
Heliyon 10 (2024) e33580

Available online 3 July 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Synthesis of La1-xSrxCoO3-δ and its catalytic oxidation of NO and 
its reaction path 

Yige Guo a,*, Xiaoxue Niu b, Huaiyu Yang c, Liwen Chen a, Yizhen Ren a, 
Huining Guo b, Bo Wu d,** 

a College of Geology and Environment, Xian University of Science and Technology, Xian, 710054, China 
b School of Environment, Renmin University of China, Beijing, 100872, China 
c School of Environmental Engineering, Loughborough University, Loughborough, LE11 3RP, UK 
d Henan International Joint Laboratory of Environment and Resources, School of Ecology and Environment, Engineering Research Center of 
Advanced Functional Material Manufacturing of Ministry of Education, School of Chemical Engineering, Zhengzhou University, 450001, China   

A R T I C L E  I N F O   

Keywords: 
NO oxidation 
Perovskite 
La1-xSrxCoO3-δ 

Catalyst 

A B S T R A C T   

The oxidation rate of NO to NO2 is a critical parameter in the removal of NOx within selective 
catalytic reduction (SCR) systems. LaCoO3-δ is a kind of potential catalyst to enhance the 
oxidation of NO to NO2, it may offers an economic and stable alternative to noble metal catalysts, 
particularly at elevated temperatures. This study aimed to enhance the catalytic efficiency of 
LaCoO3-δ through strontium (Sr) doping. La1-xSrxCoO3-δ (with varying x values of 0.1, 0.2, 0.3, 
0.4) was synthesized using a sol-gel method. La1-xSrxCoO3-δ exhibited superior NO oxidation 
catalytic activity compared to LaCoO3-δ, with the most notable enhancement observed at x = 0.3 
(84 % conversion). This improvement can be attributed to the substitution of La3+ with Sr2+, 
which induces lattice distortion and charge imbalance, thereby creating more oxygen vacancies 
that enhance the catalytic oxidation capability of La1-xSrxCoO3-δ. However, it’s important to note 
that an excessive amount of Sr can result in the formation of SrCO3 deposits on the surface of La1- 

xSrxCoO3-δ, thereby diminishing its catalytic oxidation performance. The catalytic oxidation re-
action behavior adhered most closely to the O2-adsorbed E-R model, the surface defects in La1- 

xSrxCoO3-δ playing a pivotal role in the catalytic reaction.   

1. Introduction 

Diesel vehicles have gained widespread popularity due to their economic advantages and low carbon dioxide emissions [1]. 
However, it’s important to acknowledge that diesel engines make a significant contribution to nitrogen oxide (NOx) pollution. In 
China, diesel vehicles are responsible for approximately 88 % of the total NOx emissions from mobile sources. NOx, as a typical 
pollutant, poses a serious threat to environmental health and public safety [2]. Selective catalytic reduction (SCR) stands as an efficient 
technology for mitigating NOx emissions [3]. An effective strategy to enhance the SCR process is to increase the NO2 to NO ratio in the 
reaction system to a 1:1 level. This adjustment stimulates a rapid reaction and results in a five-fold increase in the reaction rate [4,5]. 
However, the concentration of NO in diesel exhaust is relatively low, making it challenging to achieve rapid oxidation of NO to NO2 
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without the use of a catalyst [6]. Commonly employed catalysts for this NO-to-NO2 oxidation process include noble metals (such as Pt, 
Pd, Ru), metal oxides (like CeO2 and ZrO2), and perovskite materials such as LaMnO3 and LaCoO3-δ. However, noble metal catalysts are 
associated with issues such as high-temperature sintering, susceptibility to deactivation, and high economic costs [7,8]. 

