
resistance, a Keithley 2001 digital multimeter with 1
GQ range, 100 Q resolution, and 4.4 nA current
source were used. Each sample was placed into a
chamber with a chamber volume of 12,800 cm® and
propane gas (Cz;Hg, Praxair, 1000 ppm, balance
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Fig. 1 Wet chemical synthesis
procedure of pure and doped
SnO, powders
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Fig. 2 IMR-pressing machine utilized in the pellet fabrication (a) and the dye components utilized (b)

nitrogen). A schematic diagram of the gas-sensing
system was reported in our previous work [36].

3 Results and discussion
3.1 Structural properties

The undoped SnO, pellets were labeled as “Pure
5nO,” and palladium-doped SnO, pellets were
labeled as “0.5 wt% Pd:SnO,,” “1 wt% Pd:SnO,,” “2
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wt% Pd:SnO,,” and “4 wt% Pd:SnO,,” respectively,
according to the Pd dopant wt% concentration. Fig-
ure 3a shows the X-ray diffraction spectra of the
undoped and Pd-doped SnO, pellets. All the mea-
sured peaks exhibit the pure tetragonal rutile phase
of SnO,, according to the JCPDS Card 77-0450 [37]
with a (110) as preferential orientation. Other SnO,
crystal orientations observed are (101), (200), (111),
(211), (220), (002), (310), (112), (301), (202), (212), and
(321).
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Fig. 3 a XRD diffractograms of pure and Pd-doped SnO, powders and b right shift in the (110) preferential orientation due to dopant

incorporation

Also, from Fig. 3a, it is possible to observe that the
diffraction peaks of metallic Pd and PdO confirms
that some part of the dopant stayed in the metallic
and oxidized cluster form on the surface of SnO,, for
all the doped samples. Authors believe that these
clusters could be located in the intergranular zones.
However, a right shift in the preferential orientation
(110) diffraction peak was observed in the detailed
analysis of preferential orientation, as shown in
Fig. 3b. Increase in the Pd doping concentration
resulted in higher angle shift of (110) peak, which
may be due to the incorporation of the Pd into the
SnO, crystal Lattice. Also, from Fig. 3a it is observed
an uplift in the spectra of doped samples and this
uplift increases with the increase in the amount of
dopant concentration. This is also an indication of
low crystallinity quality. A much-detailed analysis of
the effect of dopant on crystalline quality is presented
as follows.

The average crystallite size, D, and the lattice
constants, ¢, and a of the SnO, powder were esti-
mated from the X-ray spectra. D was obtained from
the (110) peak, using the Scherrer’s formula, Eq. (2)
[38].

0.894
D= Beos0’

where the wavelength of X-ray, 4 = 1.5405 A, 0 is the
diffraction angle and f is the full width of the
diffraction line measured at half of its maximum
intensity, FWHM, the Gaussian function was used to

(2)

calculate the f full width of the diffraction line and
the 0 angle from diffraction patterns. The lattice
constants, ¢ and a can be estimated by using both
(110) and (101) planes, (in the case of the tetragonal
rutile phase, a = b) according to Eqgs. (3) and (4) [39].

A
Ay = sl (3)
1 e r .
dig a2 c?’

where dj; is interplanar distances obtained from the
Bragg law and along the crystal graphic directions
(110) and (101), kkl is the diffraction angles of the
(110) and (101) peaks. The texture coefficient T(hkl)
is the crystalline orientation of a particular plane, in
this case,{hkl} is (110) plane, since this is the plane
with the highest number of reflections with respect to
the other crystalline planes. Tc(hkl) is obtained from
the measured intensity of peaks I(hkl) and standard
intensity peaks Is(hkl), and according with the equa-
tion [40].

