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Abstract
The perovskites  Nd1-xCexCo1-yCuyO3 (x = 0–0.05, y = 0–0.1) have been synthesized using PVP-assisted sol–gel method and 
applied for soot oxidation reactions. XRD technique reveals the formation of orthorhombic phase with crystal volume of 
around ~ 214 Å3 and crystal size of ~ 25–40 nm. The interconnected nanoparticles with hollow spherical network morphology 
of particles are observed for the samples  NdCoO3 (NC1) and  Nd0.98Ce0.02Co0.95Cu0.05O3 (NC2) with particle sizes of around 
300–500 nm. The samples experienced a charge transfer from ligand  (O2−) to cobalt cation in UV region (210–260 nm) and 
also observed broad absorption bands in the visible region (380–600 nm). In addition, the bandgap energy of NC2 showed 
the lowest value (4.21 eV); as well as surface morphological advantage promoted the transport of surface-chemisorbed 
oxygen species in the inner and outer surface of catalysts surface due to the reducibility of the catalyst with the soot 
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 . Furthermore, XPS results evidenced the higher content of  Co2+ cation upon substitution of Ce/Cu into 
NC1, which successively formed more amount of  Oβ-oxygen species. Remarkably, the perovskite NC2 showed the lowest 
soot oxidation temperature (T50% = 434 °C) among the investigated perovskites. Besides, the spherically networked morphol-
ogy of NC2/NC1 samples also decided the soot oxidation process.
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Introduction

The diesel combustion engines play a prominent role in 
heavy trucks and off-road vehicles. The technological 
advancements towards diesel engine modifications, par-
ticularly controlling the soot emissions from diesel engine 
exhaust, are under study and need to explore for commercial 
applicability (Adler 2005). Soot nanoparticles (≤ 2.5 µm), an 
airborne contaminant in the environment, undergo drastic 
changes in climatic conditions as well as affect the human’s 

lifestyle. Recent years have witnessed tremendous research 
on the abatement of soot emissions. Many researchers have 
attempted different technology and methodology to bring 
down the soot emissions to a nominal level (Stanmore et al. 
2001); however, it remains an open challenge to the scien-
tific community.

Generally, the bare soot oxidizes in the temperature range 
of 590–650 °C. However, it is difficult to operate the diesel 
exhaust engine in that temperature range. Thus, to address 
this challenge, researchers proposed catalytic oxidation as 
one of the viable alternative techniques to lessen the soot 
oxidation temperature by arranging the catalysts at the die-
sel exhaust filter. The advancement of scientific knowledge 
in catalysis has strongly relied on gathering information 
about the surface, topological, and chemical properties. To 
overcome the current technical aspects of diesel engines by 
developing more catalytically active, which can drastically 
decrease the light-off temperatures for the soot oxidation 
reaction. Thus, researchers need to build a realistic model 
benefiting both societal as well as economic aspects. Moreo-
ver, the soot–catalyst mixture’s interaction also plays one of 
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the most critical factors, and it can achieve in two different 
modes, i.e. loose and tight contact. The ball milling of soot 
and catalyst under tight conditions gives better soot oxida-
tion than under loose conditions. (Piumetti et al. 2016).

The researchers attempted many different catalysts like 
mixed oxides (Zhai et al. 2019), spinel-type of oxides, and 
perovskites (Uppara et al. 2019, 2020) towards soot oxida-
tion applications. Perovskites, one among catalysts, exhib-
ited good catalytic properties towards soot oxidation (Mishra 
and Prasad 2014). An intense research was already carried 
out with different structures of perovskites but still needs to 
explore few more interesting facts in an account of socio-
economic benefits. Perovskites have recently attracted much 
attention because the tunable structure of perovskite material 
allows partial substitutions at A- and B-site cations with the 
other group of metals and reducible tendency causes the 
structural distortions/defects (Royer et al. 2014; Levasseur 
and Kaliaguine 2009), which in turn enhances the oxygen 
vacancies on the surface. Due to this fact, it can able to 
deliver active surface oxygen species (peroxides/superox-
ide’s) to oxidize the soot at a lower temperature (Liu et al. 
2016).

