
Title Tailoring oxygen sensing characteristics of Co3O4 nanostructures through 
Gd doping 

Author(s) S. Fareed, R. Medwal, Joseph Vimal Vas, Ijaz A. Khan, Rajdeep Singh
Rawat and M. A. Rafiq

Source Ceramics International, 46(7), 9498-9506
Published by Elsevier 

Copyright © 2020 Elsevier 

This is the author’s accepted manuscript (post-print) of a work that was accepted for 
publication in the following source: 

Fareed, S., Medwal, R., Vas, J. V., Khan, I. A., Rawat, R. S., & Rafiq, M. A. (2020). Tailoring 
oxygen sensing characteristics of Co3O4 nanostructures through Gd doping. Ceramics 
International, 46(7), 9498-9506. http://dx.doi.org/10.1016/j.ceramint.2019.12.211  

Notice: Changes introduced as a result of publishing processes such as copy-editing and 
formatting may not be reflected in this document. For a definitive version of this work, please 
refer to the published source. 

http://dx.doi.org/10.1016/j.ceramint.2019.12.211


Tailoring oxygen sensing characteristics of Co3O4 nanostructures through Gd 
doping 
S. Fareeda,b, R. Medwalb, Joseph Vimal Vasb,, Ijaz A. Khanb, Rajdeep Singh Rawat*,b and M. A. 
Rafiq*,c 
a Department of Metallurgy and Materials Engineering, Pakistan Institute of Engineering and 

Applied Sciences (PIEAS), P.O. Nilore, Islamabad, 45650, Pakistan  

b Natural Science and Science Education, National Institute of Education, Nanyang 
Technological University, Singapore 637616 
c Department of Physics and Applied Mathematics, Pakistan Institute of Engineering and 
Applied Sciences (PIEAS), P.O. Nilore, Islamabad, 45650, Pakistan 

Abstract 

Detection of oxygen plays an important role in food industry, medicine and controlling automotive 

exhaust. Here, we have developed a Co3O4 nanoparticle-based oxygen gas sensor. Effect of 

Gadolinium (Gd) doping on oxygen sensing is investigated using the variation in electrical 

resistance method which clearly reveals improvement in the sensitivity with the increase in 

Gadolinium doping in Co3O4.  X-ray diffraction (XRD), Scanning electron microscopy (SEM), 

Transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) studies 

were systematically performed, to understand the effect of the morphology and crystallographic 

phase on the level of sensitivity with Gadolinium doping. XRD studies reveal a distortion in the 

Co3O4 lattice as the lattice parameters with increase with increasing Gd doping. SEM and TEM 

show a change in particle shape and size with Gd doping. Presence of both Co+2 and Co+3 oxidation 

states were confirmed by XPS. Gd doping, up to 6%, improved the gas sensing response of Co3O4 

nanoparticles which is attributed to the decrease in particle size and an increase in oxygen 

adsorption with Gd doping. Minimum response time of 4 s, 6 s, 10 s and 14 s were observed for 

pure Co3O4 in 1%, 2%, 3% and 4% oxygen environment respectively. Pure Co3O4 nanoparticles 

also showed minimum recovery time which was 6 s, 7 s, 9 s and 11 s in 1%, 2%, 3% and 4% 



oxygen environment respectively. All the prepared compositions were selective to oxygen at 240 

℃. 
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Introduction: 

Gas sensing properties of semiconductor metal oxides have been extensively investigated in the 

last decade due to their high sensitivity, low cost, feasibility of miniaturization and longer life 

time[1–3]. Detection of oxygen is important to monitor and control many industrial processes like 

fermentation process, food and beverage packaging and chemical processing. Semiconductor 

metal oxides are potential materials to be used in such industries. n-type semiconductors have been 

widely investigated as gas sensitive material. However due to their high cross sensitivity to 

humidity, they are difficult to use in actual environmental conditions. On the other hand, p-type 

semiconducting materials such as NiO, Mn3O4, CuO and Co3O4 are characterized by higher 

capacity to chemisorb oxygen [4], and higher catalytic activity in oxidation reactions [5] which 

make them promising materials for detecting gases in environmental conditions [6]. 

