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Abstract

The introduction of transitional metals into metal oxide matrices can lead to synergistic
physiochemical properties compared to the pristine components, offering significant potential
across various applications such as gas sensors, photocatalysts and energy storage. This study
focuses on hydrothermal synthesis of cobalt-doped tin (IV) oxide (Co:SnO;) nanorods with
different Co doping dosages ranging from 0.5-5 mol%. To investigate the physiochemical
properties of the as-synthesized Co:SnO,, samples were analyzed by X-ray diffraction (XRD),
high-resolution transmission electron microscopy with selected area electron diffraction

(HRTEM/SAED) and X-ray photoelectron spectroscopy (XPS). The findings reveal that the Co
dopant did not noticeably change the shape of SnO, nanorods. Nevertheless, the size of the
nanorods decreased, which is a common behavior observed with transition metal dopants. To
study the sensing performance, the undoped SnO, and 5C0:SnO, nanorod samples were tested
on 1000 ppm ethanol gas and N, carrier gas at 450°C, the optimum operation temperature. The
result indicates that the sensing response of 5C0:SnO;, nanorods recorded 3 times higher
response, Ro/Ry, 3300 compared to the undoped SnO, nanorods sensor R¢/Rg, 1100. This study
suggests that the improvement in ethanol gas sensing performance can be attributed to the
changes in physicochemical properties, such as particle size reduction, band gap narrowing, and
the presence of oxygen vacancies.
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1.0 INTRODUCTION

The exploitation of metal oxides in gas sensors has become increasingly prominent among researchers ever since Seiyama
and colleagues demonstrated that the electric conductivity of zinc oxide (ZnO) film changed rapidly upon adsorption and
desorption of gases on the surface of ZnO. Since then, numerous types of metal oxides have been intensively studied for gas-
sensing applications [1]. Among these, one-dimensional (1-D) metal oxide nanostructures have emerged as promising
candidates for gas sensors, primarily because of their exceptionally high surface-to-volume ratio, which leads to enhanced
sensor performance. Various types of 1-D metal oxide nanostructures, such as nanowires, nanotubes, nanospheres, nanorods,
and nanobelts, have been synthesized and investigated for their potential in gas sensing applications [2, 3].

Tin oxide (SnOy2) is one of the first and most extensively used sensing materials in gas sensor devices due to its unique
characteristics, including a broad band gap (3.6 eV at 300 K), a large exciton binding energy (130 meV), and high electron
mobility (L00—200 cm? Vel S1) [4].

Typically, the physiochemical properties of SnO2 are determined by the specific synthesis method chosen. The
production of 1-D SnO2 has been accomplished via several methods, including sol-gel, thermal evaporation, hydrothermal,
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chemical vapor deposition (CVD) [5] and co-precipitation. Among these methods, the hydrothermal approach has been widely
used to fabricate homogeneous SnO: nanostructures with well-controlled shapes and sizes. The hydrothermal method involves
the formation and growth of nanocrystals via a chemical reaction that occurs within a sealed, heated aqueous solution under
high temperature and pressure [6].

Despite 1-D SnO2 nanostructures showing encouraging results in gas sensor applications, enhancing their gas sensing
response and recovery time and lowering the operating temperature remain significant challenges. Therefore, considerable
work has been dedicated to improving SnO2-based gas sensors [3].

Previous studies revealed that doping with noble metals or transition metals could enhance the overall sensing properties
of SnO2 nanostructures. Noble metal dopants, for instance, Pd and Pt, have been widely recognized for their great improvement
in gas-sensing properties [7]. However, their high cost constrained actual usage [8]. Therefore, exploring more cost-effective
alternatives, such as common 3d transition metals, is crucial.