In recent years, there has been significant research on perovskite catalysts due to their straightforward production process, cost- 
effectiveness, and structural flexibility [9–11]. Perovskite materials, with a general formula of ABO3, have proven to be an 
economically viable alternative to noble metal catalysts in oxidation processes. When elements are substituted on either the A- or 
B-sites of the perovskite structure, they transform into (AxA’1− x) (ByB’1− y)O3 compositions, leading to the generation of additional 
oxygen vacancies [12,13]. These vacancies play a crucial role in improving the catalytic oxidation performance of perovskite materials 
[14]. The key to enhancing catalytic oxidation performance lies in the modification of perovskite and the adjustment of its lattice 
defects to generate more oxygen vacancies. Libby et al. demonstrated the potential of using perovskite-type composite oxides as 
catalysts instead of precious metal catalysts to treat automobile exhaust gas [15]. It has been demonstrated that perovskites exhibit 
improved catalytic oxidation performance when cobalt (Co) is present at the B-site. Remeika et al. [16] found that manganese oxides 
and cobalt oxides have extremely high catalytic oxidation activity. Ma et al. [2] also studied the NO oxidation properties of Co3O4 
nanorods and nanoparticles, which were mainly exposed to the catalytically active lattice surface of (110). Co3O4 nanorods can expose 
more active sites and have better NO conversion rate. Wu et al. [17] introduced the effect of B-site partial substitution on 
LaMn0.25Co0.75O3 (M = Cu, Mn, Fe), and found that ion substitution would not destroy the perovskite structure of LaCoO3, but also 
improve its catalytic performance. This is attributed to the improved reduction performance of the catalyst and the increased content 
of oxygen defect sites in the catalyst. The partial substitution of copper significantly reduces the effect of NO preferential adsorption on 
the LaCoO3 catalyst on the adsorption of CO, promotes the adsorption and activation of O2 by perovskite, and produces more active 
oxygen species on the catalyst surface. Vazhayil et al. [18] doped Co into the B site of LaMnO3, and the samples doped with Co still 
maintained a rhomboidal crystal structure. The presence of Co made the B-site cations in a higher oxidation state, which significantly 
improved the OER activity and stability of LaMnO3. Therefore, in this study, a series of La1-xSrxCoO3-δ materials were synthesized 
through strontium (Sr) doping using a sol-gel method. The catalytic capabilities of these La1-xSrxCoO3-δ compounds for NO-to-NO2 
oxidation were investigated under varying levels of Sr doping and different reaction conditions. 

2. Materials and methods 

2.1. Materials 

La(NO3)3⋅6H2O (AR), Co(NO3)3⋅6H2O (AR), Sr(NO3)2 (AR), C6H8O7⋅H2O (AR), and HCl (99 wt%) were purchased from Beijing 
Tongguang Chemical Company. PEO-PPO-PEO (AR) was provided by Sinopharm Chemical Reagent Co., Ltd (China), and C8H2O4Si 
(AR) was sourced from Shanghai Aladdin Biochemical Technology Co., Ltd. O2/He (20.00 %), N2 (99.999 %), He (99.999 %), and NO/ 
N2 (3.02 % NO) were obtained from Beijing Hepu Gas Industry Co., Ltd. Deionized water was used throughout the experiments, and 
none of the reagents underwent double purification before their use. 

2.2. Preparation of La1-xSrxCoO3-δ 

La1-xSrxCoO3-δ (with x = 0, 0.1, 0.2, 0.3, 0.4) were synthesized via the Sol-gel method [19]. The specific preparation process was 
carried out as follows. La(NO3)3⋅6H2O, Co(NO3)3⋅6H2O, and Sr(NO3)2 were dissolved in deionized water at predetermined ratios. 
Citric acid was employed as a chelating agent and added to the solution, maintaining a mole ratio of 1:1 between citric acid and the 
total metal ions. The solution was stirred at 80 ◦C until a gel was formed. Subsequently, the gel was dried at 90 ◦C for 12 h to yield a 
dried gel. Then, the dried gel was finely ground and subjected to calcination in a muffle furnace at 700 ◦C for 5 h to promote the 
formation of the perovskite structure, with a heating rate of 10 ◦C⋅min− 1. 

2.3. Characterization of adsorbents 

The crystal structure of La1-xSrxCoO3-δ was analyzed using X-ray diffraction (XRD) with a Rigaku D/max 2500X instrument. 
Additionally, the functional groups, surface chemical composition, and ion valence states of the samples were characterized through X- 
ray photoelectron spectroscopy (XPS) with an ESCALAB 250 Xi instrument and Fourier-transform infrared spectroscopy (FT-IR) using a 
Nicolet 6700 spectrometer. 

2.4. Catalyst activity testing 

To further assess the obtained samples, various techniques were employed. Hydrogen temperature-programmed reduction (H2- 
TPR), oxygen temperature-programmed desorption (O2-TPD), and nitrogen oxide temperature-programmed desorption (NO-TPD) 
were utilized for the comprehensive characterization of the samples. These methods provide valuable insights into the chemical and 
structural properties of the La1-xSrxCoO3-δ materials, offering a thorough analysis of their behavior and reactivity. 

