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A B S T R A C T 
 

Among the existing metal-oxide gas sensors, cobalt oxide has the flexibility to revise the morphology through Cr- 
dopant to enhance sensing properties. Sensitive-surface of the chromium-doped cobalt oxide has proven its 
effective sensing nature to hydrogen sulfide gas. Interestingly, chromium-dopant increases the surface area, 
leading to particle size reduce and produces the more active sites for gas molecules. Also, the dopant creates 
impurity phases on the material which extends the sites for more reaction. To confirms these characteristics, the 
photoluminescence spectra showed intense peak that mimics the faster transport of electron to accelerate the 
sensing reaction. According to sensing measurement, the doped sensor is showing three-fold increase of response 
to 10 ppm gas and also, it detects the 2 ppm efficiently. The doped sensor warrants the stable response to gas due 
to higher reproducibility. Notably, the doped sensor detects the 1 ppm of gas at 120 s and recovery itself around 
200 s. The doped sensor imparts response at room-temperature, affirming sensitive-surface. The doped sensor has 
shown the capable under humidity environment through response. 

 
 

 
1. Introduction 

 
Growing population has increased the industries of petroleum 

refining, natural gas production, waste water management, coal mining 
and paper mills[1]. These industries produce the poisonous and flam- 
mable hydrogen sulphide and also, drainage water release the same gas 
[2]. It makes different health disorders in accordance to the concen- 
tration level [3]. On the other hand, hydrogen sulfide caused corrosion 
which harms metallic equipment [4]. A portion of fuel gases containing 
H2S gas and it can oxidize to SO2 which causes air pollution [5,6]. 
Hence, detection of the H2S is crucial [7]. In past, there are number of 
research works regarding the development of various H2S sensors which 
couldn’t demonstrate sensing at room temperature (≥ 3 5 ̊ C). Most of the 

reports revealed high-temperature sensing operations (≥ 2 6 5 ̊ C) [8–12]. 
Selection of potential sensor materials is one of the critical issues in 

sensor technology. Among different metal oxides, the cobalt oxide is 

formed as two-component system (CoO and Co3O4). The two-component 
system enriches the adsorption sites for gas sensing. Cobalt oxide (Co3O4) 
is easily fortified for room-temperature sensing applications through 
doping [13–15]. Basically, it has hexagonal closed packed, face-centred 
cubic and epsilon crystal structures [16]. In oxide form, cobalt carries 
different spin states such as high, low and intermediate for obtaining 
better optical properties which can be used for gas sensors, solar cells, 
energy storage devices, field effect transistors, anode mate- rials in 
batteries and photocatalyst etc [17–19]. The applications of cobalt oxide 
are closely related to its particle size. Nowadays, the experimental 
production of the cobalt oxide has increased due to its high adsorption 
rate, considerable surface defects and fast diffusivity. Crys- tallite size of 
the cobalt oxide impacts their phase formation and oxi- dation/reduction 
reaction [20]. If the size of the nanoparticle is 20 nm, the redox activity of 
cobalt-based nanoparticle is uncertain which can be piloted  by  fast  
kinetics,  small-size,  oxide  support  and  uniform 
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distribution of nanoparticles [21,22]. It ample the electron migration 
during sensor detection which turns more reliable for sensors applica- 
tion [23]. Long-term thermal stability, good conductivity and better 
mechanical strength have enables to use as an energy-related device [24, 
25]. 

As above-mentioned properties are warranting the good sensing 
nature. Here, the material suitability is determined by the active sites and 
electrical conductivity. The access of active sites is reduced by low 
electrical conductivity which adversely reflect on the performance of 
envisaged sensor material [26]. Hence, different approaches such as 
doping, control the growth of metal phase, incorporation of vacancies and 
conductive support are being utilized to enhance the electrical 
conductivity [27–29]. These approaches have been enriched through 
nano-structuring process which affords a huge reactive site with large 
specific surface area. Also, lowering electronic energy promotes the high 
conductivity [30–34]. Even though, a wide range of research activities is 
performed in this area, it is still difficult to create cobalt oxide-based 
materials with better electrical nature. Here, the doping approach is used 
to examine the cobalt oxide -based nanomaterials for H2S gas sensing 
application. 

