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ABSTRACT: La1-xSrxAlO3 (x=0 to 0.4) perovskite materials were synthesized by reverse strike  

co-precipitation method and their soot oxidation activity were evaluated. All the catalysts synthesized 

were characterized using XRD, BET specific surface area, FESEM and XPS techniques.  

As analyzed by XRD, La1-xSrxAlO3 perovskite from x=0 to 0.35 showed the formation of  

the rhombohedral phase, while for La0.6Sr0.4AlO3 sample the secondary phases SrO, La2O3, and Al2O3 

were also noticed. Sr-doped samples exhibited higher BET specific surface area when compared  

to pure LaAlO3. FESEM analysis showed that there is a change in morphology upon doping of Sr  

into LaAlO3 lattice. The O1s spectra observed from XPS analysis showed that the La0.75Sr0.25AlO3 

sample contained higher amounts of adsorbed oxygen. La, Sr, and Al existed in +3, +2 and +3 

oxidation states respectively in all the synthesized samples as confirmed by XPS. Soot oxidation 

activity tests showed that La0.75Sr0.25AlO3 exhibited higher catalytic activity relative to other 

catalysts due to the enhanced amount of reactive adsorbed oxygen species. 
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INTRODUCTION 

Rapid urbanization on one side and higher efficiency, 

reliability, durability and also lower operational cost  

on the other side have created a huge demand for a diesel 

engine. Nonetheless, extensive exhaust treatment  

is essentially based on the stringent regulations laid on the diesel  

 

 

 

engine emissions (soot). One of the well-known 

techniques that mitigate the emission of soot from diesel 

engines is the use of Catalytic Diesel Particulate Filter 

(CPDF) which traps the particulate matter and converts 

the soot by catalytic oxidation to carbon dioxide [1].  
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In this context, it is worth mentioning that an ideal catalyst 

must combust soot at a lower temperature with long-lasting 

activity at the operating conditions of the diesel engine [2]. 

Perovskite catalysts have been investigated as a predominant 

group of catalysts ever since their discovery in 1970 because 

of their high thermal stability, flexibility in achieving  

a wide range of composition without necessarily changing 

the structure. Furthermore, there has been extensive literature 

available regarding the perovskite materials, providing 

enormous opportunities to work on these materials and  

to mark them as a suitable candidate for heterogeneous 

catalytic applications [3]. Though the mechanism of soot 

oxidation involves multiple steps such as adsorption, spill 

over, chemisorption, disruption of the complexes, the basic 

phenomenon is that the active oxygen species are formed  

on the catalyst's surface from the injected gas phase/sub-

surface/ bulk that has to be adsorbed and transferred  

to the soot [4]. Various works have been reported on the 

strontium-substituted lanthanum based perovskites in which 

B-site is mainly of transition metals because of their versatile 

properties, nevertheless attempts to substitute Sr in LaAlO3 

crystal has not been reported yet [5–8]. Our previous work 

reported that LaAlO3 is rich in lattice oxygen exhibiting high 

oxygen mobility with good resistance to sintering at elevated 

temperatures [9]. Based on these reports, it is expected that 

the incorporation of Sr ions in LaAlO3 may introduce lattice 

defects and enhance the oxygen vacancies which would  

in turn, enhance the catalytic soot oxidation by forming active 

adsorbed oxygen species (O-, O2-).  

The main focus of this work is to develop Strontium 

doped Lanthanum Aluminum Oxide La1-xSrxAlO3 (x=0, 

0.2 to 0.4) perovskite materials with the high surface area 

along with a homogeneous distribution of the dopant 

cations in the material.  It is well known that the method 

of preparation plays a major role in achieving  

a homogeneous catalyst [10]. Reverse Strike  

Co-precipitation (RSC) is used as the synthesis method  

in this work as it is simple and cost-effective. Uniformity 

in the samples is easy to achieve through the maintenance  

of high pH during this precipitation method [11]. 

 
EXPERIMENTAL SECTION 

Catalyst Preparation 

The catalysts were synthesized by Reverse Strike  

Co-precipitation (RSC) of metal nitrates with ammonium 

hydroxide solution [12]. The preparation of LaAlO3  

in this method is explained in our previous work [9]. 