The current research focuses on the hydrothermal synthesis of cobalt (Co) doped SnO2 nanorods and evaluates the
effect of the doping dosage on the morphological and structural characteristics of SnO2 nanorods. The SnO2 nanorod samples
were then tested on ethanol gas to correlate the characteristics of the sensor material with the ethanol sensor response. Ethanol
gas sensors are widely used in producing biofuels and pharmaceuticals, particularly during fermentation. It is essential to monitor
the concentration of ethanol gas during the fermentation reaction, ensuring optimal conditions for the growth of microorganisms

[9].
2.0 EXPERIMENTAL

2.1 Materials

All chemicals used in this study were of analytical grade without further purification. Tin(IV) chloride pentahydrate, SnCl4-5H20
(98%) (molecular weight (MW = 350.58 g mol!) was obtained from Sigma-Aldrich. Sodium hydroxide (NaOH) (MW = 39.99 g
mol?) pellets, absolute ethanol (C2HsOH) (MW = 46.07 g mol1), cobalt(ll) chloride 97% anhydrous, CoCl> (MW= 129.84 g mol-
1) were procured from Hamburg Chemical GmbH. Gases such as HiQ nitrogen 5.0 (99.9%) and HiQ argon 5.0 (99.9%) and
1000 ppm ethanol/N2 for gas sensing tests were supplied by Linde Malaysia Sdn. Bhd.

2.2 Synthesis of Co-doped SnO;

A detailed description of the hydrothermal synthesis of SnO2and doped SnO2 nanorods may be found in our earlier publications
[10-12]. In brief, the reaction solution was prepared by dissolving 4.8 mmol tin tetrachloride pentahydrate (SnCl4.5H20) salt and
a desired amount of CoClz (0.5, 1, 3 and 5 mol%) in 30 ml of solvent, which consisted of a 1:1 v/v mixture of absolute ethanol-
distilled water. While stirring, 6 M sodium hydroxide aqueous solution (NaOH) was added dropwise to adjust the pH of the
reaction solution to pH 13. In order to balance the ratio of absolute ethanol to distilled water, an equal amount of absolute ethanol
was added to the reaction mixture. A light orange color suspension was obtained, which was later transferred into a 50 ml
Teflon-lined stainless-steel autoclave, sealed and heated to 180 °C for 15 hours. After cooling, the obtained precipitates were
centrifuged and washed with distilled water and ethanol at 750 rpm. Finally, the wet precipitates were dried in an oven at 55 °C
for 24 hours. The undoped SnO2 nanorod powder sample was synthesized following the same procedure as above, except the
heat-treatment duration was extended to 24 hours without CoCl>.

2.3 Characterization

The crystal structure of the samples was analyzed using X-ray diffraction (XRD, PW 3040/60 X’PERT PRO (PANalytical), which
was equipped with Cu Ka radiation. The scanning was done with a step size of 0.0340°. The band gap energies were obtained
using an Ultraviolet—Visible spectrometer (UV-Vis) (Perkin Elmer Lambda 35, United States) at a wavelength range of 200—600
nm. The surface composition analysis was performed using X-ray photoelectron spectroscopy (XPS) (Axia Ultra DLDXPS,
Kratos) with a monochromatic Al Ka X-ray source (1486.6 eV of photons) and a background pressure of 10 -7 Pa. The binding
energy (BE) data recorded by XPS were corrected using the C 1s peak at 284.6 eV, and all the XPS data was processed using
CASAXPS (version 2.3.17) software. A GL (30) Gaussian (70%)-Lorentzian (30%) profile and a standard Shirley background
were applied for fitting the components in order to reduce the least square error of the fit. The morphologies of the samples
were investigated by high-resolution transmission electron microscopy (HRTEM) TECNAI G2 20 S-TWIN, FEI) at 200 kV.

2.4 Ethanol gas sensing measurement
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The ethanol gas sensing test was conducted using custom-built gas sensing measurement instrumentation. The set-up diagram
can be referenced in our previous work [10]. Prior to the test, the selected powder samples (SnO2 and 5C0:Sn0O2) were mixed
with sensor ink to form a slurry, which was then coated onto Au-interdigitated alumina substrates (5 mm x 5 mm) (Case Western
Reserve University, Cleveland, United States). The sample coated substrates were stabilized at 450°C in argon gas flow for
approximately one hour. Then, 1000 ppm ethanol gas with nitrogen as a carrier gas was passed through the sensor at a flow
rate of 200 sccm. The electrical resistance of the sensor was measured at a temperature of 450 °C, which was determined to
be the optimum operating temperature [10]. In this study, the sensor sensitivity was defined as (Ro—Rg)/Rg, where Ro represents
the resistance of the sensor material in nitrogen gas, and Rgq represents the resistance of the sensor material in ethanol gas.
The response time refers to the time required for the sensor to reach 90% of the total resistance changes after introducing the
target gas. Conversely, the recovery time is defined as the duration taken by the sensor to attain 90% of total resistance changes
upon removing ethanol gas [11].