Chromium oxide is high temperature resistant material which as- 
sures the low-operating temperature for gas sensor application [35]. It 
has shown ability to control particle size and producing small-size par- 
ticles with high activation energy. Also, it has high reproducibility, 
low-response to water vapor and high response to target gas, suggesting 
moderate stability [36]. Chromium oxide is a selective material as 
compared to other metal oxides because it reacts into two different ways 
such as lattice oxygen and interacting through surface state [37]. This 
means that the reaction time of chemisorption at the surface is signifi- 
cantly less than the time it takes for adsorbed species to diffuse into bulk. 
The use of a binder is not necessary because the chromium oxide par- 
ticles cling tightly to another particle and substrate [38]. Chromium oxide 
also endows low resistivity, antiferromagnetic and good optical nature 
which is added advantages for sensor. Moreover, the chromium can be 
easily doped into the cobalt lattice, maintaining host matrix phase 
[39]. The chromium oxide properties listed above may support the 
substantial sensing results. 

Here, the sensor material is synthesized by simple and effective 
chemical co-precipitation method. The particle size is reduced due to the 
doping. Through doping, the morphology of the material is greatly revised. 
In this work, the Cr-doped sensor outperformed the undoped sensor. The 
doped sensor performs well in both platform of room and higher 
temperature. The sensor senses the minimum and maximum of H2S gas 
(1–100 ppm). The sensor response is enhanced by Cr doping. Also, the 
doped sensor has quickly detected the H2S gas. The objective of the work 
is to reduce the operating temperature and flexible the surface through 
dopant. These helps to change surface area and influence the sensing 
reaction greatly. In addition to these, charge transfer and defects states 
are achieved. 

 
2. Experimental details 

 
2.1. Chemicals 

 
The source materials of cobalt(II) nitrate hexahydrate (Co (NO3)2⋅6 

H2O) and chromium(III) nitrate nonahydrate (Cr (NO3)3⋅9 H2O) were 
purchased from Sigma-Aldrich. The sodium hy- droxide pellets (NaoH) is 
obtained from Nice Chemicals Limited. The glass items are procured from 
Borosil company. 

 
2.2. Synthesis of Co3O4 and Cr-doped Co3O4 nanoparticles 

 
The cobalt nitrate and chromium nitrate nonahydrate were dissolved 

into separate 100 mL water contained beaker according to stoichiometry 
(CrxCo3—xO4 : x = 0.0, 0.2, 0.4). These materials are stirred well using 
magnetic stirrer. The solution of chromium is poured to the cobalt 

solution and stirrer again till to obtain homogeneous solution. The 
precipitate agent of sodium hydroxide solution was added (dropwise) 
solution until to reach pH 11. The precipitate is washed with Milli-Q water 
to eliminating sodium hydroxide and unreacted impurities. Later, the 
precipitate is dried through microwaves, and it grounded manually 
(mortar-pestle). Finally, the product was annealed at 400 ℃ 
for 4 h to get rid of organic contaminants. 

 
2.3. Characterizations 

 
Crystallographic reflection planes of prepared nanomaterial is ob- 

tained from the X-ray diffraction patterns (D8 Advanced Eco Bruker 
Germany). Surface appearances is confirmed through field-emission 
scanning electron microscopy (ZEISS GeminiSEM 500 Acceleration 
voltage 0.02 – 30 kV) and transmission electron microscopy (Technai G2 
30 operated at 200 kV) digital images. Outward chemical composition, 
oxidation states and surface functionalization were analyzed through X- 
ray photoelectron spectroscopy (XPS, AXIS Supra+). Absorption band 
edges are located through UV absorbance measurements (Jasco UV V- 
770). Structural defects are studied from luminescence spectrums (FP- 
8300). Raman spectroscopy was used to analyze the phase purity of 
Co3O4 and Cr-doped Co3O4 nanoparticles (Laser Raman Invia II). Sur- 
face area measurement is done through BET (BELSORP-maxII-Constant 
volume gas adsorption method + AFSM). Gas sensing measurement is 
carried out with custom-made chamber. The gas sensor testing device 
was composed of gas chamber which was computerized controlled for 
measuring temperature and gas concentration. The signal of the sensors 
are collected by computerized data acquisition system; a computerized 
upgrade version of Figaro gas sensor test chamber. The ratio of the 
sensor resistance in an air flow (Ra) to its steady-state resistance in an 
analyte gas flow (Rg) is referred to as the gas response. The response is 
measured at 20 — 5 0 0 ̊ C by switching between the mixture of gas and dry 
air. Sensing setup is shown in Fig. S1. 
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Fig. 1. The XRD patterns of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles. 
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3. Results and discussion 
 