I(hKl) /T,(hkl)
n 1S T(hkl) /I (hkl)’

where 7 is the number of peaks, I(hkl) and Is(hkl) are
the measured relative intensity of peaks to the (hkl)
direction and standard intensity of peaks to the (hkl)
direction taken from JCPDS database, respectively. If
Tc(hkl) values are higher than 1, there are a lot of
planes oriented to the (hkl) direction, and if Tc(hkI)

(5)

Te(hkl) =

@ Springer
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values equal to or less than 1, therefore, most of the
peaks show randomly oriented.

The values of the average crystallite size, D, lattice
constants, ¢ and a and texture coefficient, Tc(hkl) of
the pure and Pd-doped SnO, powders are shown in
Table 1. From Table 1, it is observed that the average
crystallite size remains close to 28 nm, regardless of
the ratio Pd concentration. Increase in the ratio Pd
wt% resulted in lower lattice constants, reaching its
value in bulk, a=b=47382A and c=3.187 A.
These results suggest that the Pd atoms compress the
basic cell of SnO,, because their ionic radius is
smaller than the ionic radii of Sn.

Regarding the texture coefficient, T(110), it is
observed that a lower concentration of Pd, the
Tc(110) drastically decreases and increases with Pd
concentration, stating the growth of random orien-
tation planes and undulations in the crystal lattice
due to dopant incorporation. Finally, from the XRD
analysis, it is clear that some part of the dopant was
incorporated into the SnO, lattice which induced the
structural changes and the remaining part stayed on
the surface forming Pd and PdO clusters, which is
evidenced in the upcoming HRTEM analysis section.

Also from the Williamson-Hall plot method, the
crystallite size and microstrain were calculated, these
were obtained from the values of peaks position 20,
and the FWHM or f of all the observed diffraction
peaks, and through the following equations:

Btotal = ﬁSample = ﬁcryslallitesize + ﬁmicrostrain' (6)

The Williamson method is used for non-zero
residual stress, and this is based on the uniform stress
deformation model, where f is the total peaks
broadening or FWHM of the X-ray diffractogram,
which contributes to the total peak broadening
caused by the crystallite size, D (Eq. (2)) and by the
total peaks broadening from the microstrain, ¢, this is

Table 1 Average crystallite size, D, the lattice constants ¢ and a,
and texture coefficient T(110)

Film Dmm) a(A)  c(A) Te(110)
Pure SnO, ~23 47515 31862  1.007
0.5 wt% Pd:SnO,  ~ 28 47565  3.1985  0.54

1 wt% Pd:SnO, ~ 27 47464  3.1814  0.807

2 wt% Pd:SnO, ~29 47439  3.1864  0.86

4 wWt% Pd:SnO, ~ 26 47357 31835 091
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given by f/4tan0. Therefore, the peak broadening
total or total FWHM is given by Eq. (7).

kA
Brow = Deosd T 4etan0). (7)
Substituting tanf = sinf/cosd¢ and multiplying
both sides by cos0, we are left Eq. (7) as follows:

Prow€0s0 = e(4sinf) + % (8)

Equation (8) is a linear function, y = mx + c, where
Y = Prowcosl, slope, m =g, x =4sinf and the inter-
cept, c = %. If we plot 4sin0 on the x-axis and cost on
the y-axis, the microstrain is the slope and crystallite
size will be intercept, and the results are given in
Table 2.

Scherrer’s Eq. (2) gives a smaller crystal size D than
that obtained from the Williamson-Hall method for
non-zero residual stresses, Egs. (6), (7) and (8). The
stress leads to an increase in the peak width; there-
fore, using the Scherrer equation, the peak width or
FWHM becomes too large which will give a smaller
crystal size.

It is important to mention that XRD analysis con-
firms that doping with Pd increased the crystallite
size, which may be due to either the growth of the
crystal at planes with more undulations arise due to
the incorporation of Pd into SnO, lattice or oxide
formation of Pd. However, authors believe that the
crystalline quality of the material has been decreased
due to Pd incorporations. In order to confirm the
crystalline quality, Raman analysis was performed.