The assessment of NO oxidation activity was conducted in a fixed-bed quartz micro-reactor, operating under steady-flow condi-
tions. In each test, 0.1 g of catalysts, sieved to 40–60 mesh, was employed. The reactant gas composition typically consisted of 500 ppm 
NO, 5 % O2, and the balance N2. The total flow rate was set at 200 mL min− 1, resulting in a Gas Hourly Space Velocity (GHSV) of 
120,000 h− 1. Data recording was initiated once the oxidation reaction reached a steady state, which typically occurred after 10 min at 
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each measuring temperature. 
To monitor the concentrations of reactants and products in real-time, an online Fourier-transform infrared (FT-IR) spectrometer, 

specifically the Nicolet Antaris IGS Gas Analyzer, was utilized. NO conversion was calculated using the following equation: 

CNO(%)=
NOin − NOout

NOout
× 100% (1)  

where CNO(%) represents the conversion efficiency of NO, NOin is defined as the NO concentration of the gas inlet for the reactor, and 
NOout is the NO volumetric concentration at the outlet of the reactor. 

3. Results and discussion 

3.1. Characterization of La1-xSrxCoO3-δ 

The X-ray diffraction (XRD) patterns of the synthesized La1-xSrxCoO3-δ materials are shown in Fig. 1. Eleven distinctive charac-
teristic peaks corresponding to LaCoO3-δ, as per the standard card (PDF#84–0848) [20], were observed at specific 2θ values: 23.2, 
32.9, 33.3, 40.7, 47.5, 58.9, 59.8, 68.9, 69.9, 78.8, and 79.5. The presence of doublet peaks at 2θ values of 32.89◦ and 33.27◦ suggests 
the formation of a rhombohedral crystal structure [21]. 

As the Sr2+ concentration increased in the perovskite unit cells, a systematic shift in the diffraction angles towards lower values was 
observed. This phenomenon can be attributed to the expansion of the perovskite unit cell resulting from the substitution of smaller 
La3+ cations (r = 0.136 nm) with larger Sr2+ cations (r = 0.144 nm). At lower strontium substitution levels (x < 0.30), the perovskite 
structure maintained its rhombohedral symmetry, with a doublet peak in the 2θ range of 33–34◦. 

However, with an increase in strontium substitution (i.e., x = 0.80), the rhombohedral structure weakened, and the doublet peak 
gradually merged into a singlet peak. This shift in crystal symmetry signified the transition from a rhombohedral structure to a cubic 
structure with higher strontium substitution (x = 0.4) [22,23]. For LaCoO3-δ, the substitution of Sr2+ for La3+ is constrained, as re-
ported in previous studies [24]. With the introduction of Sr doping, new diffraction peaks characteristic of SrCO3 start to emerge in the 
XRD patterns, notably at 2θ values of 25.8◦, 29.3◦, 30.1◦, 36.8◦, 44.1◦, and 50.0◦. These peaks become sharper with increased Sr 
doping, indicating the presence of phase segregation within the material [25]. This phenomenon suggests that beyond a certain 
threshold of Sr doping, the crystalline structure undergoes significant changes. 

Fig. 2 shows the FT-IR spectra of La1-xSrxCoO3-δ. In these spectra, distinct vibrational modes associated with the crystal structure are 
evident. Specifically, the O–Co–O bending and O–Co stretching vibrations of octahedrally coordinated CoO6 units are discernible at 
418 cm− 1 and 674 cm− 1, respectively. Additionally, vibrations related to La–O–Co bending are observed at 694 cm− 1 [26], indicating 
the presence of La in the compound. Notably, as the Sr concentration increases, a new peak emerges in the FT-IR spectrum, 
approximately at 852 cm− 1. This particular peak is attributed to Sr–O vibrations [27,28]. The blue shift observed in the peak position 
at 594 cm− 1, along with the weakening of peak intensity, can be attributed to the partial substitution of Sr for La and the concurrent 
presence of Sr–O–Co and La–O–Co bonds. Additionally, it is notable that the force constant (k) of the La–O–Co bond gradually de-
creases with the increasing Sr doping, leading to an increase in surface lattice distortion and an extension of the Co–O distance. The 
substitution of Sr2+ for La3+ in the perovskite lattice weakens the La–O–Co bond vibrations, making the reduction of Co3+ easier, and 
contributing to enhancing the catalytic activity of the oxidation reaction [17]. This structural modification is advantageous for the 
adsorption of NO and the enhancement of oxygen activation [20,29]. These findings align with the results obtained from XRD analysis, 

Fig. 1. XRD patterns of La1-xSrxCoO3-δ (x = 0,0.1,0.2,0.3,0.4).  