Long term stability of semiconductor metal oxides sensors, however, is inadequate due to their 

higher operating temperatures [7]. In recent years, the sensing performance of metal-oxide based 

sensors has been enhanced using nanostructured morphologies and modulating the size of the 

nanoparticles by doping with suitable materials [8,9]. Sensitivity of metal oxide based gas sensors 

have also been enhanced by using the strategies such as functionalization with noble metals, by 

using the oxide heterostructures and thermal assistance [10,11]. It has been observed that the 

creation of oxygen vacancies in semiconductor metal oxides facilitate the adsorption of oxygen on 

the metal oxide surface which can increase the response of a semiconductor gas sensor [12]. One 



of the  preferred technique for the incorporation of oxygen vacancies in metal oxide 

semiconductors is the doping [13]. The creation of oxygen vacancies in semiconductor metal 

oxides by doping motivated the idea of using the p-type semiconductor metal oxide and dope it 

with suitable material to create oxygen vacancies to enhance its response towards oxygen gas. 

Creation of oxygen vacancies in p-type semiconductor metal oxide may increase the response 

values of these gas sensors. Low cross sensitivity of p-type gas sensors towards humidity combined 

with the higher response values may make these materials useful for gas sensing applications.  

Cobalt oxide (Co3O4) is one of the versatile p-type semiconductor metal oxides. It has cubic fcc 

lattice with spinel structure containing Co+2 and Co+3 oxidation states at different lattice points. In 

Co3O4 lattice, one half of the octahedral sites are occupied by Co+3 ions whereas one eighth of the 

tetrahedral sites are occupied by Co+2 ions [14,15]. It has a band gap of 1.6-2.2 eV [16]. p-type 

behavior in Co3O4 is supposed to be due to the metal vacancies in the crystal lattice [14]. 

Co3O4 has been investigated for the sensing of methanol, ethanol [17], NH3 [18], acetone [19], 

NOx [20], H2S [21], CO [22], etc. However, its potential to detect oxygen has been neglected 

because of the lower response value. Creation of oxygen deficient regions can result in an increase 

in its response towards oxygen by providing sites for oxygen adsorption [23]. In this research work 

we have used the novel idea of using doping technique to create oxygen vacancies in p-type Co3O4 

nanostructures and to study the effect of doping on the oxygen sensing characteristics of Co3O4. 

Novelty of this work was to use Gd as a dopant to tailor the oxygen sensing characteristics of 

Co3O4 nanostructures which to the best of our knowledge have not been studied yet. Co3O4 

nanoparticles with different doping concentrations of Gd, (0, 3, 6 and 9 atomic%), were prepared 

using a coprecipitation method and their oxygen sensing characteristics were studied above room 

temperature to get appreciable response values.  



Materials and Methods: 

Co(NO3)2.6H2O (99%) and Gd(NO3)3.6H2O (99.9%), purchased from Sigma Aldrich, were used 

as reagents for the preparation of pure and Gd doped Co3O4 nanoparticles. Coprecipitation method 

followed by calcination was used for the fabrication of nanoparticles. Desired molar ratios of 

Co(NO3)2.6H2O and Gd(NO3)3.6H2O were dissolved in deionized (DI) water at room temperature 

(25 ℃). Hydroxide particles of all the compositions were precipitated by drop wise addition of 

one molar NaOH solution into the prepared aqueous solution. The precipitates formed were 

washed successively with DI water and then with ethanol several times to ensure complete removal 

of impurity ions. After washing, the precipitates were dried in an oven at 80 ℃ for 24 hours 

followed by calcination at 600 ℃ for 6 hours. Prepared powders were characterized for structure 

by using X-ray diffraction (XRD) technique using Siemens D5000. The morphology of the 

prepared nanostructures was studied using Scanning Electron Microscopy (SEM) (FESEM 6340F) 

and Transmission Electron Microscopy (TEM) (JEOL 2010 HR). Modes of vibration in prepared 

powders were studied using Raman Spectroscopy (Renishaw inVia). Chemical states of Gd, Co, 

and O in Gd doped Co3O4 nanoparticles were determined by using X-ray Photoelectron 

Spectroscopy (XPS) technique (Kratos AXIS Supra). 

Results and Discussions: 

Structural characterization of the prepared Co3O4 nanoparticles was carried out using a Siemens 

X-ray diffractometer using Cu-Kα radiation (λ=1.5406 Å) at a scan speed of 0.1 degrees/min. 