Typically, for the preparation of La0.8Sr0.2AlO3, 4.45g of 

lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O), 

0.54g of strontium nitrate (Sr(NO3)2) and 4.82g of 

aluminum nitrate nonahydrate (Al(NO3)3 .9H2O),  

were dissolved in 100mL of distilled water. This metal nitrate 

solution was then added dropwise into the base, NH4OH 

solution 25% (13.5M) till the pH reached 10 under 

vigorous stirring. This process resulted in the formation 

of a brown colored precipitate. This precipitate was then 

filtered and dried in an oven at 80 °C overnight and 

calcined at 800 °C for 6h to obtain the final product. 

Other La1-xSrxAlO3 materials were also prepared  

with the stoichiometric amounts of metal nitrates accordingly.  

 

Characterization 

The structural and Phase analysis of the catalysts  

was done by Rigaku Miniflux 6000, X-ray diffractometer 

equipped with monochromatized high-intensity Cu Ka 

radiation (λ=1.54 A◦) at a scanning rate of 1◦/min  

in the 2 theta scanning range of 20◦-80◦. The BET Specific 

Surface Area was determined by the BET surface area 

analyzer (Model-SmartSorb 92/93) where all the samples 

were heated at 200◦C to remove the residual moisture.  

The FESEM images of the prepared materials were obtained 

on a Hitachi S-1460 using AC voltage of 15 kV. The XPS 

studies of the as-synthesized catalysts were performed 

using a Thermo K-5 Alpha XPS instrument equipped  

with the X-ray source Mg Kα (1253.6 eV) radiation. 

 

Catalytic Activity for Soot Oxidation 

The catalytic activity of the synthesized catalysts  

for soot oxidation was evaluated using Thermogravimetric 

Analyser TG-DTA instrument (TG/DTA 6300).  

The measurements were performed with soot-catalyst 

mixtures (ground in an agate mortar) in 1:4 weight ratio 

wherein PRINTEX-U was used as model soot under ‘tight 

contact’ condition. The experiments were conducted 

repeatedly for 3 cycles and no noticeable changes  

in the experimental data were obtained. The catalytic 

performance in the oxidation of soot was quantified  

in terms of T1/2 °C, the temperature at 50% soot conversion. 

 

RESULTS AND DISCUSSION 

XRD analysis 

Fig. 1 shows the XRD patterns of LaAlO3 and  

La1-xSrxAlO3 samples, indicating the formation of 
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Fig.1: XRD patterns of all the as prepared samples, where a) 

LaAlO3, b) La0.8Sr0.2AlO3, c) La0.75Sr0.25AlO3, d) La0.7Sr0.3AlO3, 

e) La0.65Sr0.35AlO3 and f) La0.6Sr0.4AlO3. 

 

Rhombohedral perovskite phase [13] in the samples till 

x=0.35. There is no evidence of individual oxides phases 

like La2O3, SrO and Al2O3 in the diffraction patterns till 

the Sr dopant level reached 0.35. This confirms  

the incorporation of Sr+2 ions into the LaAlO3 lattice [14–16]. 

From these XRD patterns, it appears that the 

rhombohedral structure (LaAlO3) is stable till 

La0.65Sr0.35AlO3. However, for the La0.6Sr0.4AlO3 

perovskite, the formation of respective oxides (although 

small peaks) along with dominant LaAlO3 phase  

is noticed. This clearly shows the solubility limit of Sr  

in LaAlO3 is below 40 (at%) for the samples prepared 

using this synthesis method.  

The lattice constants (a and c) for the rhombohedral 

structure and the crystallite sizes of the samples,  

as calculated from XRD analysis are presented in Table 1. 

It can be seen from the table that the crystal size of  

the Sr-doped samples have increased which is attributed  

to the higher ionic radius of Sr+2 (1.31 A◦) when compared 

to La+3 (1.21 A◦) [17]. From the lattice constants 

determined, though there is an increase in lattice 

parameter (a), the ratio c/a is maintained the same from 

Sr+2 dopant level (x) = 0.3 representing that the lattice 

distortions in these samples are similar [18]. It is  

well known that doping causes lattice distortions that are 

responsible for the generation of oxygen vacancies  

and subsequent formation of adsorbed oxygen species [19].  