Wang et  al. (2012) reported lanthanum cobaltite’s 
(Tm = 421 °C) showed higher soot oxidation activity than 
lanthanum manganite’s (Tm = 448 °C) and lanthanum ferrites 
(Tm = 488 °C). This was due to the good redox property of 
cobalt and the lower temperature reduction peaks promoted 
to generate more surface-adsorbed and lattice oxygen spe-
cies. Li et al. (2010) studied  La0.9K0.1Co1-xFexO3 perovskite 
for  NOx assisted soot oxidation. They noticed that replace-
ment of  Co3+ by  Fe3+ enhances the formation of  Fe4+ cation 
and surface lattice oxygen species. Among the prepared 
samples,  La0.9K0.1Co0.9Fe0.1O3 showed higher soot oxida-
tion activity with maximal soot combustion temperature 
obtained as 362 °C. Similarly,  Co3+ substituted with  Mg2+, 
studied by Fang et al. (2014). They noticed that the sample 
 La0.6K0.4Co0.9Mg0.1O3 perovskite exhibited the  Tm value as 
359 °C under tight contact mode.

Furthermore, many research groups were attempted to 
synthesize the different morphologies of the perovskites 
to improve the catalytic activity. Feng et al. (2015, 2016, 
2017) research group attempted to improve the soot oxida-
tion activity by synthesizing the three dimensionally ordered 
macroporous (3DOM) perovskite using colloidal crystal 
template method. These 3DOM catalysts provide inner pores 
of the catalyst in which soot particles can able to penetrate 
into the pores without offering any resistance; thus, soot 
particles cover more surface contact points with the catalysts 
surface. They also examined that calcination temperature 
was one the most important factors to obtain the fine tubular 
nanoparticles. They fabricated  LaFeO3 and  LaCoO3 perovs-
kites into nano-tubes (with K and Sr as dopants), tested for 
soot oxidation applications. The intrinsic catalytic activity 

(reducibility properties and surface oxygen vacancies) was 
improved with the incorporation of certain K content; how-
ever, excessive K content led to destruction of nano-tubular 
structure. It was due to the formation of eutectics with the 
other components of the catalyst which might show nega-
tive catalytic properties. The introduction of K and Sr into 
the perovskite improved the  NOx storage capacity and also 
further enhanced the soot oxidation activity. Similarly, web 
structure 3D nano-fibres were synthesized by Lee et al. 
(2016). They reported that these 3D structure nano-fibres 
have high contact area because of large pores which can 
trap the soot particles into the unique surface morphology 
and it is effective for soot oxidation. The 3D nano-fibres of 
 La1-xSrxCo0.2Fe0.8O3-δ (Tmax, H = 585 °C) have shown higher 
soot oxidation activity than the of  La1-xSrxCo0.2Fe0.8O3-δ 
bulk catalyst (Tmax, H = 623 °C). Thus, the reported studies 
proved that catalyst surface morphology was playing promi-
nent role for soot oxidation reactions.

With this literature evidence, we attempted to synthe-
size the unique surface morphological catalysts in order to 
improve the soot oxidation activity. In particularly, spherical 
network morphology of interconnected particles with the 
availability of voids on the surface was synthesized using 
PVP-assisted sol–gel method. In this study,  NdCoO3 perovs-
kite was synthesized by incorporating the Ce at A site and 
Cu at B site, and studied its effect towards soot oxidation 
reactions.

In specifically, the compounds such as  NdCoO3, 
 Nd0.98Ce0.02Co0.95Cu0.05O3,  Nd0.98Ce0.02Co0.90Cu0.10O3, 
and  Nd0.95Ce0.05Co0.95Cu0.05O3 (henceforth referred as NC1, 
NC2, NC3, and NC4, respectively) were synthesized and 
tested its performance towards soot oxidation activity. To 
the best of our knowledge, the literature on Nd-based per-
ovskites towards soot oxidation applications was limited.