Figure 1(a) shows XRD patterns of pure and Gd doped cobalt oxide nanoparticles. XRD pattern 

of pure cobalt oxide matched with the JCPDS card number 01-074-1656 corresponding to Co3O4 

with cubic structure having Fd3m space group. No additional peak corresponding to any impurity 

phase was observed in XRD pattern of undoped Co3O4. With Gd doping in Co3O4 there is a slight 



shift in XRD peak positions towards lower 2θ values indicating an increase in lattice parameters. 

2θ values of (311) plane and lattice parameter calculated from (311) are shown in figure 1(b). 

Increase in lattice parameters of Co3O4 is expected due to the substitution of larger sized Gd+3 

(0.93 Å) ions in the lattice position of smaller Co+3 (0.53 Å) ions [24]. Minor peaks of Gd2O3 are 

also observed in 9% Gd doped nanoparticles showing the formation of Co3O4-Gd2O3 mixed phase. 

The average crystallite size decreased with the doping of Gd as calculated by Scherrer formula to 

the most intense (311) diffraction peak of Co3O4. Calculated values of crystallite size are 56.7 nm, 

25.7 nm, 17.1 nm and 16.6 nm for pure, 3% Gd-, 6% Gd- and 9% Gd-doped samples respectively. 

Substitution of an ion in the lattice with a larger sized ion induces strain in the lattice. With 

increasing dopant concentration, the dopants are accommodated on the grain or crystallite surface 

to minimize the strain. As a result of the segregation of dopants on the surface, the surface to 

volume ratio needs to be increased to minimize the energy of the lattice. As a result the crystallite 

size is reduced with doping [25].  

The morphology of the prepared nanostructure was studied using SEM. Particles were coated with 

gold by using DC sputtering coating unit (JEOL) before SEM measurements to avoid the charging 

effect. Figures 2(a-d) show SEM images of the pure and Gd-doped Co3O4 nanostructures. SEM 

images indicate that the fabricated nanoparticles are composed of aggregates of smaller particles. 

The morphology of pure Co3O4, as seen in figure 2(a), appears to consist of more uniform-shaped 

larger-sized plate-like nanostructures. The morphology of Gd-doped Co3O4 changes into non-

uniform fragmented reduced-sized nano-plates. Nanoparticles aggregate during precipitation from 

the solution due to nanoscale forces between them. With the addition of dopant, the combined 

effect of van der Waals forces and electrostatic interactions between the particles promotes the 

self-aggregation of nanoparticles to form nano plates [26]. Average size of nano-plates on Gd 



doped samples is significantly smaller, with larger non-uniform sizes and shapes distributions, 

than in the pure Co3O4. Typical values of average nanoplate sizes are ~128 nm, ~106 nm, ~96 nm 

and ~87 nm for pure, 3% Gd-, 6% Gd- and 9% Gd-doped Co3O4 samples.  

Figures 3(a-d) show TEM images of the as-prepared nanostructures. TEM images also clearly 

indicate a change in the morphology of nanostructures with Gd doping. The larger-sized relatively 

more uniform bigger sized nanoplates in figure 3a for pure Co3O4 are seen to fragment into smaller-

sized relatively more non-uniform nanoplates or nanosheets in figure 3(b-d). Insets in figure 3 

show high resolution TEM (HR-TEM) and selected area electron diffraction (SAED) patterns of 

fabricated nanostructures. HR-TEM images, inset in figure 3a, c & d, show an increase in lattice 

spacing along (111) planes from 0.452 nm in pure Co3O4 to 0.462 and 0.471 nm for 3% and 9 % 

Gd-doped Co3O4. SAED patterns of the prepared nanostructures clearly indicate that the fabricated 

particles are polycrystalline in nature. 

Modes of vibration of a material can be identified by using Raman spectroscopy. Since the 

phonon vibrations are sensitive towards addition of impurity atoms in the host material. Raman 

spectroscopy can be used for the identification of dopants. Raman spectra of Cobalt oxide before 

and after doping were obtained in the 300 cm-1 to 1000 cm-1 range and are shown in figure 4. Pure 

Co3O4 depicts four prominent Raman bands at 481, 520, 616 and 690 cm-1. The two main peaks, 

located at 481 cm-1 and 690 cm-1 represent the Raman active modes Eg and A1g, respectively. Peaks 

at 520 cm-1 and 616 cm-1 represent the F2g(2) and F2g(1) symmetry, respectively [27,28]. Addition 

of Gd has led the Raman active mode peaks located at 481 cm-1 (Eg) and 690 cm-1 (A1g) in pure 

Co3O4 to shift to 475 cm-1 and 679 cm-1 respectively in 9% Gd doped Co3O4. This peak shift was 

also associated with the peak broadening. The addition of Gd into cobalt oxide produces a tensile 

stress which not only shifted the peaks towards lower values but also deteriorated the crystallinity. 