Y. Guo et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e33580

4

providing further support for the structural changes of LaCoO3-δ induced by Sr doping and their implications for catalytic properties. 
The catalytic efficiency is closely associated with the reduction capacity of oxygen adsorbed on the catalyst’s surface. A notable 

enhancement in the catalytic efficiency is anticipated due to the significant reducing ability of the adsorbed oxygen in the NO and Oads 
reaction. This increased reducing capacity subsequently leads to an improvement of the NO oxidation activity. Consequently, the 
reducibility of the catalysts plays a pivotal role in influencing the NO oxidation activity, and this reducibility is assessed through H2- 
TPR tests. It is important to note that, as La3+ is non-reducible [30], the observed reduction peaks can be attributed solely to the 
reduction of Co species. 

The H2-TPR profiles for La1-xSrxCoO3-δ are shown in Fig. 3 [31]. In these profiles, two distinct reduction regions are evident, 
spanning the temperature ranges of 200–400 ◦C and 400–600 ◦C for all catalysts. Within the first reduction stage, two successive peaks 
are observed. The initial peak is attributed to the reduction of Co3+ to Co2+, while the subsequent peak corresponds to the formation of 
a millerite structure (LaCoO2.5) [32]. The larger peak in the second reduction stage signifies the reduction of Co2+ to Co0 [33]. 
Compared to the LaCoO3-δ catalyst, the first two reduction peaks of La1-xSrxCoO3-δ exhibit a slight shift towards lower temperatures. 
Simultaneously, the areas under these reduction peaks in the lower-temperature range increase. Due to weakness of the La–O–Co bond 
vibrations in the perovskite lattice, as shown in the analysis of FT-IR, Co3+ is easier to reduce, which helps to improve the catalytic 
activity of the oxidation reaction [17]. Additionally, the fact that La1-xSrxCoO3-δ exhibits lower reduction temperatures may also be 
attributed to its higher lattice oxygen activity and mobility [34]. This could be attributed to the increased generation of oxygen va-
cancies due to Sr doping [35] which is consistent with the FT-IR results. These oxygen vacancies facilitate oxygen adsorption and the 
migration of lattice oxygen, thus making the oxidation of H2 more accessible and reducing its reduction temperature. This is supported 
by the gradual shift of high-temperature reduction peaks towards lower temperatures [36]. When the doping amount of Sr increases 
and x increases from 0 to 0.4 [36], the high-temperature reduction peak of H2 moves to a lower temperature, indicating that oxygen 
vacancy promotes the activation of oxygen adsorption and lattice oxygen migration, thus reducing the reduction temperature of H2 
and improving the oxidation reaction of H2. These results indicate that Sr doping with an appropriate substitution rate can improve the 
reducibility of LaCoO3-δ. Among these catalysts, the largest reduction peak area and relatively lower reduction peak temperature of 

Fig. 2. FT-IR patterns of La1-xSrxCoO3-δ(x = 0,0.1,0.2,0.3,0.4).  

Fig. 3. H2-TPR(a) and O2-TPD(b) of La1-xSrxCO3-δ(x = 0,0.1,0.2,0.3,0.4).  
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La0.7Sr0.3CoO3-δ indicate exceptional oxidation capabilities. 
Oxygen Temperature Programmed Desorption (O2-TPD) experiments were conducted to characterize the oxygen mobility of La1- 

xSrxCoO3-δ. Fig. 3b illustrates the oxygen desorption profiles, three distinct peaks were observed in the O2-TPD profiles. The first peak is 
centered at 150 ◦C and exhibits very low intensity. This peak corresponds to the rapid re-oxidation of reduced cobalt species. Notably, 
La0.7Sr0.3CoO3-δ displays the highest oxygen consumption at 150 ◦C, suggesting that cobalt (Co) is more readily re-oxidized [32]. The 
second peak, spanning the temperature range of 200–500 ◦C, is attributed to the removal of adsorbed oxygen species (referred to as 
OA). These oxygen species play a pivotal role in the catalytic oxidation of nitric oxide (NO) [37]. At higher temperatures, a desorption 
peak above 500 ◦C is observed, signifying the release of oxygen from the bulk (referred to as OL). This peak reflects the mobility of 
lattice oxygen within the perovskite structure [38]. 