3.0 RESULTS AND DISCUSSION
3.1 Characterization of SnO»

3.1.1 X-ray Diffraction

The effect of different dosages of Co doping on the crystallographic properties of SnO2 was studied using XRD analysis. Figure
1 illustrates the XRD patterns of the samples. All diffraction peaks observed for the undoped SnO2 and Co-doped SnO2 samples
can be indexed to the rutile tetragonal crystal structure (ICSD 092552). In addition, the absence of secondary phases such as
metallic Co and cobalt oxide (CoO or C0203) peaks, suggesting substitutions of Co in the Sn-site [12]. There are three main
peaks around 26 values of 26°, 33° and 51°, corresponding to (110), (110) and (211) planes, indicating that the preferential
crystal plane remained unchanged (101) despite the rise in Co dopant dosage.
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Figure 1 XRD patterns of SnO2 samples as follows (a) SnOz, (b) 0.5C0:Sn0z, (c) 1Co:SnO2 and (d) 3Co0:SnO2 and (e) 5Co:
SnOa.

The XRD results were further analyzed by calculating the crystallographic parameters, and the data are presented in
Table 1. The crystallite size was determined by employing the Scherrer formula, as expressed in equation (1).

KA
B cos 6 @)

where D is the average crystallite size, K is a constant typically assigned a value of 0.9, associated with crystallite shape, B
indicates the full width at half of peak maximum (FWHM), and 6 represents the Bragg’s angle. By using the value of d, it is
possible to calculate the lattice parameters, a and c of rutile tetragonal using the following relation (2):

1 Rr2+k? 12

@z~ T ta @)
where h, k, and | represent Miller planes. The volume of unit cell V can be estimated using the expression (3), given the lattice
parameters.

V =d?c 3

As the dosage of Co increased from 0.5 to 3 mol%, the average crystallite size progressively declined. However, with a
further rise in Co dosage (5 mol%), the average crystallite size increased to 11.3 nm. The primary reason for the reduction in
size observed at the lower concentrations of Co is due to the inhibition behaviour of Co?* ions, where the Co?* ions are
predominantly located in the grain boundary region and have the potential to prevent the crystal growth during the hydrothermal
treatment [5]. On the contrary, at higher Co dosage, the distribution of dopants on the surface becomes inhomogeneous (surface
segregation) [13], leading to the enlargement of crystallite size [14]. A small change in lattice parameters (a and c¢) and volume
of unit cell is expected from the incorporation of Co into the structure of SnO2 [15].

Table 1 The crystallographic parameters calculated from XRD data.

. Lattice Lattice
Crystallite Volume of
Samples size (nm) parameter,a parameter, c unit cell (&)
A) A)

SnO2 25.0 4.730 3.175 71.38
0.5Co0:Sn02 13.2 4.740 3.178 71.40
1Co:Sn02 10.1 4.742 3.177 71.43
3C0:Sn02 8.3 4.749 3.178 71.67
5C0:5Sn02 11.3 4.755 3.178 71.85

