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Abstract. A facile approach was employed for the synthesis of cobalt oxide nanorods (NRs) using
cobalt nitrate, sodium oxalate and ethylene glycol as precursors via a hydrothermal process. The
hydrothermal conditions, such as temperature and time, were varied to optimize the morphological
characteristics of the NRs. After undergoing filtration, washing, and drying, the resulting mate-
rial was characterized using several techniques, including scanning electron microscopy, energy-
dispersive X-ray spectroscopy, X-ray diffraction, and transmission electron microscopy (TEM).
Our findings reveal that the NRs exhibit diverse morphologies, depending on the hydrothermal
conditions, with the smallest aspect ratio observed when prepared at 200°C for 24 hours. In addi-
tion, we investigated the gas sensing capabilities of the NRs to ammonia under these conditions.
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1. Introduction

Cobalt oxide (Co30y) is a significant transition metal oxide with magnetic and p-type semi-
conductor properties, exhibiting direct optical band gaps at 1.52 and 2.13 eV [1]. This compound
has garnered significant attention for its potential applications in the fields of supercapacitors [2],
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lithium-ion batteries [3, 4], and particularly gas sensors [5,6]. Co3zO4 belongs to the spinel-type
metal oxide group, with the cubic phase being the most common crystal structure [7]. Various
wet chemical methods have been employed to synthesize Co3O4 nanoparticles [8], nanocubes [9],
nanosheets [10,11], nanotubes [12], nanowires [13], nanowalls [14], hollow polyhedrons [15], and
hierarchical nanostructures [16—18].

Among the nanostructured Co304, one-dimensional (1D) nanostructures are considered to
be the best morphology to improve gas sensing properties due to their high reaction surface and
great miniaturization potential. Furthermore, 1D nanostructures are beneficial due to their unique
advantages of a large length-to-diameter ratio and high charge carrier mobility.

Numerous research endeavors have been dedicated to the development of synthetic method-
ologies for the growth of cobalt oxide nanostructures, encompassing hydrothermal [19], electro-
spinning [20], chemical vapor deposition [1], sputtering [21] and pulsed laser deposition [22],
among others. However, most of these deposition techniques entail demanding parameters such
as high temperature, high vacuum, and complex reaction conditions, which ultimately lead to high
production costs and impede widespread utilization of these materials. In comparison to other
methods, the hydrothermal synthesis approach has garnered the most attention due to its facile
operation and low power consumption, rendering it an attractive option for large-scale production
of cobalt oxide nanostructures.

In this work, the obtained nanorods were synthesized via a hydrothermal process without
surfactants. The first demonstration that porous CozO4 nanorods can be prepared by an ethylene
glycol-mediated process was published by our group in [23]. This study will investigate the mor-
phological dependence of Co3zO4 nanostructures on the time and temperature of the hydrothermal
process.

2. Experiment

Ethylene glycol (EG) (CH,OH), (> 99%), sodium oxalate Na;C,O4 (> 99.5%), and cobalt
nitrate hexahydrate Co(NO3), - 6H,0 (> 98%) were acquired from Sigma Aldrich (Germany) and
utilized without additional purification.

The Co304 nanorods were created using a straightforward hydrothermal process. A com-
mon process involved dissolving cobalt nitrate and sodium oxalate in 50 ml of an ethylene glycol
and water solution, followed by the addition of potassium oxalate. After vigorous stirring, a pale
pink solution was produced. To guarantee that Co?* ions were evenly distributed throughout the
solution, two hours of nonstop magnetic stirring were used. After that, the solution was put into a
100 mL Teflon-lined stain-less steel autoclave. At diverse values of time of 3 h, 24 h and 48 h and
temperatures of 120°C and 200°C, the autoclave was sealed and heated, the autoclave was heated
following the heating procedure. The precipitated products were recovered by filtration, washing,
and drying at 60°C. As a result, a powder product was obtained. Finally, the obtained materials
were loaded into an alumina boat and inserted into a tubular furnace for calcination at 400°C for
2 h. The polycrystalline Co304 nanostructures were obtained by the calcination of this pink-green
precursor, consisting in cobalt oxalate hydrate (CoC,04 - 2H;0) short nanorods, at 400°C (Fig. 1).

The as-prepared material and the calcinated nanowires were characterized and analyzed by
using X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy
dispersive spectrometry (EDS) and high-resolution transmission electron microscopy (HRTEM).