The intensity of the OA desorption peak in the Sr-doped samples is greater than that in LaCoO3-δ, and this observation is consistent 
with the conclusions drawn from X-ray Photoelectron Spectroscopy (XPS) analysis. Furthermore, the OA desorption peak in the Sr- 
doped samples is detected at lower temperature compared to LaCoO3-δ, indicating a higher reactivity of its chemically adsorbed ox-
ygen species [39]. As previously observed in the H2 Temperature Programmed Reduction (H2–TPR) experiments, the introduction of 
Sr2+ by substituting La3+ leads to the creation of positive charge defects, which are balanced by the formation of oxygen vacancies. 
Notably, the substitution of La by Sr enhances the overall formation of OA, particularly when the lanthanum substitution degree 
reaches 0.3. These findings suggest that the enhanced intensity and lower temperature of the OA desorption peak in Sr-doped samples 
can be attributed to the higher reactivity and increased abundance of chemically adsorbed oxygen species, which are closely associated 
with the formation of oxygen vacancies resulting from the La3+ substitution by Sr2+. 

The La0.7Sr0.3CoO3-δ variant exhibits an almost twofold increase in the concentration of OA species in comparison to LaCoO3-δ. 
However, at higher lanthanum substitution degrees, there is a reduction in the amount of OA species due to the progressive formation 
of segregations. These segregations diminish the specific surface area and mask the oxygen vacancies on the surface [40]. In summary, 
it can be inferred that La0.7Sr0.3CoO3-δ possesses a higher number of oxygen vacancies, leading to enhanced oxygen adsorption and 
activation capabilities. 

Fig. 4 shows the X-ray Photoelectron Spectroscopy (XPS) characterization, to ascertain the chemical states of the elements on the 
surface and understand the impact of Sr-doping on LaCoO3-δ. All binding energies were referenced to the C 1s peak at 284.8 eV. Lower 
oxidation states of cobalt (Co) have the potential to enhance the redox properties. In the presence of reactive oxygen, Co undergoes 
partial oxidation, and the oxidized Co species subsequently get re-oxidized by oxygen in the gas phase [41]. The unstable oxidation 
states of Co3+ and Co2+ are recognized as significant contributors to the catalytic activity of La1-xSrxCoO3-δ [42]. 

The surface atomic ratios of Co2+/Co3+ and OA/OL for La1-xSrxCoO3-δ perovskites were determined by calculating the deconvoluted 
peak areas. The Co2+/Co3+ molar ratio exhibited an increase from 11.66 % in LaCoO3-δ to 21.31 % in La0.7Sr0.3CoO3-δ, suggesting that 
Sr doping led to the transformation of some Co3+ into Co2+. Subsequently, the Co2+/Co3+ ratio reached its maximum value for La1- 

xSrxCoO3-δ and gradually decreased. This phenomenon is linked to the reduction in the specific surface area and the oxygen vacancies 
at the surface due to phase segregation [40]. In summary, a correlation was observed between the Co2+/Co3+ ratio and the Sr2+

content. Greater Sr content on the catalyst surface resulted in the generation of a higher proportion of Co2+ species [43,44], leading to 
the formation of structural defects and augmenting the catalyst’s oxidation capacity [24,45]. 

The O1s spectra were deconvoluted into two distinct peaks, as shown in Fig. 4b, signifying the presence of two distinct oxygen 
species on the catalyst surface. The peaks located at 531.3 and 528.5 eV were ascribed to adsorbed oxygen (OA) and lattice oxygen 
(OL), respectively. Notably, OA actively participates in oxidation reactions, and a higher concentration of OA on the perovskite surface 
enhances its oxidation capabilities [46]. 

Fig. 4. XPS spectra of Co 2p (a) and O 1s (b) for La1-xSrxCoO3-δ(x = 0,0.1,0.2,0.3,0.4).  
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Furthermore, the density of OA/(OA + OL) can be employed to reflect the quantity of oxygen vacancies [20,46]. Experimental 
results reveal that the intensity of OA/(OA + OL) increases with the growing Sr concentration, indicating that Sr doping facilitates the 
generation of oxygen vacancies. However, when the Sr doping reaches 0.4, the amount of adsorbed oxygen on the surface decreases. 
This could be attributed to the excessive accumulation of SrCO3 on the surface when the Sr doping level becomes too high (x > 0.3). 
This accumulation covers the surface and occludes some interstitial pores, leading to a reduction in the specific surface area of the 
samples. Consequently, the decrease in the surface area diminishes the number of oxygen vacancies and oxygen species on the sample 
surface [24], aligning with the conclusions drawn from XRD and H2-TPR results. 