XPS spectra obtained were calibrated to C1s binding energy peak at 284.8 eV. Figures 5 (a-c) 

show the high resolution core level XPS spectra of Co (2p), O (1s) and Gd (4d), respectively. Two 

cobalt peaks corresponding to Co(2p3/2) and Co(2P1/3) are observed in XPS spectra as shown in 

figure 5a[29]. Asymmetric Co XPS peaks are deconvoluted into Co+2 and Co+3 peaks. Peaks at 

binding energy of 779.6 eV and 794.36 eV are of Co+3 oxidation state whereas peaks at binding 

energy of 780.8 eV and 796.1 eV are of Co+2 oxidation state. Satellite peaks observed at a binding 

energy of 786.3 eV may be due to surface Co+2 species [30]. XPS spectra of Cobalt confirms the 

presence of both Co+2 and Co+3 oxidation states in the prepared nanoparticles which is in agreement 

with the structure of Co3O4 as observed in XRD results. 

O(1s) spectra, in figure 5b, were deconvoluted into two peaks corresponding to lattice oxygen at a 

binding energy of 529.5 eV and oxygen defects or oxygen vacancies at a binding energy of 531.2 

eV [29]. The stoichiometric ratio of lattice oxygen and oxygen vacancies can be estimated from 

the peak ratios. The peak areas due to oxygen defects or vacancies increased from 39% for pure 

Co3O4 to 59% for 6% Gd doped Co3O4. The increase in the peak area indicates an increase in 

oxygen vacancies with Gd doping and favoring the formation of Co3O4-δ [31]. Figure 5c illustrates 

Gd(4d) high resolution XPS spectra of pure and Gd-doped Co3O4. Observed binding energy peaks 

are asymmetric and fitted into two peaks corresponding to Gd(4d5/2) at a binding energy of 141.7 

eV and Gd(4d3/2) at a binding energy of 147.5eV [32]. Gd peaks observed in high resolution XPS 

spectra confirm the presence of Gd in the lattice of Co3O4. 

To study the oxygen sensing characteristics of the prepared compositions, the prepared powder 

samples were formed into pellets with diameter of 20 mm by uniaxially applying 4 Ton load. Two 

electrical contacts were made on the same side of pellets using silver paste. Distance between the 

electrical contacts was 10 mm. For sensing measurements, the pellet was placed in a vacuum 



chamber and electrically connected to an Agilent 4156C parameter analyzer. Then the chamber 

was evacuated by means of a vacuum pump. After evacuating the chamber, it was filled with 

nitrogen gas (99.99 %) at a pressure of 1 atmosphere. Different concentrations of oxygen mixed 

in nitrogen were introduced into the chamber and the resistance of the pellet was monitored at 1 V 

DC. Concentration of each gas in the mixture was controlled through “ALICAT” mass flow 

controllers. When oxygen entered the chamber, the resistance of all the prepared sensors started 

decreasing due to the p-type conductivity of Co3O4. The chamber also had the arrangement to 

change the temperature of the sensor. Different concentrations of oxygen (1%, 2%, 3% and 4%) 

were introduced into the chamber and the response was measured by using the relations: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) =
𝑅𝑅𝑎𝑎 − 𝑅𝑅𝑔𝑔
𝑅𝑅𝑎𝑎

× 100 

Here Ra is the resistance of the sample in 1 atmosphere of nitrogen and Rg is the resistance of 

sample in test gas.  

Figure 6 shows the response of the sensors as a function of temperature in 4% Oxygen 

concentration. Gd doped sensors showed a maximum response at 240 ℃. Therefore, the sensing 

characteristics of all the sensors were later determined at 240 ℃. Figures 7(a-d) show transient 

response recovery curves of all the prepared sensor samples in 1%, 2%, 3% and 4% oxygen 

concentration at 240 ℃. The response of the sensors increased as the oxygen entered in to the test 

chamber and reached a stable point after some time and dropped again to baseline (zero) level as 

the oxygen was removed. Figure 8(a) shows the response as a function of the oxygen concentration 

for all the prepared sensors. Pure Co3O4 nanoplates sensor showed lowest response towards 

oxygen gas that was 17%, 35%, 77% and 107% in 1%, 2%, 3% and 4% oxygen concentration 

respectively. Doping of Gd in Co3O4 nanoparticles increased the sensor response as can be seen 



for the 3% Gd doped Co3O4 nanoparticles sensor. Response of the 3% Gd doped Co3O4 

nanoparticles sensor increased to 48%, 133%, 364% and 572% for 1%, 2%, 3% and 4% oxygen 

concentration respectively. Increasing the Gd-doping concentration to 6% increased the response 

of the sensor further to 227%, 471%, 696% and 921% in 1%, 2%, 3% and 4% oxygen environment 

respectively. With further addition of Gd into Co3O4 nanoparticles, the response decreased to 