The BET specific surface areas of the undoped 

LaAlO3 and Sr-doped La1-xSrxAlO3 are tabulated in Table 1. 

Sr-doped samples showed higher values when compared 

to LaAlO3. This increase in specific surface area  

for doped compounds states that the La1-xSrxAlO3 samples 

were resistant to thermal sintering compared to pure 

LaAlO3 [20]. The results depicted that La0.7Sr0.3AlO3 

sample showed the highest surface area of 16.2 m2/g.  

 

FESEM Analysis 

Fig. 2 shows the FESEM images of the synthesized 

compounds. Change in morphology can be noticed  

with Sr doping into LaAlO3.  

From Fig. 2 Sr doped samples La1-xSrxAlO3 (x=0.2 to 

0.3) exhibited near spherical morphology when compared 

to pure LaAlO3. These samples also possessed clear 

boundaries with void spaces specifying that the porous 

nature has been improved (images b, c, and d). Porous 

nature increases the contact between the soot and 

catalysts which will consecutively help in enhancing the 

soot oxidation activity [21-22]. While for x=0.35 and 0.4 

a different morphology has been noticed which  

might be due to the loss of the perovskite structure  

and the presence of individual oxides. These results confirm 

that when the Sr dopant level is ≥ 0.3 the perovskite 

structure of LaAlO3 is not stable. In order to analyze the 

surface oxygen present in the prepared samples and also to 

know the oxidation states of La, Sr, and Al in the prepared 

samples XPS analysis was performed on the materials. 

 

XPS Analysis 

XPS is a highly potent tool for determining  

the surface properties of perovskite materials. It also gives  

a better understanding of O1s bonding which is essential 

for determining the catalytic soot oxidation ability of  

the samples [23]. Fig. 3 represents the O1s spectra of virgin 

LaAlO3 and Sr-doped compounds. In general, the O1s 

spectra are split into three sub-bands,  the band at lowest 

binging energy approximately around 528eV corresponds 

to the lattice oxygen species (Oα),  a band at around 

530eV relates to surface adsorbed oxygen (Oβ), and  

a band of highest binding energy around 532eV depicts  

to chemisorbed oxygen (Oγ),  due to the presence of water, 

carbonates or hydroxyls [24].  In the present study, O1s 

spectra of LaAlO3 exhibited all these three peaks (Oα, Oβ, 

Oγ)  [25]. It has been clearly mentioned in the literature 

that the surface adsorbed oxygen plays a key role in the 

soot oxidation activity (more the number of oxygen 

vacancies, higher the oxidation capability) [26].  
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Table 1: Crystal size, Lattice parameter, and the BET specific surface areas of the prepared catalysts. 

Sample Crystal size (nm) 
Lattice Parameter (Ao) 

Surface Area (m2/g) 
a c (c/a) 

LaAlO
3
 19.86 3.879 14.145 3.647 6.7 

La
0.8

Sr
0.2

AlO
3
 21.79 4.197 13.384 3.189 7.8 

La
0.75

Sr
0.25

AlO
3
 22.82 4.201 13.408 3.192 12.9 

La
0.7

Sr
0.3

AlO
3
 22.89 4.210 13.407 3.185 16.3 

La
0.65

Sr
0.35

AlO
3
 25.66 4.224 13.453 3.185 7.2 

La
0.6

Sr
0.4

AlO
3
 20.46 4.219 13.435 3.184 6.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.2: FESEM images of undoped and Sr doped LaAlO3 samples, where a) Undoped LaAlO3, b-f) Sr-doped  

La1-xSrxAlO3 (x=0.2 to 0.4) compounds. 

 

Table 2 gives the % of Oβ (the amount of adsorbed 

oxygen species) and respective binding energies of all  

the peaks. It depicts an increase in adsorbed oxygen species 

with an increase in Sr dopant level due to the generation 

of oxygen vacancies in the perovskite structure resulted 

from the charge compensation in the A site of the 

perovskite (as La has +3 oxidation state and Sr is of  

+2 oxidation state which would lead to charge imbalance). 