In perovskite oxide materials, the replacement of high-valence ions at the A-site with lower-valence ions necessitates charge 
compensation to maintain electrical neutrality. Currently, two approaches are commonly employed to achieve charge compensation in 
perovskite oxides: adjusting the valence state of B-site ions and increasing the concentration of oxygen vacancies [47]. 

Given that the oxidation state of Sr ions is lower than that of La ions, when Sr ions substitute La ions, it increases the oxidation state 
of Co ions or the creation of oxygen vacancies [48]. This is particularly evident in the La0.7Sr0.3CoO3-δ sample, which exhibits the 
highest Co2+/(Co2++Co3+) and OA/(OA + OL) molar ratios. The results indicate that as Sr doping occurs, the sample primarily 
compensates for charge through the generation of oxygen vacancies and Sr incorporation promotes the formation of oxygen vacancies, 
providing adsorption sites for oxygen molecules. The increase in oxygen vacancies enhances the activation of oxygen and improves the 
catalytic performance of perovskite oxides [49]. 

3.2. NO-to-NO2 oxidation catalyst activity of La1-xSrxCoO3-δ 

To investigate the impact of La1-xSrxCoO3-δ (x = 0, 0.1, 0.2, 0.3, 0.4) on the NO oxidation performance, the NO conversion ratios of 
these catalysts over a temperature range of 150–450 ◦C were determined, shown in Fig. 5. All the samples exhibit a similar trend in NO 
oxidation capacity with varying temperatures. At lower temperatures, the NO conversion remains minimal, indicating a limitation in 
NO oxidation at these lower temperature ranges. The conversion of NO to NO2 on La1-xSrxCoO3-δ gradually increases as the reaction 
temperature rises and reaches its maximum NO oxidation conversion at 300 ◦C. Subsequently, the NO conversion decreases, primarily 
due to thermodynamic constraints associated with the exothermic nature of the reaction [1]. 

The NO oxidation performances exhibited a descending order as follows: La0.7Sr0.3CoO3-δ > La0.8Sr0.2CoO3-δ > La0.6Sr0.4CoO3-δ >

La0.9Sr0.1CoO3-δ > LaCoO3-δ. Sr-doped samples demonstrated higher conversion rates compared to the non-substituted sample, 
particularly at intermediate temperatures. When the Sr doping level was below 0.3, the catalytic activity of the catalyst increased with 
the increasing Sr doping amount. However, when the Sr doping level exceeded 0.3, a decline in the catalyst’s activity was observed. 
Among the prepared samples, La0.7Sr0.3CoO3-δ perovskites exhibited the most impressive NO-to-NO2 performance, achieving a 
maximum conversion of 84 % at 300 ◦C. This underscores that Sr doping has the potential to enhance the catalyst’s oxidation capacity 
and improve the efficiency of NO oxidation. Within a specific range, the oxidizing ability of the catalyst increases with the rise in the 
doping level. 

The comparison of catalytic oxidation performance of different materials for NO is listed in Table 1. It is found that La0.7Sr0.3CoO3-δ 
has better catalytic oxidation performance for NO especially under low temperature and has the potential to replace precious metal 
catalysts. 

Fig. 5. Catalytic activity of NO conversion of the La1-xSrxCoO3-δ (x = 0,0.1,0.2,0.3,0.4) (inlet gas: 500 ppm NO, 5 % O2, 5 % H2O, N2 balance; GHSV 
= 200,000 h− 1). 
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3.3. Effect of reaction conditions on catalyst activity 

This study investigated the influence of varying airspace and NO and O2 concentrations on the catalytic oxidation of NO. The 
research findings have demonstrated that the concentration of NO significantly impacts the catalytic oxidation of NO. Specifically, 
under conditions characterized by an O2 concentration of 5 %, NO concentrations ranging from 400 to 800 ppm, and temperatures 
within the range of 200–300 ◦C, it was observed that the NO oxidation rate exhibited a declining trend with increasing NO concen-
tration, as depicted in Fig. 6. This phenomenon can be attributed to the fact that, at lower NO concentrations, an ample number of 
active sites are available on the catalyst’s surface. These active sites can promptly adsorb NO and activate O2, thereby facilitating the 
catalytic oxidation of NO. As the concentration of NO increased, the active sites on the catalyst surface became increasingly occupied 
by adsorbed NO molecules, thereby inhibiting the adsorption and activation of O2. Consequently, the number of reactive oxygen 
species decreased, leading to a reduced capacity for NO oxidation. Furthermore, when the NO concentration increased from 500 ppm 
to 700 ppm, the decline in the NO conversion rate was gradual. This suggests that the catalyst demonstrates better adaptability to 
changes in NO concentration. It is assumed that at high NO concentrations, a portion of the NO may undergo conversion via HNOx or 
nitrosyl intermediates present on the catalyst surface. This conversion process could mitigate the influence of NO adsorption on the 
catalytic oxidation, contributing to the observed adaptability of the catalyst to varying NO concentrations. 