Experimentation

Synthesis of  Nd1−xCexCo1−yCuyO3 perovskites

The perovskites (NC1, NC2, NC3, and NC4) are synthe-
sized using the PVP-assisted sol–gel method, as reported 
in our previous work (Uppara et al. 2021). To synthesize 
these samples, the following precursors are used: Nd(NO3)3 
 6H2O (crystals and lumps, 99.9% trace metals basis, Sigma-
Aldrich), Ce(NO3)3  6H2O (99% trace metals basis, HIME-
DIA), Co(NO3)2.6H2O (≥ 98%, Merck), Cu(NO3)2.3H2O 
(≥ 98%, Merck), citric acid monohydrate (≥ 99%, Merck), 
polyvinylpyrrolidone (PVP, average MW ~ 1,300,000 by LS, 
Sigma-Aldrich). The required quantities of metal precur-
sors (shown in Table 1) dissolved in 100 mL of deionized 
water under constant stirring for 1 h. It allowed dispersing 
the metals uniformly in the solution. In this solution, the 



3773Chemical Papers (2022) 76:3771–3787 

1 3

weight ratio (1.5:1) of metal nitrates and PVP was added 
slowly under constant stirring and allowed to mix uniformly 
with the solution. Subsequently, the combustible citric acid 
was added to the solution (citric acid/metals = 1.5/1). To 
the resultant solution, the aqueous ammonia solution (28% 
 NH3 solution) was added slowly and the pH of the solution 
was maintained at around 10. The resultant solution dried 
at 90 °C to form the gel, followed by combustion at 130 °C 
to form the hard substance. Finally, the hard material was 
grinded to fine particles and carried the calcination at 900 °C 
for 6 h. The schematic synthesis procedure of Nd-based per-
ovskite is shown in Fig. 1.

Experimental details of characterization techniques

XRD analysis was performed on Rigaku X-ray diffractom-
eter using Cu-Kα radiation (λ = 1.54 Å). The data were 
collected with 2°  min−1 scanning rate from 20 to 80°. The 
crystal size of the as-synthesized perovskites was obtained 
by Debye–Scherrer equation. The images of surface mor-
phology were captured using field emission scanning elec-
troscope (FESEM) and the elements with their composition 
were examined using energy-dispersive X-ray spectroscopy 
(EDS). Fourier transform infrared spectroscopy (FTIR) 
technique is carried out using FT/IR-6300 (Jasco). Herein, 
the sample mixed with KBr and scanned in the range of 
400–4000  cm−1 wavenumber with a scanning resolution 
of 0.07  cm−1. UV–Visible diffuse reflectance spectrometer 
(UV–Vis DRS) was carried out using Perkin Elmer (Lambda 

Table 1  The amount of metal nitrates used and the corresponding moles of metals used in the synthesis of perovskite

Sample Nd Ce Co Cu

Nd nitrate (g) Moles of Nd 
metal

Ce nitrate (g) Moles of Ce 
metal

Co nitrate (g) Moles of Co 
metal

Cu nitrate (g) Moles of Cu 
metal

NC1 3.49 0.008 – 2.31 0.008 –
NC2 3.41 0.0077 0.069 0.00016 2.20 0.0075 0.096 0.0004
NC3 3.41 0.0077 0.069 0.00016 2.08 0.0071 0.192 0.0008
NC4 3.31 0.0004 0.172 0.0004 2.20 0.0004 0.096 0.0004

Fig. 1  Schematic synthesis procedure of Nd-based perovskites using PVP-assisted sol–gel method
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950) in the wavelength range of 200–800 nm with an attach-
ment of 150 mm integrating sphere diffuse reflectance.

X-ray photoelectron spectroscopy (XPS) studies were car-
ried in Thermo Fisher Scientific (Model: K-Alpha) using Al 
Kα radiation; the binding energies were corrected with C1s 
peak at 284.8 eV. Soot–temperature-programmed reduction 
(Soot–TPR) experiments were conducted under the flow of 
inert gas, particularly, Argon gas (99.998%) with 60 mL.
min−1 flow rate, to identify the reducible characteristics of 
the catalyst in the presence of soot under inert gas atmos-
phere. In this experiment, the soot–catalyst in the ratio of 
1/10 was studied in the TGA instrument by ramp heating rate 
of 10 °C.min−1 in the temperature range of 50 °C–700 °C 
and the emitted  CO2 gas was recorded using CO/CO2 ana-
lyser (NDIR sensor).