193%, 408%, 552%, and 711% in 1%, 2%, 3% and 4% oxygen concentration respectively for 9% 

Gd doped Co3O4 nanoparticles sensor. Response time is considered as the time taken by the sensors 

to give 90% of the full-scale reading. Response time of all the prepared nanoparticles sensors were 

determined from figures 7(a-d) and are represented in figure 8(b). Figure 8(b) represents the 

oxygen concentration dependent response time of all the prepared nanoparticles sensors. Minimum 

response time of 4 s, 6 s, 10 s and 14 s were observed for pure Co3O4 in 1%, 2%, 3% and 4% 

oxygen environment respectively. The response time of the sensors increased with the addition of 

Gd in the Co3O4 nanostructures. The maximum response time was observed for nanoparticles 

doped with 9% Gd amounting to 20 s, 22 s, 23 s and 26 s for response in 1%, 2%, 3% and 4% 

oxygen concentration respectively. 

Recovery time was calculated as the time taken by the sensor to revert back to 90% of its original 

resistance value after the evacuation of the test gas. Figure 8(c) represents the recovery time of the 

prepared nanoparticles sensors. Minimum recovery time was observed for pure Co3O4 

nanoparticles sensors. Recovery time also increased with increasing Gd doping into Co3O4 up to 

6% Gd doping. With further increasing the Gd doping above 6%, recovery time started decreasing. 

Figure 9(a-d) depicts the continuity of response recovery transient in 4% oxygen environment at 

240 ℃. Figure 10 depicts the stability of the response in 4% oxygen concentration at 240 ℃ for 

up to 28 days. Figure 10 shows that the response of all the sensors was stable with less than 5% 



change during the trial period of 28 days. The prepared sensors were tested in 4% concentration 

of methanol, ethanol, propanol and acetone at 240 ℃ and the result is presented in Figure 11. 

Figure 11 depicts that all the prepared sensors were selective to oxygen at 240 ℃. 

Comparison of oxygen sensing characteristics of Gd doped Co3O4 nanoparticles with other metal 
oxides is given in Table I.  
Table I Gd doped Co3O4 oxygen sensing characteristics comparison with different metal oxides  

Material Response 
(%) 

Response Time 
(s) 

Recovery Time 
(s) 

Ref 

NiFe2O4 
nanoparticles 

5.33 (1000 ppm) 600  240-360 [33] 

LaFeO3 nanoparticles 20 (2% oxygen) 8  12 [34] 
TiO2/Graphene 27 (100% oxygen) 193 135 [35] 
Pt doped In2O3 
nanoparticles 

3.8 (20 % oxygen) 40 45 [36] 

6% Gd doped Co3O4 
nanoparticles 

921 (4 % oxygen) 23 22 This 
study 

 

Gas sensing mechanism in Co3O4 nanostructures involves the resistance change associated with 

the adsorption and desorption of oxygen species on the surface of the nanoparticles. When the 

oxygen enters the test chamber, it is adsorbed on the surface of sensor in the form of different 

species depending upon the temperature by the following reactions [37,38]: 

𝑂𝑂2(𝑔𝑔𝑔𝑔𝑅𝑅) +  𝑅𝑅− ↔ 𝑂𝑂2−(𝑔𝑔𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎)           (< 100 ℃) 

𝑂𝑂2(𝑔𝑔𝑔𝑔𝑅𝑅) +  2𝑅𝑅− ↔ 2𝑂𝑂−(𝑔𝑔𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎)           (100 − 300 ℃) 

𝑂𝑂2(𝑔𝑔𝑔𝑔𝑅𝑅) + 4𝑅𝑅− ↔ 2𝑂𝑂2−(𝑔𝑔𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎)           (> 300 ℃) 