The XRD patterns of the Co3O4 and Cr-doped Co3O4 nanoparticles 
are displayed in Fig. 1 wherein, the formation of cubic crystal structure 
is confirmed. The cubic phase is retained after the substitution of Cr into 

a cobalt lattice. The (022), (113), (004), (115) and (044) reflection 
planes of XRD are ideally matched to the cubic Co3O4 phase (JCPDS card 
no: 98–017–3820), corroborating the growth of expected product. It is 
noted that all reflection planes are consistent. This suggests that cubic 
symmetry of cobalt lattice has not been altered during the substitution of 
chromium[40]. A systematic peak shift is not noticed at initial substi- 
tution of chromium. The (022) and (113) reflection planes attain higher 
angle shift and rest of the reflection planes shift to lower angle. This 
infers that some chromium ions occupy interstitial positions which is 
responsible for higher angle shift. Rest of the chromium replaces cobalt, 
indicates lower angle shift. The reflection planes follow the systematic 
shift mimicking the lower angle shift due to the increase of Cr substi- 

tution. Besides, the change of d-spacing values confirms the lower angle 
shift. Also, the lattice constant is varied from 8.069 to 8.075 Å which 
affirms the d-spacing change. Owing to the chromium substitution, the 
width of the peaks is broadened and intensity of the peaks decreased, 
suggesting decrease of crystallite size[41]. The crystallite size is calcu- 
lated using Scherrer formula and it shows decrease of crystallite size 
from 34 nm for Co3O4 and 23–18 nm for Cr-doped Co3O4. The expansion 
of surface area is associated with gradual decrease of crystallite size[42]. 

Fig. 2(a-c) demonstrates the effect of Cr doping on the surface 
morphology of Co3O4 nanoparticles. The microstructure of the Co3O4 
nanoparticles have petal morphology. These petals avail smooth sur- 
faces which is oriented in different directions and distributed non- 
uniformly. Moreover, the nanoparticles are linked to each other parti- 
cles by forming necklace like architecture. On incorporating Cr into 
Co3O4, the petal morphology translates to the spherical. Furthermore, 
the size of the particles is also reduced. Fundamentally, the smaller 
spherical particle avail high surface area for enhancing the adsorption of 

gas molecules. On increasing the Cr concentration, the particle size is 
decreased further. Along with spherical nanoparticles, few nanoflakes 
are observed in the microstructure of Cr-doped Co3O4, suggesting the 
chromium impedes the growth of nanoparticles. Also, the chromium 
substitution increases the particle size distribution[43]. EDS of the all 

materials is displayed in Fig. S2. 
Fig. 3a displays the petals shape of undoped Co3O4 crystallites. Due 

to doping of chromium, these petal particles endure the size and struc- 
ture change, as shown in Fig. 3(b-c). With an increase in dopant con- 
centration, the size of the Cr-doped cobalt is clearly decreased. There is no 
obvious change in crystal structure of Co3O4 on Cr doping as selected area 
electron diffraction do not show substantial difference in Fig. 3(d- f). After 
Cr doping, the bright dotted rings are intensely visible, sug- gesting the 
changes of crystallinity. Each ring corresponds to (022), (113), (004), 
(115) and (044) reflection planes of the Co3O4. The par- ticle size 
distribution measurements are shown in Fig.S3. The undoped and doped 
Co3O4 showed 14–20 nm average particle size. The change in particle size 
after doping is clearly noticed. The surface area of the nanomaterial is 
4.54, 10.32 and 36.85 m2/g which indicates the surface 

area increase (Fig. S4). The dopant chromium enhances the surface area 
for gas sensing reaction. 

The XPS spectrums of undoped and doped sensors reveals presence of 
respective elements as shown in Fig. 4(a-c), confirming successful 
incorporation of Cr into Co3O4 lattice. The XPS spectra of O 1 s are fitted to 
M-O (527.62 eV), O-H (529.37 eV), H2O (532.19 eV) and M-OH 
(527.59 eV). In the O 1 s spectra, the undoped cobalt oxide has higher 
M-O bond, absorbed OH groups and adsorbed H2O on the surface[44, 
45]. The peak of H2O and OH is shifted to lower BE due to the strong 
shielding of surface electrons[46]. The higher M-O bond may be linked 
to the different oxidation state of Co2+ showing the possibilities to in- 
duces more O- species[45]. Due to doping, the binding energies of the 
spotted peaks accomplish shift as outcome of decrease in the binding 
energy. Additionally, M-OH bond is present at the initial concentration 
of Cr doping which manifests the moderate d-electron occupancy of 
orbital[47]. On doping of Cr, the sequel of binding energy decrease is 
increased further, implying oxygen atoms are bind to the mixed oxida- 
tion state of cobalt and chromium[48]. The cobalt is fitted to Co 2p3/2 
(777.64 eV), Co 2p1/2 (793.07 eV) and two satellite peaks[49]. The binding 
energies associated with these fitted peaks are reduced due to doping 
which is also confirmed from FWHM of an individual peak. The dopant Cr 
is fitted to Cr 2p3/2 (582.38), Cr 2p1/2 (583.77), Cr3+-OH (576.4 eV) 
and Cr3+-OH (575.62 eV). Among these peaks, Cr3+-OH and Cr3+-O peaks 
indicate involvement of secondary chromium oxide (im- purity) on the 
surface of the host material[50]. The impurity is increased with dopant 
concentration. Such impurity enhances the surface charge density which 
can be endowed the better adsorption to gas molecules [51]. 