Catalyst performance studies

The catalytic performance of perovskites towards soot was 
examined in TA 55 instrument. Carbon black—Printex U 
(Degussa) with 20–50 nm-diameter range was used for soot 
oxidation experiments. For each experiment, 0.02 g of cata-
lyst–soot mixture in the ratio of 10/1 was initially activated 
at 150 °C under an inert Argon gas flow (60 mL.min−1). 
Then, the activated sample tested for soot oxidation experi-
ments by measuring the weight loss of the mixture in the 
temperature range of 150–700 °C at 10 °C.min−1 under the 

flow of 5%  O2  (N2 balanced) gas. Then, the exhaust  CO2 gas 
was measured using ACC URA   CO2 analyser (NDIR sensor).

Results and discussion

X‑ray diffraction technique (XRD)

XRD profiles of the as-synthesized perovskites are recorded 
at room temperature and shown in Fig. 2i and ii and the 
corresponding crystal parameters (crystal size, volume, 
lattice lengths, and strain) are calculated and displayed in 
Table 2. All the peaks were indexed to the orthorhombic 
phase (ICDD card no. 89-0551) and well matched with the 
literature (Ateia et al. 2019). The samples NC1 and NC2 
exhibited a single phase of orthorhombic phase with a high 
degree of crystallinity. It is also noticed that the XRD pat-
tern of the doped perovskite (NC2) did not modify the parent 
structure of  NdCoO3. The main diffraction peaks of the sam-
ple NC2, i.e. simultaneously doping A site (2 mol%  Ce4+) 
and B site (5 mol%  Cu2+) in  NdCoO3 perovskite, shifted 
the main peak towards higher 2θ angles as shown in the 
enlarged Fig. 2ii. This is related to lattice contraction of the 
orthorhombic phase of the perovskite (a decrease in crystal 
volume and crystal size is observed as shown in Table 2). 
The lattice contraction greatly impacted due to the substitu-
tion of smaller cation  Co3+ (0.61 Å) with the larger cations 
 Cu2+ (0.73 Å), however, less impacted with the substitution 

Fig. 2  XRD profiles of the samples a NC1 b NC2 c NC3, and d NC4

Table 2  Crystal size, crystal 
volume and lattice parameters 
of the as-synthesized 
perovskites

S. no Sample 2θ (121) Lattice parameters (Å) Crystal vol-
ume (Å3)

Crystal 
size (nm)

Lattice strain

a b c

1 NC1 33.282 5.269 7.769 5.233 214.24 36.5 0.00327
2 NC2 33.409 5.263 7.761 5.219 213.24 34.0 0.00349
3 NC3 33.208 5.287 7.769 5.230 214.88 39.0 0.00307
4 NC4 33.179 5.287 7.751 5.241 214.83 25.9 0.00463
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of  Nd3+ (1.109 Å) with  Ce4+ (0.97 Å) because of the lower 
content of ceria (Urán et al. 2020; Schön et al. 2017). It can 
also be seen in Table 2 that the NC2 sample exerted more 
lattice strain upon doping  Ce4+/Cu2+ into  NdCoO3 perovs-
kite, confirming the successful incorporation of dopants 
into pure perovskite. As reported in the literature (Cui et al. 
2019), the successful dopant incorporation promotes lattice 
shrinkage which successively induces the structural defects 
(creation of oxygen vacancies) to counterbalance the charge 
compensation in the structure. Thus, the as-synthesized per-
ovskite structures might also provide structural defects, but 
it can further confirm using FTIR analysis. 

In NC3 sample, the dopant composition of  Cu2+ at B site 
increases from 5 to 10 mol% by keeping  Ce4+ as 2 mol% 
at A site. Similarly, in the NC4 sample, the composition of 
 Ce4+ at A site increases from 2 to 5 mol% by keeping  Cu2+ 
as 5 mol% at B site. In both the samples (NC3 and NC4), 
the main diffraction peak shifted towards lower 2θ angles 
when compared with NC1 and NC2 as shown in Fig. 2ii. It 
indicates that there might be a phase transition that occurs 
with the further increase in composition in both sites; more-
over, the intensity of the main diffraction peak tremendously 
decreased implying that there is a drastic decrease in the 
degree of crystallinity. These peak shifts in XRD patterns 
of prepared samples indicate that increase in the percentage 
of dopants results in inefficient substitution of Nd/Co with 
Ce/Cu (as indicated by XRD of NC3 and NC4 compared to 
NC2). Hence, Cu is present as nanocrystalline or amorphous 
CuO supported over  NdCoO3 perovskite. This is also sup-
ported by EDS results.