Due to the adsorption of oxygen on p-type Co3O4, electrons from the valence band are promoted 

to the adsorbing oxygen by thus generating holes in the valence band thereby increasing the hole 

concentration and thus decreasing the resistance of the p-type semiconductor. This adsorption of 

oxygen on the surface of p-type oxides creates hole accumulation layer on the surface of the 



nanostructured sensors [38]. Increasing oxygen concentrations will cause more oxygen to adsorb 

on the surface thus resulting in a widening the hole accumulation layer thereby decreasing the 

sensor resistance and increasing the sensor response with increasing oxygen concentration. As can 

be seen from XPS results, incorporation of Gd into Co3O4 nanoparticles increased the oxygen 

vacancies. Oxygen vacancies have been proved to be an effective method to enhance the gas 

sensing performance [39,40]. Oxygen vacancies provide more active sites for the oxygen 

adsorption thereby increasing the response. Another reason for the improved gas sensing efficiency 

is the increase in the oxygen adsorption surface area of sensor. As seen from the SEM and TEM 

results the average size and shape-uniformity of the Co3O4 nanoplates was significantly reduced 

with the increasing Gd-doping concentration. This leads to an increase in the total available surface 

area for oxygen adsorption with increasing Gd-doping.  This increase in the area of the 

nanostructures together with the increased Gd content (which increases the density of oxygen 

deficient sites) should result in an increased oxygen sensing performance. However, as noticed, 

the increase in the Gd-doping to 9% resulted in the formation of Gd2O3. Formation of Gd2O3 may 

have decreased the Gd content in the Co3O4 nanostructures which has resulted net over-riding 

effect of decrease of sensor response at 9% Gd doping.  

Conclusions 
 

In this work Gd doped cobalt oxide nanoparticles were successfully synthesized and their oxygen 

sensing characteristics were studied. XRD analysis confirmed the formation of Co3O4 

nanoparticles having cubic symmetry. Average nanoplates size and shape uniformity decreased 

with Gd doping. Increase in the response of sensors towards oxygen was observed up to 6% Gd 

doping. All the prepared sensors were stable with less than 5% change in response during the 

studied period of 28 days. Pure and Gd doped Co3O4 sensors were also selective to oxygen at 240 



℃. Increase in response towards oxygen may be attributed to the increase in oxygen adsorption 

due to decrease in average nanoplates size and the formation of oxygen vacancies due to the 

increased Gd content. 
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Figure 1 (a) XRD pattern of Co3O4, 3% Gd doped Co3O4, 6% Gd doped Co3O4 and 9% Gd doped 
Co3O4 (b) Effect of Gd doping on lattice parameter calculated using (311) plane (c) Effect of Gd 
doping on crystallite size 

 

 

 

 



 

Figure 2 SEM image of  (a) Co3O4 (b) 3% Gd doped Co3O4 (c) 6% Gd doped Co3O4 (d) 
9% Gd doped Co3O4. Inset of the SEM images shows the particle size distribution. 
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Figure 3 TEM image of  (a) Co3O4 (b) 3% Gd doped Co3O4 (c) 6% Gd doped 
Co3O4 (d) 9% Gd doped Co3O4 



 

Figure 5 (a) Co2p (b) O1s and (c) Gd4d XPS spectra of pure Co3O4, 3%, 6% and 9% Gd doped Co3O4 
nanoparticles 

Figure 4 Raman shift in (a) pure Co3O4 (b) 3% Gd (c) 6% Gd and (d) 9%Gd doped Co3O4 



 

Figure 6 Temperature dependent response of sensors in 4% oxygen 
concentration 

Figure 7 Response recovery transient of (a) pure Co3O4 (b) 3% Gd (c) 6% Gd and (d) 9% Gd 
doped Co3O4 in 1%, 2%, 3% and 4% oxygen concentration at 240 ℃ 



 

Figure 8 (a) Response (b) Response time and (c)Recovery time of sensors as a function of 
oxygen concentration at 240 ℃ 

 

 



 

Figure 9 Continuous response recovery transient of (a) pure Co3O4 (b) 3% Gd (c) 6% Gd and (d) 
9% Gd doped Co3O4 nanoparticles sensor in 4% oxygen concentration at 240 ℃ 

 

 

 



 

 

 

  

Figure 10 Stability of response of sensors measured at 
240 ℃ in 4% Oxygen concentration 

Figure 11 Response of sensors in 4% concentration of different gases at 240 ℃ 
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