Fig. 5 depicts the Raman spectra of Co3O4 and Cr-doped Co3O4 
nanoparticles. The undoped Co3O4 nanoparticles display vibration of 
694.39 cm—1 for stretching mode, assuming the presence of moderate 
oxygen. In addition, low-intensity implies poor crystallinity. The posi- 
tion of 694 cm—1 peak is shifted to higher frequency and also, additional 
peak is observed along with intensity enhancement in the aspect of 
doping. In spectra, the peak appeared at 523.32 cm—1 has designated to 
Cr-vibrational mode[52]. Positive peak shift and higher intensity are 
corroborated. On further doping, the higher intensity peak of 696 cm—1 
undergoes to negative shift, promising the higher oxygen defects[53]. 
Also, the low-intense peak of 487 cm—1 reveals the same negative shift 
but Cr-related peak shows the positive shift, suggesting increase of Cr 
content in Co3O4. In addition to this, the major peak at 694 cm—1 is 
directly connected to the lattice distortion. Usually, the peak at 
694 cm—1 represents the active mode of sub-lattice and higher number 
valency cations present in the mode. Lattice distortion has originated 
from the above-mentioned sub-lattice shift[54]. According to Raman 
shift investigation, the obtained peaks are well related to the phase of 
Co3O4 [55]. 

Fig. 6(a-f) shows the absorbance spectra and Tauc’s plot of undoped 
Co3O4 and Cr-doped Co3O4 nanoparticles. The undoped Co3O4 nano- 
particles demonstrate the two absorption band edges around 476 and 712 
nm [56]. The first band edge accords to visible region and later band edge 
conforms to near-infrared region. The observed visible and near-
infrared region band edges are ascribed due to the charge transition 

 

 
Fig. 2. (a-c) FE-SEM images of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles. 
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Fig. 3. TEM images of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles.: (a-c) microstructure, (d-f) SAED. 

 

Fig. 4. XPS spectra of (a) O 1 s, (b) Co 2p and (c) Cr 2p of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles. 
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Fig. 5. Raman spectra of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles. 

 
from O2- to Co2+ and O2- to Co3+ processes [57]. The two-band edge 
elevation in the material is caused by cobalt +2 oxidations (Co2+) [41]. The 
Cr-doped Co3O4 nanoparticles disclose similar band edges but their 
wavelength attain shift. Therefore, the Cr dopant influences the absor- 
bance properties of the Co3O4 nanoparticles. At low-level doping, the first 
band edge shifts to lower wavelength and second band edge shifts to 
higher wavelength. The obtained band edges are directly changing the 
band gap energy of the Co3O4. Similar type of shift is observed at higher 
concentration of chromium doping. The shorter and longer wavelength 
shift implies two band gap energies and its change. However, the elec- 
trons are localized and corresponding interaction to localized states 
results in change of the bandgap energy. The band edge to 
neared-infrared region is shifted to longer wavelength, suggesting red-
shift. According to FE-SEM and TEM results, the particles could 

suffer to a drastic size change, replicating the particle size reduction. The 
increase of band gap energy can be assessed by bulk defects, indicating 
delocalization of molecular orbitals in the conduction band. Also, it 
forms the deep traps in electronic energy. Hence, band edge shift to longer 
wavelength mimics red-shift of the absorption spectrum [58]. Cr may 
produce disorder in the host lattice such as micro-strain, point defects, 
angle distortion which provokes the localized density of states to the 
absorption, responsible for the variation of band edges [59]. In other 
hands, the band edge at visible region corresponds to blue-shift. Here, the 
band edge is shifted to lower wavelength and it is sequential. The 
prepared material may consist of nanoparticles of different size. Blue shift 
has speculated from bandgap decrease. Also, 20 nm nanoparticles are 
spotted, causing blue-shift [60]. Owing to the Cr doping, the Fermi energy 
levels over the heterojunctions may change to altering bandgap energy. 
From Tauc plot, the involvement of two bandgap energies im- plies the 
degeneracy of the valence band, suggesting effective charge transfer 
process. The first red-shift type bandgap energy is owing to the internal 
oxidation-reduction to unit cell of Co3O4 i.e from Co3+ to Co2+ and second 
blue-shift type bandgap energy is due to the inter-band transitions i.e. 
from O2- to Co2+ which can be considered as absolute bandgap energy [61]. 
Fig. 7 rolls out the photoluminescence spectrum of undoped Co3O4 and Cr-
doped Co3O4 nanoparticles. In this respect, the undoped Co3O4 
nanoparticles endow multiple emissions. Although, the deep level 
emission peak at 460 nm corresponds to the defects. In this case, the sharp 
peak at 284 nm and strong peak 339–392 nm represents the UV region 
whereas the rest of the peaks are associated to visible region. Collective 
emission in UV and visible region of the undoped Co3O4 nanoparticles 
confirmed good crystallinity[62]. The Cr-doped Co3O4 nanoparticles 
emission is akin to the undoped Co3O4 nano- particles but peak is shifted 
to longer wavelengths. Also, the intensity of the photoluminescence 
spectrum increases. Such high intensity delivery implies the possibility 
of electron-hole recombination[63]. The observed red-shift is assigned 
to the defects[64]. Besides, the high in- tensity indicates the high density 
of impurity-defect[65]. Further sub- stitution of chromium to cobalt 
lattice, the intensity of peaks is reduced. Due to that, the photogenerated 
electron-hole recombination can be suppressed. This specifies the further 
reduction of nanoparticles size. The effect of chromium to the 
photoluminescence spectrum can be 