Hoang Thi Lan Anh et al. 275

CO(N03)2.6H20;
(CH‘)()H)‘!; H,0

Room

temperature v

Na,C,04 —b[ Solution 1 ]

Stir 600 t1pm | Room
2h § temperature

(ominz )

A 4

[ Hydrothermal ]

Varying time and

temperature &

[ Filter, Dry ]

¥

Powder Calcination 400 °C
C0C,0,.2H,0 2h Co;0

Fig. 1. Synthetic procedure of Co3O4 nanostructures at various times and temperatures.

The XRD analysis was performed using a Bruker D5005 X-ray diffractometer with CuKo 1 radia-
tion (A = 1.5406 A) at 40 kV and 40 mA. SEM images were obtained using a JEOL7600 scanning
electron microscope at an accelerating voltage of 20 kV. Transmission electron microscopy (TEM)
and electron diffraction images of the calcinated material were obtained using a JEOLJEM-2100
transmission electron microscope at an accelerating voltage of 200 kV.

The as-prepared material was uniformly coated onto interdigitated platinum electrode ar-
rays that were deposited on silicon substrates to form a thick sensing film. The resulting sensor
was annealed in air at 400°C for 2 hours to enhance the stability of the material and improve adhe-
sion between the material and the electrodes. The electrical resistance of the sensor was monitored
using a Keithley 2602B source meter (Keithley, Solon, OH, USA) during cyclic exposure of NH3
diluted in air (baseline gas) with the assistance of mass flow controllers (Kofloc, 3660, Korea) [24].
Pulses with analyte concentrations varying from 25 to 500 ppm were released, and the total gas
flow was maintained at a constant rate of 400 sccm throughout the measurements.

The measurements were conducted using a home-built system, and the sensor’s resistance
was recorded at temperatures ranging from 200°C to 350°C, with steps of 50°C. For a gas sensor
based on p-type metal oxide semiconductor, the resistance of the device increases when exposed
to reducing gases. The sensor response, denoted as S=R,/R;, where R, and R, represent the stable
resistance of the device exposed to the target gas and air, respectively.

3. Rerults and discussion

3.1. Effect of synthesis time and temperature

The hydrothermal process was employed to regulate the morphology of the as-prepared
cobalt oxalate nanostructures, with the time and temperature acting as the controlling factors.
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SEM images of the cobalt oxalate nanorods synthesized at 120°C for 3 hours, captured at various
magnifications, are presented in Fig. 2. The images indicate that the obtained nanorods possess a
diameter ranging from 300 to 500 nanometers, with lengths varying between 1 and 5 micrometers.

Fig. 2. SEM images of as-prepared cobalt oxalate nanostructure at 120°C for 3 h at dif-
ferent magnifications: A) low magnification, B) high magnification.

Following the initial hydrothermal synthesis at 120°C for 3 hours, the temperature was
maintained, while the process time was extended up to 48 hours. The obtained product was char-
acterized and displayed in Fig. 3, which shows SEM images of the cobalt oxalate nanorods cap-
tured at different magnifications. The images reveal that the diameter of the nanorods ranged from
500 to 700 nanometers, while the length varied from 2 to 5 micrometers. Notably, the nanorods’
size increased, while their length remained relatively unchanged. Furthermore, the border of the
nanorods appeared less distinct, and some of the nanorods appeared to merge.

Fig. 3. SEM images of as-prepared cobalt oxalate nanostructure at 120°C for 48 h at
different magnifications: A) low magnification, B) high magnification.

To investigate the impact of the hydrothermal temperature on the morphology of the cobalt
oxalate nanostructures, the hydrothermal time was held constant at 3 hours, while the process tem-
perature was increased to 200°C. The SEM images of the resulting cobalt oxalate nanostructures
synthesized at 200°C for 3 hours are displayed in Fig. 4.
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Fig. 4. SEM images of as-prepared cobalt oxalate nanostructure at 200°C for 3 h at dif-
ferent magnifications: A) low magnification, B) high magnification.

It can be seen that the diameter of the nanorods ranged from 800 nm to 1 um, while the
length varied between 6 and 10 um. This condition resulted in longer and wider nanorods in
comparison to those prepared at 120°C/3 h (Fig. 2).