3.2 Raman analysis

In order to study the effect of incorporation of dopant
on the crystal quality and vibrational modes, Raman
analysis was performed and the spectrum obtained is
shown in Fig. 4. According to the results, the Raman
spectra of SnO, nanopowders were best fitted to
rutile, tetragonal tin oxide. Surface bands as well as
bulk bands were observed. Results shown here are in
good agreement with those reported by Nicolas Ser-
gent, Mauro Epifani, Elisabetta Comini, Guido Faglia,
and Thierry Pagnier (Interactions of nanocrystalline
tin oxide powder with NO,: A Raman spectroscopic
study [41]).

The Raman bands of SnO, were detected at 472,
638, and 774 cm™' corresponding to the three char-
acteristic fundamental vibrational modes, namely, E,,
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Table 2 Average crystallite

size, D and microstrain, ¢ by Film

Crystallite size, D (nm) Microstrain, ¢ (x 107)

Williamson—Hall plot method Pure SnO,

0.5 wt% Pd:SnO,
1 wt% Pd:SnO,
2 wt% Pd:SnO,
4 wt% Pd:SnO,

~ 21 ~ 0.8
~ 45 ~ 2.82
~ 28 ~ 1.76
~ 34 ~ 1

~ 37 ~ 1.7

——4wt% Pd: SnO,
Pure SnO,

Normalized Intensity (a.u.)

400 500 600 700 800 900
Raman Shift (cm™)

Fig. 4 Raman spectra of pure and 4 wt% Pd-doped SnO, powders

Aig and By, respectively. E; mode has been identi-
fied as two oxygen atoms vibrating parallel to the c-
axis, but in opposite direction. The peaks fitting at
638 cm™'and 774 cm™' of pure SnO, Raman spec-
trum can be assigned to the asymmetric stretching of
5n-O bonds of Alg and B2g, respectively. These
vibrational modes found in our samples guarantee
the tetragonal structure of SnO, nanoparticles
reported in this work.

The shift towards right or higher wavelength con-
firming the possible substitution of Sn** ion with
Pd>* [42]. Additionally, for Pd-doped sample, a Blg
tetragonal phase PAO mode was also observed [43],
which was also confirmed by XRD analysis.

Finally, the relative crystallinity of the samples can
be obtained according to the following formula [44].

Vs 9)

Xe = oo,
C T Va+ Vs

wherein Xc is the relative crystallinity, Vg is the
crystalline region area, and V, is the amorphous
area, according to the following example, Fig. 5.

All the results are shown in Table 3. Although the
incorporation of the impurity element into the crystal

Mormalized Intensity (a.u.)

400 500 600 700 800 900
Raman Shift (cm™)

Fig. 5 The analysis of crystallinity calculation of SnO, powders
by Raman spectrum

lattice creates defects or disorders that result in the
reduction of the symmetry of the lattice space [45]. It
can be seen that the ratio between the crystalline area
and the amorphous area is higher for the doped
samples.

3.3 Morphological properties for pure
and doped SnO, powders

Figure 6a—e shows the SEM images of Pure SnO,, 0.5
wt% Pd:SnO,, 1 wt% Pd:SnO,, 2 wt% Pd:5SnO,, and 4
wt% Pd:SnO, samples, respectively. In general, more
morphological changes were observed in both pure
and Pd-doped powders. The surface morphology
observed of all SnO, powders consisting of both
nanometric particles and large grains, with a broad
grain size distribution. The nanometric particles with
an average particle size ranging between 20 and
40 nm in diameter. While the larger grains with
irregularly shaped showing different crystalline
planes, the average grain size was ranging from 200
to 500 nm. Both grain sizes have shown irregular
shape, this may be due to the deposit technique in

@ Springer
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Table 3 The relative crystallinity of two samples by Raman spectra

Sample Relative total area, V5 + Vp (a.u.) Relative peak area, Vg (a.u.) Relative crystallinity, Xc (%)
Pure SnO, 121,093 23,950 19.77
4 wt% Pd:SnO, 90,416 20,724 22.92