 

 
Fig. 6. Optical spectrum of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 nanoparticles: (a-c) absorption, (d-f) bandgap energy. 
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Fig. 7. Photoluminescence spectrum of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 
nanoparticles. 

 
interpreted with the help of XPS analysis. All samples contain only the 
obvious elements like of cobalt, oxygen and chromium. Therefore, the 
radiative recombination is not related to the impurities. However, the XPS 
spectrum demonstrates that the Co3O4 and Cr-doped Co3O4 nano- particles 
(x = 0.2)have strong metal-oxygen bond with impurity as 
chromium oxide which is related to the visible region emission and 
attributed to the impurity-defects. Here, Cr-doped Co3O4 nanoparticles 
(x = 0.2) have impurity-oxide on the surface because of three peaks are 
found to be in visible region as compared to undoped nanoparticles. A high 
concentration of the Cr-doped Co3O4 nanoparticles (x = 0.4) had 
more impurity-oxide owing to the single peak at visible region. More- 
over, Co3O4 and Cr-doped Co3O4 nanoparticles expose the high intense 
peak around 284–285 nm that facilitates the electron transition from 
ground to excited state, indicating faster adsorption. The full-width half 
maximum of the intense peak attributes to the partial crystalline nature 

of the nanoparticles. The current photoluminescence spectra demon- 
strate several emission peaks, suggesting approximative outer electronic 
structure, the capacity of the oxygen atom to join with the cobalt atom is 
almost the same[66]. On the interface, impurity-defect and electronic 
defaults are easily created by oxygen atoms. Based on the above dis- 
cussion, it is clear that impurity-defects have a significant impact on 
photoluminescence emission. 

H2S gas sensing measurement of undoped and Cr-doped Co3O4 sen- 
sors is performed by resistance-based method, as shown in Fig. 8(a-c). In 
all measurements, on increasing temperature, the sensor resistance 
slumps down. This pertains to the steady conductivity increase of the 
sensor. Resistance behavior is almost identical for Ra and Rg. In this 
measurement, the Ra and Rg have maintained the difference in terms of the 
resistance values, particularly Ra has high value. The Ra unleashes same 
curvature whereas resistance in the presence of gas unveils similar 
nature for all sensors[10]. In the presence of gas, the resistance values (Rg) 
are close to the Ra with difference up to 100 ̊  C. Apart from this 
temperature, the resistance maintain large difference as compared to the 
Ra. These differences occur between 100 and 3 0 0 ̊ C and thereafter, Ra 
and Rg could be merge to each other. Due to the temperature increase, 
more and more free electrons are generated and thereby, the conduc- 
tivity of the semiconductor sensor increases. Particularly, the generation 
of free electron can be high during 100 – 300 C and it is saturated on 
further raise of temperature. Owing to Cr-doping, resistances of Ra and Rg 
are reduced partly as shown in Fig. 8b. Basically, Cr has shared additional 
electron and also, generation of free electron is more than the undoped 
sensor. Free electron may participate the recombination pro- cess by 
reducing the hole concentration and decreasing the resistance of the 
sensor material. The dopant influences the bandgap of the material and, it 
may reduce the distance between the bands which enables a fast 
movement of the electron. Two third of resistance is decreased due to 
increasing Cr-doping concentration. This low-resistance suggests the high 
response of the sensor. According to the measurements, the sensors 
validate resistance change at ambient temperature. High resistance 
change is confirmed above ambient temperature. The sensor has ability to 
operate at room and higher temperatures. The undoped and Cr-doped 
Co3O4 sensor have showed 1.72 and 2.86 responses for 2 ppm H2S gas 