Subsequently, the process temperature was maintained at 200°C while the process time
was extended to 24 hours. Under this condition, we obtained nanorods that were long in length
but small in width, possessing a clear border. The SEM images of the synthesized nanorods
captured at various magnifications are presented in Fig. 5. The obtained nanorods were uniform
and smooth, with a diameter ranging from 500-800 nm and lengths varying between 10-20 pm.

Fig. 5. SEM images of as-prepared cobalt oxalate nanostructure at 200°C for 24 h at
different magnifications: A) low magnification, B) high magnification.

Then time of the hydrothermal process were raised till 48 h while the temperature was still
kept at 200°C. At this condition of synthesis, morphology of nanorod was destroyed, as shown in
Fig. 6. While at the same condition of time of 48 h, but at the condition of temperature of 120°C,
the morphology nanorod was still kept as shown in Fig. 3.

Therefore, after investigating effect of time and temperature of synthesis process on mor-
phology of nanostructures, it is transparent to confirm that 200°C/24 h is the best condition to
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achieve smooth nanorods with small aspect ratio. This condition of synthesis was chosen for
further characterizations in the current study.

Fig. 6. SEM images of as-prepared cobalt oxalate nanostructure at 200°C for 48 h at
different magnifications: A) low magnification, B) high magnification.

3.2. Composition and Structural properties

The elemental composition of the sample was analyzed using EDS and EDS mapping tech-
niques. The EDS elemental spectrum presented in Fig. 7a confirms the presence of cobalt (Co),
carbon (C), and oxygen (O) elements in the as-prepared sample. Furthermore, the EDS mapping
image (Fig. 7b) demonstrates that the distribution of Co, C, and O elements in the CoC,04 - 2H,0
nanorods was uniform throughout the entire cobalt oxalate hydrate sample.

Figure 8 displays the X-ray diffraction (XRD) patterns of cobalt oxalate nanorods obtained
after hydrothermal treatment at 200°C for 24 h, as well as cobalt oxide nanorods after heat treat-
ment at temperatures ranging from 300 to 700°C for 2 h. The XRD pattern of the cobalt ox-
alate sample after hydrothermal treatment (represented by the black curve) displays four distinct
diffraction peaks located at 20 angles of 18.8°, 19.2°,22.9°, and 30.4°. These peaks correspond to
the (-202), (200), (002), and (-402) planes of the monoclinic structure of cobalt oxalate CoC,0y -
2H,0, which is in agreement with the JCPDS spectrum library (tag 025-0251) for CoC,04 - 2H,0.
The XRD patterns of the Co304 samples after heat treatment at temperatures ranging from 300
to 700°C display prominent diffraction peaks located at 20 angles of 31.4°, 36.9°, 44.9°, 59.4°,
and 65.3°. These peaks correspond to the (220), (311), (400), (511), and (440) planes of the cubic
structure of Co304, which is in agreement with the JCPDS spectrum library (card 042-1467) for
Co304. No additional diffraction peaks were detected, indicating the formation of a pure crys-
tal structure. The (311) plane exhibited the highest intensity in all samples after heat treatment,
indicating preferred growth in this direction. Moreover, the diffraction peak at 36.9° exhibited
higher intensity compared to that of the Co30,4 sample after hydrothermal treatment, indicating
the formation of Co304 crystals after heat treatment.

The sample morphology was characterized using FE-SEM and HRTEM, and the results are
illustrated in Fig. 9, respectively. The image in Fig. 9a shows the morphology of the annealed
Co304 porous nanorods, which are comprised solely of nanorods with an approximate diameter
of 200-300 nm. No other morphologies were observed, indicating that the Co304 nanorods were
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formed through the assembly of numerous nanoparticles. The SAED image (inset) confirms that
the obtained Co3O4 nanorods are polycrystalline.

Fig. 7. a) EDS spectrum and b) EDS mapping of as-prepared cobalt oxalate nanorods at

200°C for 24 h.
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Fig. 8. XRD of as-prepared cobalt oxalate nanostructure at 200°C/24 h and annealed at
300°C; 400°C; 500°C; 700°C. Inset: XRD of as-prepared cobalt oxalate nanostructure at

200°C for 24 h.

Fig. 9. A) FE-SEM image of the annealed Co304 polycrystalline nanorods, B) TEM
image of the annealed Co3 O, polycrystalline nanorods. Inset: SAED image of the Co3Oy4

polycrystalline nanorods.