According to Table 2, the sample with Sr dopant level 

x=0.25 has a higher percentage of Oβ in comparison to 

other samples. The samples with x=0.2 and 0.25  

have the surface adsorbed oxygen peak (Oβ) at lower 

binding energies, while for all the other two samples  

the peak has shifted to higher binding energies. This shift 

in the peak will also affect the soot oxidation activity  

in a way that lower the binding energy, eases the release 

of adsorbed oxygen species to take part in the oxidation 

reaction [27]. The binding energy is lowest for 

La0.75Sr0.25AlO3 sample proving that this sample might 

show good soot oxidation activity. The similar values of 

Oβ for the pure LaAlO3 and La0.6Sr0.4AlO3 sample 

indicates the equal amount of dopant level, though  

the dopant levels are different in reality. This proves  

that strontium has not been incorporated properly  

into the LaAlO3 lattice in this sample[28]. This also 

coincides with our XRD results. 
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Table 2: BE and % Oβ in the O 1s plot of XPS analysis. 

Sample 

Binding Energy (eV) 

% Oβ 

Oα Oβ Oγ 

1.LaAlO3 530.33 531.52 534.25 43 

2.La0.8Sr0.2AlO3 528.34 531.03 533.24 63 

3. La0.75Sr0.25AlO3 527.82 530.99 533.14 84 

4. La0.7Sr0.3AlO3 529.01 532.84 534.84 56 

5. La0.65Sr0.35AlO3 530.77 532.88 535.05 53 

6. La0.6Sr0.4AlO3 533.41 534.02 536.73 41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: XPS analysis in the O1s region for all the prepared 

samples, where a) LaAlO3, b) La0.8Sr0.2AlO3, c) La0.75Sr0.25AlO3, 

d) La0.7Sr0.3AlO3, e) La0.65Sr0.35AlO3 and f) La0.6Sr0.4AlO3. 

 

The La 3d core-level spectra (Fig.4 (a)) of 

strontium doped Lanthanum Aluminum Oxide 

compounds are in good correlation with the literature [29]. 

The two peaks at 835.2eV and 839.68eV in the La3d 

spectrum of LaAlO3 corresponds to the characteristic 

peaks of spin-orbit multiplet 3d5/2 and the peaks  

at 852.6eV and 856.4eV relates to the multiplet 3d3/2. 

All these peaks determine the oxidation state of La  

to be +3. These characteristic peaks were observed  

to be mostly similar over the La1-xSrxAlO3 series 

(x=0.2 to 0.35). Fig.4 (b) represents the core level 

spectra of Sr 3d with two peaks around 134 eV and 

136 eV correspond to Sr3d5/2 and Sr3d3/2 respectively. 

This represents the presence of Sr+2 in all Sr-doped 

compounds [30]. The XPS of Al 2p region of the pure 

LaAlO3 and La1-xSrxAlO3 compounds was given  

in Fig.4 (c). The peak at around 74.9 eV resembles  

the presence of Al+3 in the Sr-doped and stoichiometric 

lanthanum aluminate (LaAlO3) [31,32]. 

 

Catalytic activity in Soot Oxidation  

Fig. 5 and Table 3 show the soot oxidation analysis of 

LaAlO3 and Sr-doped samples. The catalytic activity  

is determined to be in the order of  

La0.75Sr0.25AlO3>La0.8Sr0.2AlO3>La0.7Sr0.3AlO3>La0.65Sr0.3

5AlO3>LaAlO3>La0.6Sr0.4AlO3.  

      It is interesting to observe that the catalytic soot 

activity increased with Sr doping (till x=0.25) when 

compared to LaAlO3 sample. It has been widely 

mentioned in the literature that phase formation [33], 

morphology [34] and the presence of surface adsorbed 

oxygen Oβ [35] will enhance the catalytic soot oxidation. 