Fig. 6 SEM micrographs of a pure SnO,, Pd doped with concentrations, b 0.5, ¢ 1, d 2 and e 4 wt%

which the grinding and compression of powders
intervene. The crystalline planes that present the
largest grains are oriented towards the preferential
crystallographic directions shown by the XRD mea-
surements, these preferential crystallographic direc-
tions are [110], [101], [211]. It is evident from the SEM
images that the increase in doping concentration
reduced the number of larger grains with irregular
morphology and increased the nanometric particles.
Therefore, the 4 wt% Pd:SnO, sample possesses rel-
atively more homogenous surface with uniform
nanometric particle size, Fig. 6e. We believe that this
may be due to the higher segregation of Pd at the
grain boundaries, occupying interstitial places, pre-
venting the grain from growing, and therefore,
decreasing the number of larger grains [46]. Hence, it
can be concluded that the Pd concentration has a
great effect on the reduction of Pd-doped SnO, grain
size.

Figures 7 and 8a-e show the SEM images of all
obtained pure and Pd-doped tin oxide powders at
higher magnifications. From Fig. 7a—e, it can be
observed that all the images show grains with an

@ Springer

irregular shape. In general, we observed that as the
amount of Pd dopant increases in the samples, the
grain size decreases, for the reasons mentioned
above. In the similar manner, it can also be noticed in
the images that as the dopant concentration increases,
the grain size decreases and also the SnO, particles
become more homogeneous. For the pure SnO,
samples, Fig. 7a, we can see grains of an average size
of 10 to 30 nm and larger grain sizes ranging up to
300 nm, for the sample doped with 0.5 wt%, Fig. 7b,
we can also observe grain with sizes above the 10 nm
and large grains whose size increases up to 300 nm.
For the sample doped with 1 wt%, Fig. 7c, the grain
size ranges from 70 to 250 nm, for a sample doped
with 2 wt%, Fig. 7d, the grain size ranges from 40 to
150 nm and for the samples doped with 4 wt%,
Fig. 7e, the grain size It ranges from 50 to 150 nm,
and the surface is less porous because it has a greater
number of grains whose sizes are around 80 nm, that
is, the surface/volume ratio is larger in comparison
to other samples. It is observed that for samples
doped with 1, 2, and 4 wt%, the grain size is more
homogeneous as the amount of doping is increase.
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Fig. 7 100 nm magnification of SEM micrographs of a pure SnO,, Pd doped with concentrations, b 0.5, ¢ 1, d 2, and e 4 wt%

However, larger grains seem to grow by the coales-
cence of smaller grains.

For much smaller scales Fig. 8a—e, we can confirm
from what has been said above, for pure and doped
samples with 0.5 wt% of Pd, Fig. 8a, b, the morpho-
logical surfaces are made up of large, irregular grains
showing crystalline planes and small irregular grains,
for samples doped from 1 wt%, Fig. 8c—e, the surfaces
change to irregular grains tending in some cases
almost spherical and being less porous, that is, the
number of large grains is disappearing and the
number of small grains is increased.

3.4 Energy-dispersive spectroscopy (EDS)
measurements

From energy dispersive spectroscopy elemental
analysis, Fig. 9a—e, it was possible to verify the
composition of the elements of pure and doped SnO,
powders. The analysis was carried out in areas with
higher density of material, such as in large grains or
areas of high density of grains. Table 4 shows the
atomic ratio Pd/Sn. It was observed that as the
atomic percentage of palladium in the powder
increases, the atomic ratio Pd/Sn is increased, and it

is verified that the atomic percentage of the palla-
dium was close to the expected value.