3.1.2 UV-Vis

The optical properties of SnO2 nanorods were studied using a UV-Vis spectrometer. Figure 2 shows the UV-Vis absorption
spectra of undoped SnO2 and 5Co:SnO2 samples. The UV-Vis absorption data was used to calculate the band gap energy by
plotting a graph of (ahv)2 versus photon energy, hv. The band gap energy of the samples can be estimated from the intercept
of the linear portion of the plot, as shown in the inset of Figure 2. As depicted in Figure 2, both samples exhibit a prominent
absorption peak in the UV-Vis region, with a noticeable red shift observed in the absorption edge for 5C0:SnO2. Notably, an
additional peak was observed in 5C0:SnO2 near the visible light region, potentially resulting from an increase in defect sites in
the lattice structure of SnO2 due to the substitution of Co?* ions. This peak may be attributed to the charge-transfer transitions
from the valence to the conduction band of SnO:2 [16]. The calculated band gap of undoped SnO: (3.87 eV) is slightly greater
than that of bulk SnO2 (3.62 eV). This variation is due to the smaller particle size (~25 nm) compared to bulk SnOz. This finding
parallels to the earlier report [11]. In the case of 5C0:SnOz, incorporating Co dopant reduced the band gap to 3.79 eV. This can
be elucidated by the interaction of d electrons in the Co dopant and conduction band of SnO2, causing a shift in fermi level,
resulting in the band gap narrowing [17].Consequently, the electron concentration within the conduction band increases, thereby
enhancing the efficacy of the interfacial charge transfer process during the gas sensing test [18, 19] .
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Figure 2 UV-Vis spectra and band gap calculation (inset) for undoped SnO2 and 5C0:SnO2 nanorods.

3.1.3 HRTEM/SAED

Further study on crystal structure was carried out using HRTEM/SAED analysis. Figure 3 shows the HRTEM images of SnO2
and 5Co0:SnO2 samples with corresponding SAED patterns. From the images, it is evident that the rod shape remained
unchanged even after the doping process. However, there was a noticeable reduction in the average diameter of nanorods in
the 5C0:Sn0O2 sample. Both samples, undoped SnO2 and 5Co:SnO2, show well-crystalline spear-shaped nanorods with an
average diameter of ~25 nm and ~14 nm, respectively. The nanorods formed in SnO2 have a lower degree of agglomeration in
comparison to those observed in 5Co:SnO2. In principle, as the size of the nanoparticle decreases, the particles tend to
agglomerate in order to minimize the surface energy [20]. The lattice fringes for SnO2 were measured to be 0.33 nm and 0.26
nm, corresponding to (110) and (101) planes of rutile tetragonal structure. The marked lattice spacing for 5C0:SnO: is found to
be 0.33 nm, associated with (110) plane of rutile tetragonal SnO2. The SAED patterns recorded for SnO2 and 5C0:SnO: are
shown in the insets of Figures 3 (b) and 3(d), which explain the polycrystalline nature of the samples. The diffraction rings are
indexed as (110), (101), (200) and (211), further confirming the rutile tetragonal samples [4]. The findings agree with the XRD
patterns, which identified the (110) (101) and (211) planes as the most prominent peaks for both samples.
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Figure 3 HRTEM images of (a) and (c) low magnification images of SnOz (38 Kx) and 5C0:SnOz (97 Kx), respectively. (b) and
(d) high magnification of SnO2 (1.05 Mx) and 5C0:SnO2 (690 Kx) with corresponding SAED patterns (inset).
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3.1.4 XPS

The surface composition of the samples was investigated using X-ray photoelectron spectroscopy (XPS). Figure 4 presents the
high-resolution XPS spectra of Sn 3d, O 1s and Co 2p for 5C0:SnO2 sample. The deconvoluted XPS core level Sn 3d spectra
of 5C0:Sn0O2 show the presence of Sn with two different oxidation states (Figure 4(a). The main peaks can be associated with
Sn** 3dsz (495.1 eV) and Sn** 3ds2 (486.8 eV), respectively [10, 21]. Additionally, the presence of double peaks at binding
energies of 492.9 eV and 485.2 eV can be attributed to Sn?* 3ds and Sn?* 3ds2, respectively [11].

i Sp* ad
5Co:3n0, {\i /ﬂ a2

n” 3d,, ? \ i

12

-
o
—T

Intensity (Cps) (x10%)

500 495 490 4385 480
Binding energy (eV)
@
k=
= -
El
T
= 4
B
[
B
£ 4
20 T T T T T T T T T T T T
534 532 530 528 596 524 522
Binding energy (eV)
(b)
T T T T T . T T
3.44 4 5C0:Sn0, . gpm A
7~
3.42 1 /
=
= 3.40
)
5
£ 3.38
2
L
[ =
— 3.36
3.34 4

T T T T T T T
815 810 805 800 795 790 785 780
Binding energy (eV)

(©)