Fig. 7 illustrates the impact of airspeed on the catalytic performance of La0.7Sr0.3CoO3-δ in NO oxidation under specific conditions: 
an inlet concentration of NO at 500 ppm, an O2 concentration of 5 %, N2 as the equilibrium gas, and a temperature range from 250 to 
300 ◦C. The figure reveals a decrease in the NO conversion rate as the airspeed increases from 8 × 104 h− 1 to 2 × 105 h− 1. This can be 
attributed to the fact that at lower airspeeds, NO has ample opportunity for exposure to the catalyst’s surface, allowing sufficient time 
for diffusion into the micropores and completion of the reaction. However, as the airspeed increases, some NO molecules do not have 
enough time to reach the catalyst’s micropores, leading to a decrease in the NO conversion rate. Fig. 7 demonstrates that La0.7Sr0.3-

CoO3-δ exhibits good performance within this airspeed range, indicating its adaptability to changes in airspeed. 
Fig. 8 shows the influence of O2 concentration on the rate of NO’s catalytic oxidation on La0.7Sr0.3CoO3-δ under conditions of 

200–300 ◦C, an airspeed of 12000 h− 1, and a NO concentration of 500 ppm. With a constant temperature, the conversion rate of NO 
escalates as the O2 concentration increases. At lower temperatures, the impact of O2 on the conversion rate of NO is minimal, 
potentially due to the low activation of active sites. If these active sites remain inactivated, the rate of conversion from adsorbed 
oxygen to active oxygen remains slow, even if the adsorbed oxygen has reached saturation. Consequently, the efficiency of NO’s 

Table 1 
The Comparison of catalytic oxidation of NO by different materials.  

Catalyst Temperature (◦C) NO conversion Reference 

WO3 220 92 % [50] 
MoO3 220 81 % [50] 
Ce–Zr–La modified Pt/γ-Al2O3 TWCs 300 14%–17 % [51] 

400 45%–80 % [51] 
Co3O4 NPs 263 93 % [52] 
SmMn2O5/CNTs 275 85 % [53] 
SmMn2O5/GO 275 85 % [53] 
La0.7Sr0.3CoO3-δ 300 84 % This work  

Fig. 6. The effect of concentration of NO on the reaction rate of NO on La0.7Sr0.3CoO3-δ.  
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catalytic oxidation only slightly changes with an increase in O2 content. As the temperature rises, the catalyst’s active sites become 
activated. The O2 adsorbed at the active site rapidly transforms into activated O2 and the rate of NO’s catalytic oxidation increases with 
the rising O2 content. At higher temperatures, the performance of the catalyst for NO oxidation improves as the concentration of 
oxygen increases. This improvement is primarily attributed to the increased O2 content, which aids in maintaining reaction equilib-
rium and enhancing the oxidation rate of NO. 

3.4. Reaction path of catalytic oxidation NO–NO2 on La0.7Sr0.3CoO3-δ based on kinetic analysis 

In kinetic experiments, the integral reactor method was employed to compute reaction rates within a fixed bed. The Eley-Rideal (E- 
R) and Langmuir-Hinshelwood (L-H) theories were predominantly utilized to explore the mechanisms of catalytic reactions for gas 
species [54,55]. Consequently, three typical gas-solid catalytic models were established [56]: Model 1. E-R mechanism with O2 
adsorbed (NO free); Model 2. L-H mechanism with both NO and O2 adsorbed on the same site; Model 3. L-H mechanism with NO and 
O2 adsorbed on separate sites. The methods of calculation and the determination of parameters for these models are detailed in the 
supplementary materials. Experiments were conducted under conditions where the catalyst dosage was 0.1 g and the gas flow rates 
were 266.67 mL/min, 300 mL/min, and 333.33 mL/min. 

Based on the correlation coefficient ® value, it appears that the reaction rate model provides an excellent fit to the experimental 
results when n equals 0.94. The results of the kinetic parameter calculations are presented in Equation (2). 

r= 1.55 × 104 × e(-32194.9/RT) × C0.95
NO × C0.72

o2
(2) 

Fig. 7. The effect of airspace on the catalytic oxidation reaction rate of NO on La0.7Sr0.3CoO3-δ.  