 

 
Fig. 8. (a-c) Response to 2 ppm and (d-f) response to 10 ppm under different temperatures CrxCo3—xO4 : x = 0.0, 0.2, 0.4 sensors. 
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concentration. This concentration is far below the threshold limit value of 
H2S, confirming ultra-low concentration of H2S gas detection ability. The 
temperature change rate is 10 ̊ C in this measurement which is 
calibrated the by programmable software (thermocouple-wire) 

Sensor operating feasibility has decided from the working tempera- 
ture. Temperature dispenses the activation energy to the surface of the 
sensor, in turn, number of electrons released and then reacted to the 
adsorbed oxygen species [67]. In this work, the wide temperature range 
of (20 – 500 ̊  C) is used to monitor the performance of the sensor at 
10 ppm of target gas. Fig. 8(d-f) displays the response variations of 
undoped and Cr-doped Co3O4 sensors at different operating tempera- 
tures wherein nearly same nature is identified. According to sensing, 
response increases and has documented highest response at 2 3 0 ̊ C and 
then, due to the increase of temperature, response starts to decrease. The 
doped sensor has proclaimed the higher response of 7.09 which is higher 
that of undoped Co3O4 sensor at ambient temperature. As from the 
performance of the sensor, the Cr-doped Co3O4 sensor reveals more agile 
than the undoped Co3O4 sensor for detection of the target gas. Mean- time, 
the undoped Co3O4 sensor has showed a competency to sense the 
gas at ambient and higher temperatures. According to molar ratio, the 
ratio of x = 0.4 doped Co3O4 sensor records high response of 36.21. The 
dopant is also one of the primary causes for increased response. How- 
ever, the formation of oxygen species is temperature dependent. 
Furthermore, the reaction rate of target gas at 2 3 0 ̊ C is greater than the 
other temperatures, indicating high response. Such higher response is 
attributed to small size nanostructures of high surface area. 

Fig. 9(a-c) manifests the response of undoped and Cr-doped Co3O4 
sensors to target gas which is varied from 1 ppm to 100 ppm levels 
(operating temperature (OT)-230◦C). Response of individual sensor 
confirm steady increase owing to increase in H2S gas concentration. 
Moreover, all sensors exhibit their potential sensing behavior at low and 
high concentration detection. According to the results, a sensor with x = 
0.4 of Cr-doping is the most sensitive. A steep increase of the response is 
noticed within 1–41 ppm and thereafter, bending-type increase is star- 
ted. Redox activity can be used to describe the interaction between the H2S 
and oxygen species adsorbed on the sensor surface. H2S is a reducing 
gas that can played as an electron donor while adsorbed on the surface. 
Sensor reacts to adsorbed oxygen species by releasing the water and 
sulfur dioxide owing to the exposure of target gas [68]. More electrons are 
injected into the conduction band of the sensor material and, electron-
hole recombination leads to a sharp increase in the response at certain gas 
concentration. With increase of gas concentra- tion, the target gas donates 
greater number of electrons which are used for recombination [9]. 
However, due to deficient energy, some of the electrons are not able 
migrate and leaving exposed charges on dopant atom sites that are locked 
in the crystal lattice which are basically immobile during recombination 
process. After that, response shows bending-type increase. The doped 
sensor has adduced to be higher response because dopant has 
contributed few electrons to the redox 

activity [69]. As the consequence of this, several electrons are engaged 
in the adsorption process which eventually increase the response. The 
cobalt oxide-based sensor reaction is promoted by Cr-doping. Notable 
decrease in the resistance upon transitioning from air to H2S environ- 
ment appears to be beneficial for boosting activity. The interaction of 
H2S gas with the sensor surface is believed to be responsible for decrease 
in the resistance. 

Fig. 10 (a-c) shows the response and recovery time of the sensors at 
2 3 0 ̊ C. The response and recovery time values of the undoped sensor are 
respectively 140 and 200 s. The response time of a sensor is defined as 
the amount of time takes for its resistance value in air (Ra) to approach 
90% of its resistance value in the presence of gas (Rg). Analogously, 
recovery time is the length of time required after the analyte gas is 
removed to bring the resistance value in air back to 90%. In contrast, the 
Cr-doped Co3O4 sensor unleash response to target gas within 120 s and 
recovery time is 190 s. The sensor takes short duration for detection and 
longer time for recovery. The undoped and doped sensor are taking longer 
time for response and recovery at room temperature. The response time 
of the sensor is in the range of 120–140 s and recovery time lies within 
the 190–200 s. In short, the Cr-doped Co3O4 sensor is more dominant than 
undoped one in dual temperature sensing behavior. 