3.5 High-resolution transmission electron
microscopy (HRTEM) analysis

For obtaining more detailed morphological and
structural details, TEM analysis of all powders was
performed. It is important to mention that prior to
TEM analysis, all powders were submitted to ultra-
sonication in ethanol for 30 min. Figure 10a—e shows
the TEM images of pure SnO,, 0.5 wt% Pd:5nO,, 1
wt% Pd:SnO,, 2 wt% Pd:SnO,, and 4 wt% Pd:SnO,,
respectively. From the figures, it is evident that the
formation of tetragonal-shaped particles with both
larger grains and nanometric-sized particles. Besides
a 30 min ultrasonication, still a large amount of
agglomeration of the particles is observed for pure
SnO; particles. The agglomeration and the number of
large grains decrease with increase in the Pd dopant
concentration. The nanometric size tetragonal parti-
cles possess a mean size ~ 20-30 nm.

In order to locate the dopant position, HRTEM
analysis was performed and is shown in Fig. 11.
Surface of pure SnO, is shown in Fig. 11a and its
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Fig. 8 50 nm magnification of SEM micrographs of a pure SnO,, Pd doped with concentrations, b 0.5, ¢ 1, d 2, and e 4 wt%

reconstructed FFT image is shown in Fig. 11c, it is
observed that the lattice spacing corresponds to (110)
plane of SnO, crystal lattice and the undulations
observed in the reconstructed image are Moire pat-
terns which arise due to the crystal overlap [47]. On
the other hand, it is possible to see the rough surface
with much smaller particles on the Pd-doped SnO,
surface, see Fig. 11c. In the reconstructed image of
Fig. 11c, it is possible to observe the difference in the
crystal distance of the surface atom and the base SnO,
structure. The lattice spacing of the smaller particles
corresponds to metallic Pd, with size around 2 to
3 nm. Therefore, it is evident from TEM analysis that,
a part of the dopant stayed at the surface in form of
metallic clusters, which is favorable for gas-sensing
applications. Also, from Fig. 11c and 10d, it can be
observed that the interplanar distance of (110) plane
of SnO; increased from 0.32 to 0.36 nm stating the
incorporation of Pd into the crystal lattice, which is
also the preferential orientation obtained from XRD
analysis.

@ Springer

Additionally, it can be observed the SAED patterns
of the pure and 4 wt%-doped SnO, samples from
Figs. 10f and 11e. SAED patterns are in good agree-
ment with the preferential orientation observed in the
XRD. The four visible rings in both the SAED pat-
terns correspond to (110), (101), (200), and (211)
planes of SnO,. These are the four planes with the
highest relative intensity observed for all the samples
in the XRD diffraction patterns. Also, additional tra-
ces of Pd or PdO were observed in SAED pattern of 4
wt% Pd-doped SnO, sample. This confirms the
presence of dopant clusters on the surface of the
5SnO,. Similar crystallite size, preferential orientation,
morphology, and interplanar distances were reported
by Yan et al. [48], where the authors obtained Pd-
doped SnO, powders by solvothermal method with a
particle size ranging between 20 to 30 nm from
HRTEM analysis. However, authors did not vary the
doping concentration and the obtained powders were
utilized for VOC sensing.
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Fig. 9 EDS patterns of a pure SnO,, Pd doped with concentrations, b 0.5, ¢ 1, d 2, and e 4 wt%
3.6 Sensing properties
Table 4 Pd/Sn atomic ratio values obtained from the EDS results
Sample Pd/Sn (x 100%) 3.6.1 Sensing response
Pure SnO, 0 The sensing performance of both pure and Pd-doped
0.5 wt% Pd:SnO, 0.61 5nO; pellets, as a function of the C;Hg concentration
1 wt% Pd:SnO, 1.2 and operating temperature is presented and com-
2 wt% Pd:SnO, 1.8 pared in Fig. 12a—e. It is observed that the sensing
4 wt% Pd:SnO, 5 response increases with respect to both the operating

temperature and propane gas concentration. This is
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Fig. 10 TEM micrographs of SnO, powder doped by a 0, b 0.5, ¢ 1, d 2, and e 4 of Pd wt% in the starting solution

very common phenomena that, the increase in oper-
ation temperature makes the oxygen molecule more
reactive to react with test gas molecules and in case of
higher gas concentrations makes the surface to react
with more propane molecules resulting in higher
responses [49]. The greatest increase in the sensing
response occurs in the operating temperature range
from 0 to 100 °C, above 100 °C the sensing response
begins to saturate, which is an indication that the
oxygen molecules on the surface of the SnO, are
depleted.