Fig. 8. The effect of O2 concentration on the catalytic oxidation reaction rate of NO on La0.7Sr0.3CoO3-δ at different temperatures.  
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The parameters for the three typical gas-solid catalytic models are calculated using the NO conversion rate and are presented in 
Table 2. R factors are all about 0.999 for all the models, indicating that all models well fit the experimental data. The adsorption of NO 
and O2 in different models at various temperatures is detailed in Table 3. The adsorption of O2 on La0.7Sr0.3CoO3-δ is stronger than that 
of NO, and the NO adsorption is significantly less than 1. This indicates that the coverage of NO on the catalyst surface is minimal. 
These results contradict the assumptions of the E-R and L-H mechanisms regarding NO adsorption. Therefore, the rate-limiting step of 
the catalytic oxidation reaction of NO on the catalyst surface is the reaction of NO with O2 adsorbed on the catalyst surface. Conse-
quently, the O2-adsorbed E-R model may provide a more accurate description of the catalytic oxidation of NO with O2 on 
La0.7Sr0.3CoO3-δ. 

According to the results of kinetic studies and characterization of La1-xSrxCoO3-δ, we assume that the reaction path of catalytic 
oxidation of NO on La0.7Sr0.3CoO3-δ as follows:  

O2(g) + * → *O2                                                                                                                                                                             

*O2+ * → 2*O                                                                                                                                                                                

NO + *O → NO2(g) + *                                                                                                                                                                  

Combination reaction:2NO(g) + O2 = 2NO2(g)                                                                                                                               

In this process, * is the surface defect site, *O2 is the oxygen molecule adsorbed on an isolated active defect site, *O is the oxygen 
atom adsorbed on the active defect site, and * NO is the NO adsorbed on the active defect site. The high oxygen adsorption capacity and 
lattice oxygen mobility are due to the oxygen vacancy produced by Sr doping. This discovery can provide a theoretical foundation for 
improving the efficiency of NO catalytic oxidation and for subsequent research. 

4. Conclusions 

In this work, a series of perovskite catalysts, La1-xSrxCoO3-δ (x = 0, 0.3, 0.4, 0.5, 0.6) were produced by the sol-gel method. The 
catalytic performance and reaction pathway of the catalyst for NO oxidation were measured. The results show that Sr-doped perovskite 
exhibits superior catalytic oxidation activity for NO. The catalytic oxidation performance initially increases and then decreases with 
the increase in the Sr doping amount. La1-xSrxCoO3-δ (x = 0.3) demonstrates the highest NO catalytic oxidation activity, which results 
from the introduction of Sr. More Sr in the catalyst generates lattice defects, weakens the vibration intensity of La–Co–O bonds, en-
hances surface oxygen migration, and improves the redox performance of the catalyst, as well as enhances the catalyst’s ability to 
adsorb and store NOx. Moreover, the incorporation of Sr increases the number of oxygen vacancies, which is beneficial for the 
adsorption and activation of oxygen. As a result, lattice oxygen species are more likely to migrate to the catalyst surface, where they 
can react with adsorbed NO. However, an excessive introduction of Sr can lead to the formation of SrCO3 heterophases, resulting in 
some active sites being covered by heterophases, which is not conducive to the catalytic oxidation reaction. The kinetic research results 
prove that the reaction process of La0.7Sr0.3CoO3-δ catalytic oxidation NO conforms to the E-R model. The rate-limiting step in the 
reaction of La0.7Sr0.3CoO3-δ catalytic oxidation NO is the process of adsorbing O2 and NO. The surface oxygen space for La0.7Sr0.3CoO3-δ 
may be the primary factor affecting NO oxidation efficiency. 
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Table 2 
The kinetic parameters of different models.   

K K1 K2 Ra 

Model 1 
64667.34× exp

(

−
32.02 × 103

RT

)

187.61×

(

−
386.01

RT

)

16.04×

(

−
337.36

RT

)
0.999 

Model 2 
2467.02× exp

(

−
31.69 × 103

RT

)

66.59× exp
(

−
372.86

RT

)

5.86×

(

−
278.01

RT

)
0.999 

Model 3 
615.31×

(

−
31.52 × 103

RT

)

114.00×

(

−
527.24

RT

)

14.07
(

−
302 × 55

RT

)
0.999  

a : R is the correlation coefficient. 
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