FESEM/EDS analysis

Figure 3 depicts the morphology and elemental composition 
of the as-synthesized perovskites. For the samples NC1 and 
NC2, it evidenced the formation of nanoparticle morphol-
ogy with particles that are interconnected each other and 
form like a spherical network, with the formation of voids in 
between the particles, shown in magnified Fig. 3. However, 
after doping higher content of Ce/Cu into the perovskites 
(NC3 and NC4) disappeared the network-like morphology 
and forms the smaller agglomerated nanoparticles. Moreo-
ver, the particles of all the samples possess a size around 
300–500 nm, which is much higher than the size of soot 
nanoparticles (50–100 nm) (Guo et al. 2013). Herein, the 
size ratio of as-synthesized perovskites to soot particles is 
in the range of 5–6. It is worth noting that the size ratio must 
be greater than one in order to provide more surface contact 
of the catalyst with the soot particles. Thus, as-synthesized 
samples exhibit higher size-ratio value, providing more con-
tact points with the soot particles. Besides, NC1 and NC2 
samples possess a more morphological advantage over NC3 
and NC4 samples in which the soot nanoparticles can able to 

penetrate through the voids and are trapped inside the hol-
low spherical morphology providing both inner and outer 
surface contact points with the soot. The composition of ele-
ments Nd, Ce, Co, Cu is shown in Table 3, which confirms 
the presence of all the elements. The elemental composition 
obtained from EDS is lower than the nominal composition 
due to experimental loss.

Fourier transform infrared spectroscopy (FTIR)

The perovskites  (ABO3) have B–O bonds of  BO6 octahe-
dron units and 12-coordinated A–O units. Wang et al. (2010) 
found that  BO6 octahedron units are stronger than Ln–O 
bonds in the spectroscopic behaviour. Among the six infra-
red vibrations of the octahedron, only the ν3 and ν4 modes 
are active. In specifically, ν3 infrared mode is related to 
stretching mode of B–O bond which usually occurs at the 
higher wavenumbers. Similarly, ν4 infrared mode is cor-
responded to bending mode of B–O bond which occurs at 
lower wavenumber (Wang et al. 2010, 2012).