This finding is reinforced by the HRTEM image in Fig. 9b, which clearly illustrates the
presence of nanoparticles with a width ranging from 10-30 nm, consistent with the SEM result.
Together, these observations provide robust evidence that the synthesized Co3O4 nanorods possess
a porous structure composed of interconnected nanoparticles.

3.3. Gas sensing property
The Co304 nanorods synthesized at 200°C for 24 h then annealed at 400°C for 2 hours were
chosen to investigate ammonia sensing performance. The resistance change of a Co3zO4 sensor
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over time was examined at various operating temperatures (350, 300, 250, and 200°C) and NHj3
gas concentrations (25, 50, 100, 250, and 500 ppm). The results, presented in Fig. 10, provide
insight into the gas sensitivity of Co3O4 materials to NH3 gas.

Figure 10a displays four real-time resistance change curves of the CozO4 nanorod sensor
at different operating temperatures. Upon exposure to NH3 gas, the sensor’s resistance increased
and then returned to its original value upon removal of the gas source. This indicates the p-
type semiconductor properties of the Co304 material. The gas sensing results reveal that the
background resistance tends to increase with decreasing operating temperature. Specifically, at
350°C, the background resistance reached approximately 360 Q and increased to approximately
6250 Q at 200°C. At the operating temperature of 200°C, the sample resistance did not recover to
the background resistance after gas exposure.
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Fig. 10. Response to NH3 of the Co304 sensor prepared at 200°C/24 h: (a) Transient
resistance verse response time to 25-500 ppm at various working temperatures 350°C

- 200°C, (b) Response to diverse concentrations 25-500 ppm at different temperatures
350°C - 200°C.

Figure 10b displays the response calculated from Fig. 10a. The results indicate that at
the operating temperature of 250°C, the Co3QO4 sensor exhibited the highest response to 500 ppm
NH3; gas (S=1.54 times). Conversely, when exposed to 100 ppm NHj3, the response of the mate-
rial was only 1.13, 1.35, 1.31, and 1.15 at operating temperatures of 350, 300, 250, and 200°C,
respectively. The sensor’s response increased with increasing gas concentration. In the low gas
concentration range, the Co3zO4 sensor exhibited a higher response at the operating temperature of
300°C than at other operating temperatures. It is clear that the Co304 nanorod sensor exhibits the
best performance at the operating temperature of 300°C.

Co304 is a well-known p-type semiconductor, typically exhibiting this behavior under stan-
dard preparation conditions. However, upon exposure of CozO4 nanorods to air, oxygen molecules
tend to adsorb onto their surface, taking the form of O" and O* ions. This can result in a high cov-
erage of adsorbed oxygen ions that trap electrons within the nanostructure, ultimately increasing
the number of charged holes and enhancing its conductivity in these conditions. When ammonia
is introduced to the devices, its molecules react with the adsorbed oxygen, leading to the release
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of the trapped electrons back into the nanorods layer. This process ultimately reduces the number
of holes and results in a corresponding increase in sensor resistance.

Table 1. The comparison of ammonia sensing performance of Co304 nanomaterials in
recent literature.

Material Method T ("C) NHj3 conc. (ppm) Response Ref. (Year)
Co304 nanofibers Electrospinning 350 200 1.4 [25] (2023)
Co0304/Ag,0 nanorods Hydrothermal 90 20 No response [26] (2022)
Co304 nanorods Hydrothermal 200 20 No response [27] (2021)
Co0304/Cr nanorods Hydrothermal 325 5 1.2 [28] (2014)
Co304 nanorods Hydrothermal 300 100 1.35 This work

To evaluate the sensing capabilities of the Co304 nanorods we synthesized, we conducted a
comparative analysis with prior research and compiled the results in Table 1. Our findings demon-
strate that our fabricated sensor exhibits better performance in detecting NH3 when compared to
previously reported results.

4. Conclusion

This report discusses the hydrothermal synthesis of CozO4 nanorods using ethylene glycol.
The influence of synthesis time and temperature on the formation of CoC,04 - 2H,O nanorods was
examined. The preparation condition at 200°C for 24 hours gave the best cobalt oxide nanorods.
Furthermore, the gas sensing properties of the synthesized Co3O4 nanorods towards NH3 gas were
studied. The sensor constructed using CozO4 nanorods exhibited optimal response to NH3 at the
operating temperature of 300°C.
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