Figure 4 The XPS spectra of 5C0:Sn02: (a) Sn 3d, (b) O 1s and (c) Co 3p .
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Meanwhile, the deconvolution of the O (1s) peaks shows three Gaussian peaks, as shown in Figure 4(b). The primary
peak, located at the binding energy of 530.3 eV can be attributed to the lattice oxygen with the chemical state Sn** (Sn03) [22]
Meanwhile, the peak at lower binding energy (528.1 eV) corresponds to the lattice oxygen of SnO. The appearance of a third
peak at a higher binding energy (531.9 eV) has been related to either the chemisorbed oxygen species such as hydroxide (-
OH) or can be associated with the presence of oxygen vacancies, Ovac [23]. This peak is expected in 5C0:SnO2 as doping with
Co?* ions substituting Sn** ions must have initiated the creation of Ovac defects in SnO: lattice [11]. Figure 4(c) shows the Co
2p spectrum of 5Co0:SnO2. There are peaks of Co 2pi2 and Co 2ps»2 at the binding energies of 800.7 eV and 784.9 eV,
respectively, along with two satellite peaks which resulted from Co?*. The binding energy difference between the two Co 2p
peaks is recorded as 15.8 eV, which indicates the absence of other cobalt clusters [24].

3.2 Ethanol Gas Sensing Test

The ethanol gas sensing test was carried out to compare the performance of SnO2 sensor material before and after doping.
Figure 5 presents the sensing response of SnO2 and 5C0:SnO: towards 1000 ppm C2HsOH/N2 gas. The sensor response
increased from 1.1 x 108 to 3.3 x 103, indicating a sensitivity approximately three times higher than undoped SnO2. Although the

response time taken by both samples was 60 seconds, 5C0:SnO:2 exhibited better recovery than SnO..
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Figure 5 The ethanol sensing response of SnO2 and 5Co0:Sn0: at 450 C.

In the initial stage of the ethanol sensing test, the oxygen molecules from the surrounding environment adsorb on the
surface of the SnO2 and 5Co0:Sn0Oz2, and then, trapping the electrons from the conduction band of the sensor material. As the
sensor operates at 450°C, the oxygen molecules undergo ionization, mostly forming O? (ads). The observed increase in the
initial resistance of the 5C0:SnO2 sensor can be attributed to the reduction in bandgap energy. This reduction facilitates the
oxygen molecules adsorbed on the sensor surface to capture electrons more effectively from the conduction band.
Consequently, the electron depletion layer experiences an increase in thickness, leading to a significant rise in the initial
resistance of 5C0:Sn0Oz in comparison to SnO2 [25].

02 (gas) — 03 (ads) (4)
05(ads) +4e — 202 (ads) (T = 400°C) (5)
Upon introducing ethanol gas, the molecules reacted with chemisorbed oxygen species, O? (ads), present on the
sensor surface and released electrons back. Consequently, this causes a narrowing of the electron depletion layer, decreasing
the resistance value. The corresponding reaction is shown in equation (4) and (5) [5].

C,H50H (ads) + 602 (ads) — 2C0,(gas) + 3H,0 (gas) + 2e (6)

Based on the physiochemical characterization, the gas sensing performance of the 5Co:SnO: towards ethanol gas in
this study can be attributed to the smaller size of the nanorod, which increases the surface area, thereby a greater number of
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catalytically active sites available for adsorption. In addition, both the existence of oxygen vacancies [26, 27] and band gap
narrowing may further facilitate the charge transfer between ethanol gas and the sensor surface [18, 19].

4.0 CONCLUSION

In summary, cobalt doped SnO2 nanorods has been successfully produced via a simple hydrothermal method. The findings
indicate that incorporating Co into SnO: crystal lattice led to changes in physicochemical properties, particularly band gap
reduction, particle size reduction and the formation of oxygen vacancies. The ethanol gas sensing test was conducted on both
SnO2 and 5C0:Sn0O2 samples at 450°C. The results demonstrated that the ethanol sensing response significantly improved after
doping with Co. Thus, the Co-doped SnO2 nanorods exhibit significant potential as a viable material for ethanol sensors in
applications requiring higher operating temperatures.
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