Fig. 11a defines the reproducibility test of the Cr-doped Co3O4 sensor 
at 2 3 0 ̊ C (30 ppm of target gas). Reproducibility test was carried out for 
five times. Initially, the response is stayed higher value and then slowed 
down gradually as per week interval. However, this sensor records the 
highly low decrease of response in first week. The sensor registers rapid 
response decrease in second week test. Thereafter, the sensor shows 
nominal response change to the rest of the test with linear regression. 
From this observation, the surface of the Cr-doped Co3O4 sensor shows 
itself as an active for adsorption of gas molecules and also, it has never 
showed a significant decrease of response. After 35 days, sensor exhibits 
minor change in its their response, indicating long-term stability. Fig. 
11b displays the response and recovery time plots of the sensor at same 
concentration of target gas and working temperature (30 ppm, 230 

̊C ) .  Before reproducibility test, the response and recovery time values of 
the sensor are respectively 72 and 88 s. This time consumption is varied 
in reproducibility test and the difference of the time is 1 s. The time 
consuming is in good agreement with the response difference which 
confirms the higher response towards target gas. The Cr-doped Co3O4 
sensor is exposed to formaldehyde, propane, butane, Xylene and H2S at 
room temperature and 30 ppm concentration is used, as shown in 
Fig. 11c. The sensor has showed responses to all gases but it records the 
high response to H2S, implying high selectivity. As compared to other 
gases, H2S has more reducing nature which changes the electron density 
upon its adsorption on the surface for better response[70]. Sensing re- 
sults of Cr-doped Co3O4 sensors are compared to the recently reported 
work, as shown in Table 1. 

According to the survey, the Cr-doped Co3O4 sensor material is more 
versatile than the other materials in terms of surface morphology, 

 

 
 

Fig. 9. (a-c) Response of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 sensor under different ppm of gas. 
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Fig. 10. (a-c) Response/recovery time of CrxCo3—xO4 : x = 0.0, 0.2, 0.4 sensor sensors to 1 ppm gas. 

 

 
Fig. 11. Response of Cr-doped Co3O4 sensor (x=0.4): (a) ageing test, (b) res/recovery time, (c) selectivity. 

 

 
Table 1 
Literature survey approving comparative of H2S sensor performance of Cr-doped 
Co3O4 sensor with previously reported H2S sensors. 

 

Material OT 
(C) 

H2S gas 
(ppm) 

Res./rec. 
time (s) 

Sensor 
response 

Ref 

ZnO 250 10 12/324 0.44 [12] 
AuPt-ZnO 300 20 17/151 17.7 [71] 
Pt/SnO2-ZnO 375 05 67/115 30.43 [72] 
α-Fe2O3/ SnO2 250 10 13/104 4.3 [73] 
Nb2O5/SnO2 275 20 20/97 4.0 [74] 
CuFe2O4 350 10 284/986 4.4 [75] 
Rh-doped 350 10 06/- 43.8 [76] 

SnO2 
BiO 

 
250 

 
10 

 
255/249 

 
0.22 

 
[77] 

BiFeO3 350 50 -/- 4.0 [78] 
Cu-doped 250 50 24/- 350 [79] 

In2O3      

WO3 275 50 12/20 14.7 [80] 
Nb2O5@ZnO 400 20 81/69 6.10 [81] 
Co3O4/ZnO 275 10 76/104 5.0 [82] 
CuO/InO2O3 70 05 10/3600 229 [83] 
WO3/ CuO 80 05 42/3500 105 [84] 
SnO2/ZnO 75 05 1000/500 10 [85] 
Cr- Co3O4 230 01 120/190 01.42 This 

     work 

 
operating temperature, response to extremely low-ppm gas, and potent 
life-span of active sites. Such facets make them a better contender ma- 

Fig. 12 (a-b) shows the anti-humidity test of the Cr-doped Co3O4 sensor 
at 230 ̊  C. The test is carried out on three different relative hu- midity 
and 5 ppm of gas is used. The response of the sensor demon- 
strated decreasing trend with respect to humidity. At 35% RH, the sensor 
produces the response of 12.95. Thereafter, the sensor showed the 
response of 8.32 and 5.77–40–45% RH. A little amount of water mole- 
cules is adsorbed on the surface due to the hydrogen double bonding 
which forms thin adsorption layer[86]. Despite, the discontinues 
adsorption layer hinders the spread of water molecules which favours the 
best sensing. Further increase of RH, the saltation has formed and also 
water molecules cover the entire surface of the sensor that restrict the 
sensor response. Meanwhile, hydronium ions may be produced owing to 
the high-water molecules. Thus, sensor response falls in high humidity 
environment. Under the humidity influence, the sensor shows response 
which implies certain capability to resist the moisture. 