It is obvious that the sample La0.6Sr0.4AlO3 exhibits 

least catalytic behavior due to formation respective 

oxides and loss in the perovskite structure  

as evidenced by XRD and XPS results. This implies 

that the perovskites structure which is highly active  

in oxidation reactions is essential for soot oxidation 

activity.  La0.75Sr0.25AlO3 has shown better soot 

oxidation activity due to the presence of a porous 

nature (FESEM analysis) and higher amounts of 

reactive adsorbed oxygen species (from Table 2. XPS 

of O1s) which resulted from the generation of higher 

amounts of oxygen vacancies. It is interesting to note 

here that though La0.7Sr0.3AlO3 possessed a high 

surface area, the catalytic activity of this sample is lower 

than La0.75Sr0.25AlO3. This proves that soot oxidation 

activity is independent of surface area in this work and 
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Fig. 4: (a) XPS images in La 3d region of the samples, where 

a) LaAlO3, b) La0.8Sr0.2AlO3, c) La0.75Sr0.25AlO3, d) La0.7Sr0.3AlO3, 

e) La0.65Sr0.35AlO3 and f) La0.6Sr0.4AlO3. (b) XPS results by Sr 3d 

region of the samples, where a) La0.8Sr0.2AlO3, b) La0.75Sr0.25AlO3, 

c) La0.7Sr0.3AlO3, d) La0.65Sr0.35AlO3 and e) La0.6Sr0.4AlO3.  

(c) XPS analysis of all the samples with Al 2p region, where  

a) LaAlO3, b) La0.8Sr0.2AlO3, c) La0.75Sr0.25AlO3, d) La0.7Sr0.3AlO3, 

e) La0.65Sr0.35AlO3 and f) La0.6Sr0.4AlO3. 

is mainly dependent on the presence of Oβ  which are 

highly reactive in soot oxidation reactions [36]. 

Shangguan et al. [37] stated that adsorbed oxygen 

species play a dynamic role in the soot oxidation 

process. A similar mechanism can be anticipated  

in this work also as the soot oxidation activity  

is determined to be highly influenced by the amount  

of adsorbed oxygen species. 

2(gas) ads
O [O ]   

f ads
S O SOC   

ads 2(gas) 2
SOC O / O CO/ CO   

Where Oads is the adsorbed oxygen species, Sf is a free 

site on soot and SOC is the Soot Oxygen Complex, which 

is an intermediate reacts with either O2(gas) or Oads to form 

soot oxidation products. 

 

CONCLUSIONS 

Perovskite series La1-xSrxAlO3 (x=0, 0.2 to 0.4) 

were successfully synthesized by a relatively simple 

Reverse Strike Co-precipitation (RSC) method and 

characterized by various analyses such as XRD, BET 

specific surface area, FESEM and XPS analysis.  

The soot oxidation activity of all the samples was evaluated 

with the help of Thermogravimetric analysis. XRD 

patterns concluded the formation of Rhombohedral 

phase structure for La1-xSrxAlO3 perovskites till x=0.3 

and respective oxides were seen when x=0.4, 

indicating that the solubility limit of Sr in LaAlO3 

lattice is below 40 (at%). Sr-doped samples (till 

x=0.35) exhibited a higher specific surface area when 

compared to pure LaAlO3. The doped samples La1-

xSrxAlO3 appeared spherical and porous with clear 

boundaries when compared to pure LaAlO3 as 

evidenced by FESEM analysis. XPS investigations 

confirmed the existence of La, Sr and Al in +3, +2  

and +3 oxidation states respectively. The amount of 

adsorbed oxygen species was found to be increased 

with Sr doping till x=0.25. Among all the samples, 

La0.75Sr0.25AlO3 exhibited a higher amount of adsorbed 

oxygen species probably due to the generation of  

more oxygen vacancies. Thus, from this study  

it can be concluded that reactive adsorbed oxygen 

species played a key role in enhancing the soot 

oxidation activity. 
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Table 3: T1/2 temperatures for the soot oxidation. 

S.No. Sample T1/2 (
◦C) 

1 LaAlO3 450 

2 La0.8Sr0.2AlO3 428 

3 La0.75Sr0.25AlO3 410 

4 La0.7Sr0.3AlO3 434 

5 La0.65Sr0.35AlO3 444 

6 La0.6Sr0.4AlO3 500 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Soot oxidation results of the undoped and Sr doped 

LaAlO3 samples. 
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