Also, the sensing response for Pd-doped SnO,
enhanced as compared to undoped SnO,, and the
increment is proportional to the Pd doping wt%,
Fig. 12b—e. Authors believe that the Pd atoms on the
surface act as a catalyst and increase the adsorption
of oxygen. Also, it is confirmed by XRD, EDS, and
Raman analysis that a part of dopant is incorporated
into the SnO; crystal-generating defects, these defects
also promote the electronic-sensing mechanism [50].
Maximum gas-sensing response was obtained for Pd-

@ Springer

doped SnO, powders with 4 wt% and was obtained
at 300 ppm of C3Hg, and measured at 300 °C as is
shown in Fig. 12f. The increase in sensing response
for 2 wt% and 4 wt% Pd-doped SnO, powders is not
substantial. This can be attributed to the fact that Pd
atoms saturate the SnO, surface forming agglomer-
ates and oxides as observed in XRD and Raman
analysis and preventing more adsorption of oxygen.
As previously indicated for concentrations from 2
wt% of Pd in SnO,, a large part of Pd is located in
interstitial sites and intergranular zones, and there-
fore, has little effect on morphological and sensing
properties.

It is necessary to clarify the importance of making
sensing measurements with other gases such as CO
and CO,, to verify the selectivity that the samples
have against other gases; however, it would remain
as future work.

Additionally, the increase in higher sensing
responses of doped samples is attributed to the por-
ous and homogenous morphology observed in SEM
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Fig. 11 HRTEM images of

a pure SnO,, b 4 wt%
Pd:Sn0O,, ¢ reconstructed
HRTEM after masking of a,
d reconstructed HRTEM
image after masking of (b),
SAED patterns of e pure SnO,
and f 4 wt% Pd:SnO,
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analysis. From Figs. 6, 7, and 8, it is evident that
increase in dopant concentration reduced the particle
size and resulted in uniform nanometric morphology.
This increases the surface-to-volume ratio of the
doped samples making the surface with more avail-
able adsorption sites, which subsequently increased
the sensing response. Section 3.6.2 discusses the gas-

sensing mechanism of pure and Pd-doped SnO,
structures.

3.6.2  Sensing mechanism

The whole sensing process is ruled by the amount of
adsorbed oxygen on the metal semiconductor surface
Os(abs), because the target gas molecules react with
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Fig. 12 Propane gas-sensing properties of a pure, b 0.5, ¢ 1, d 2, e 4 wt% Pd-doped SnO, powders and f maximum sensing responses for
SnO, powders doped with different percentages of Pd content

adsorbed surface oxygen to alter the surface electrical ~ the surface and subsequently the number of free
conductivity of the metal semiconductor, which is electrons vary. The amount of adsorbed surface
used as sensor signal. By varying the amount of oxygen varies with the operating temperature, at low
absorbed oxygen, the number of dangling bonds on operating temperatures [51, 52], below 150 °C,

@ Springer
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Fig. 13 Energy band
representation of the surface
processes associated with the
reaction in air (left) and C5Hg
gas (right) for surfaces made

In air

up of undoped grains (a, b)
and doped grains (c) and (d)
with similar size. 0~, 0%~
oxygen ion, single and double
ionized, respectively, O,
molecular oxygen ionized, 1 is
the thickness of charge
depletion region, Eg Fermi
level energy, Ec, conduction
band energy, Ec, valence band
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adsorbed oxygen appears in the form of oxygen
molecular ion O, , which would change to oxygen ion
O, 150-400 °C temperatures and O®~ for tempera-
tures above 400 °C as operating temperatures rising.
The chemical adsorption process can be represented
by the following reactions:

Oz(gas) < Oy (ads), (10)
OZ(ads) +e¢ & 02_ (ads), (1 1)

O; (ads) + e~ < 207 (ads), (12)
O~ (ads) < 0> (ads). (13)

The oxygen adsorption directly alters the thickness
of the depletion region formed and, therefore, the
surface built-in potential, ¢, [53] (Fig. 12a), and these
factors determine the change in the surface electrical
conductance, Eq. (1). Furthermore, the amount of
absorbed oxygen is generally altered by the operation
temperature since it provides the thermal energy to

@ Springer
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produce more adsorption-desorption reactions on
the surface. The presence of a catalyst such as Pd on
the surface of SnO, favors more amount of adsorbed
oxygen, which in turn increases the surface-free
electrons capture, leaving a greater desertion region
and a higher surface built-in potential, ¢, (Fig. 12¢).
The absorbed oxygen on the surface is desorbed
when reacts with a reducing gas, such as CzHg,
Fig. 12b. The more absorbed oxygen on the surface as
is the case of doped SnO,, the more the probability of
desorbing oxygen from the surface which results a
change in the surface electrical conductance, making
the sensor response higher [54]. In Fig. 12d, it can be
observed that the Pd ions on the surface enhance the
sensor response (Fig. 13).

4 Conclusion

In this work, synthetized SnO, powders doped with
Pd were obtained successfully by wet chemical syn-
thesis. XRD results confirm the tetragonal rutile
phase in SnO, and that a part of dopant was incor-
porated and the remaining stayed at surface in the
form of clusters, and crystallite size increased from 23
to 28 nm with Pd doping. HRTEM analysis coincides
with the XRD analysis confirming that the preferen-
tial orientation of all samples is (110) and the crys-
tallite size ranges between 20 and 30 nm. A right shift
in the preferential orientation suggests a particle
incorporation of dopant into the SnO, crystal lattice,
which may be due to the incorporation of the Pd into
the SnO, crystal Lattice. Also the SAED patterns and
DFT patterns confirm the presence of Pd cluster at
surface and undulations in the SnO, lattice. Raman
analysis confirms that the presence of peaks at
638 cm™ ! and 774 cm™' of pure SnO, Raman spec-
trum can be assigned to the asymmetric stretching of
Sn-O bonds of Alg and B2g, respectively, and an
increase in the crystalline quality due to Pd incor-
poration, although all the SnO, vibrational modes
decrease for doped samples and its ratio of crystalline
area to amorphous area is increased. Both irregular
large grains around 200 nm and homogeneous par-
ticles around 20 nm were observed for pure SnO,
sample in SEM analysis. Increase in dopant concen-
tration decreased the number of larger grains and the
particle size reduced from 300 to 30 nm. It was
observed that as the dopant concentration increases,
the grain size decreases. The smallest grain size ~
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40 nm and uniform morphology were observed
when the Pd dopant concentration was 4 wt%, three
magnification of SEM micrographs are presented to
verify what has been said. In addition to HRTEM,
EDS analysis also confirms the incorporation of Pd
doping of each sample. Propane sensing responses
were obtained for all the samples and 4 wt%-doped
5nO; pellets exhibited a sensing response of near to
97% when measured at 300 °C. Pure SnO, sample
exhibited a sensing response of 40%. The increase in
the sensing response is attributed to the decrement in
the particle size and catalytic effect on the surface of
the nanograins. As confirmed by the structural and
morphological analysis, the incorporation of doping
into the SnO, lattice resulted in electronic-sensing
mechanism and the surface Pd/PdO clusters pro-
voked the spillover effects. Finally, we can conclude
that by a simple and cost-effective method, the
obtained chemical sensors based on SnO, can lead to
a fabrication of devices with high response. Other
parameters, such as dynamic characteristics, selec-
tivity, and stability parameters will be considered in
our future work in order to utilize the sensors in
practical applications.
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