In this work, undoped Co3O4 sensor is a p-type semiconductor. When a 
Co3O4 sensor bares the surface to dry air, oxygen molecules adsorb on it 
and can be ionized to create adsorbed oxygen species as shown in Eqs. 1 - 
4. Also, the hole accumulation on the Co3O4 surface can be caused by the 
trapped electrons (Ra). As the presence of target gas, the gas mole- cules 
are reacted with adsorbed oxygen species that liberate the elec- trons as 
illustrated in Eqs. 5 - 7[87–91]. Recombining these released electrons with 
holes, a hole concentration is decreased with resistance [8]. 

O2(gas) →O2(ads) (1) 

terial for H2S gas detection. Particularly, we point out that the particle size 
fall is one of the factors for garnished sensing reaction in the work. Some 
of the report showed lower operating but their response/recovery time 
are high. In our case, time consuming is relatively quite low. 

O2(ads) 

 
— 
2(ads) 

— — 
2(ads) 

 
— — 

(ads) 

(2) 
 

(3) 

Further subjected to response, the reported work unveiled single system 
response. Our material has two-component system, together, it enhances 

the 
hig

h 
response 

and 
low 

O 
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+ e →O detection. — 
(ads) 

— — 
2(ads) (4) O 
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Fig. 12. (a) Anti-humidity test and (b) response of Cr-doped Co3O4 sensor (X=0.4). 
 

Co3O4 + H2S + O2→3CoO + SO2 + H2O (5) 
 

CoO + H2S→CoS + H2O (6) 

CoS + 3/2O2→CoO + SO2 (7) 

Metallic CoS is formed due to the reaction between H2S and sensor 
surface by the following equ 5. The contact between Cr2O3 and Co3O4 
are decreased the resistance of the sensor during the presence of gas. The 
operating temperature of the sensor exceeds 2 0 0 ̊ C, the CoO has changed 
into CoS surface[92,93]. The metallic CoS has rich-electrical conduc- 
tivity and it features the n-type character which leads to dramatically 
higher electron flow to the sensor. Therefore, the conductivity of sensor 
has to be scaled up effectively which decreases the resistance of the 
sensor vastly. The metallic CoS has transformed to CoO through 
reduction reaction while the sensor placed in air according to equ 5 [94]. 
The dopant causes the secondary phase formation on the material which 
is detected by XPS. The Cr2O3 and Co3O4 made contact and confirms the 
charge transfer from Co3O4 to Cr2O3 and holes flee to opposite direction 
until Fermi level of two system reaches to saturated state. Together two 
carriers form electron-depletion and hole-accumulation layer, leading to 
the strong response variation in the sensor. Also, the contact of 
two-oxide system has actively involved to adsorb the oxygen than single 
metal oxide. It helps to enhance response of the sensor. Doping has 
improved the sensor response which is attributed to the electronic. 
Schematic of sensing mechainsm is depicted in Fig. 13. 

sensitization, as chromium has a high specific conductivity. Further, 
the Ra and Rg values are decreased by Cr-doping which implies con- 
ductivity increase. According to electronic sensitization, the exposure of 
target gas to Cr-doped cobalt oxide sensor surface can cause additional 
electron release which is lowering the concentration of hole and 
thereby, the resistance Rg is decreased[95]. With increase of dopant 
concentration, Rg is further decreased. Additionally, the doping effect 
reduces the particle size which may provide higher effective surface area 
for adsorption. As a result, the sensor responds to the target gas more 
effectively. 

 
4. Conclusion 

 
The Cr-doped cobalt oxide spherical nanoparticles are prepared 

through simple cost-effective chemical precipitation method. Owing to the 
Cr-doping, the chromium oxide and doped-cobalt oxide system are 
facilitated which provides greater number of adsorption sites and made 
easy path for effective sensing reaction on the sensor. The defect of 

 

 
 

Fig. 13. Schematic of gas sensing mechanism of Cr-doped Co3O4 sensor. 

 
chromium oxide is further helps to increase the conductivity of doped 
sensor that augments their sensing capacity. The emerge of double- metal 
oxide emphasizes the better sensing than the single-metal oxide system in 
this work. The sensor revealed imminent response to 1 ppm around 120 
s and 200 s for recovery time. This time scale is subjected to future 
research in this material. The sensor showed high reproducibility which 
pledges the long-term stability. The Cr-doped sensor records three-fold 
response increase (36.21) to 10 ppm and nearly ~3 response to 2 ppm, 
implying that these sensors are excellent options for H2S sensing 
applications. 
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