Figure 4i shows full-range FTIR spectra of the doped and 
the un-doped  NdCoO3 perovskites, while the FTIR spectrum 
in the range 400–1000  cm−1 is shown in Fig. 4ii. As reported 
by Fang et al. (2014), for  La1-xCexFe1-yCoyO3 perovskites 
two main absorption bands were observed at around 400 
and 600  cm−1, which corresponds to deformation vibration 
of O-Fe–O or O–Co–O and stretching vibration of Fe–O 
or Co–O, respectively. Similarly, in the present work, par-
ticularly the NC1 sample showed that vibration bands at 
around 472 and 584  cm−1 are related to bending vibration 
(O–Co–O) and stretching vibrations (Co–O), respectively. 
However, the doped samples (NC2, NC3, and NC4) showed 
that higher band wavenumbers at around ~ 570  cm−1 and the 
shoulder band at ~ 600  cm−1 are attributed to two kinds of 
stretching vibration of Co–O or Cu–O in  BO6 octahedron 
in the perovskite structure and the lower band observed 
at ~ 470  cm−1 is related to bending vibration of O–Co–O 
or O–Cu–O in the perovskite (Fang et al. 2014; Li et al. 
2012; Wang et al. 2008). These absorption bands demon-
strate the formation of  ABO3 perovskite structure with or 
without dopants as well as promoted the structural defects 
in the perovskite structure. Besides, for NC1 and NC2 sam-
ples, the weak bands observed at around ~ 1050–1100 and 
1480  cm−1 (shown in Fig. 4i) are related to symmetric and 
asymmetric stretching vibrations of surface carbonate spe-
cies. However, these peaks are disappeared in NC3/NC4 
samples as the dopant composition increases. The reported 
studies (Liu et al. 2019) reveal that the presence of water 
molecules in the samples is essentially required for diesel 
soot exhaust applications; however, it promotes the soot 
oxidation process but it may damage the surface structure 
due to the presence of water molecules. Generally, the water 
molecules present on the surface because of exposure of 
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Fig. 3  FESEM/EDS images of the perovskites a NC1 b NC2 c NC3, and d NC4
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samples to air or environmental humidity and it exerts bands 
at around ~ 1600 and ~ 3450  cm−1 as reported in the literature 
(Liu et al. 2019; Basu and Ghosh 2013). However, there 
are no such bands observed in the present work. Interest-
ingly, the capping agent (PVP) bands are also not observed 
in the spectra because the samples are calcined at 900 °C. 
As reported in the literature (Koczkur et al. 2015; Safo et al. 
2019), the pure PVP bands that could be observed at around 
1280, 1640, 2900  cm−1 are attributed to C–N bending vibra-
tion from pyrrolidone group, C=O stretching vibration of 
pyrrolidone structure, and CH stretching vibration, respec-
tively. Interestingly, the capping agent (PVP) bands are also 
not observed in the spectra because the samples are calcined 
at 900 °C. In addition, the reported studies also reveal that 
the PVP agent should be removed before any catalytic reac-
tions. This is due to the fact that the presence of these agents 
might block the active sites and hampers the mass transfer 
of reactants and the products (Han et al. 2020). Thus, it con-
firms the removal of PVP agent using this technique.

UV–Vis diffuse reflectance spectroscopy (UV–Vis 
DRS)

Figure 5 depicts the absorption bands identified in UV–Vis 
DRS of the as-synthesized perovskites, measured in the 
wavelength range of 200–800 nm. UV–Vis DRS spectra 
showed the presence of sharp absorption bands at around 
200–300  nm in the UV region and broad bands in the 

visible region 380–600 nm. These bands are consistent 
well with the reported literature, especially Liu et al. (2009) 
observed ligand-to-metal charge transfer in UV region and 
d-d transition bands in the visible region for the sample 
 La0.9K0.1CoO3/CeO2. Similarly, in this study, all the peaks 
are fitted with Gaussian curves as shown in Fig. 5, which 
are attributed to the different excitation states of cobalt 
cation; however, the excitation states of dopants Ce/Cu are 

Table 3  Elemental composition 
of the perovskites from EDS 
technique

S. no Sample Elements Theoretical composition Composition from EDS

1 NC1 Nd/Co 0.5/0.5 0.44:0.56
2 NC2 Nd/Ce/Co/Cu 0.98/0.02/0.05/0.05 0.981/0.018/0.961/0.038
3 NC3 Nd/Ce/Co/Cu 0.98/0.02/0.9/0.1 0.979/0.020/0.932/0.067
4 NC4 Nd/Ce/Co/Cu 0.95/0.05/0.95/0.05 0.947/0.052/0.983/0.016

Fig. 4  i Full-range FTIR spectrum. ii FTIR spectrum in the range 400–1000  cm−1 of the samples a NC1 b NC2 c NC3, and d NC4

Fig. 5  UV–Vis DRS of the as-synthesized perovskites a NC1 b NC2 
c NC4, and d NC3 [Note: 1–3 peaks belong to absorption bands in 
UV region and 4–6 peaks are absorption bands in visible region]
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not observed significantly because of lower atomic content. 
In this study, the perovskites exerted  Co3+ (valence elec-
trons = 6) and  Co2+ (valence electrons = 7) cations on the 
surface of materials.

The doping of cerium and copper into  NdCoO3 
greatly impacted the absorption bands. In the perovskites 
(NC1, NC2, and NC4), the absorption of UV radiation 
excites an electron from the lone pair orbitals of O2p at 
around ~ 216–220 nm and transfers to  Co2+ ( O2−

→ Co2+ ) 
indicating ligand-to-metal charge transfer (LMCT). Simi-
larly, the band at ~ 240 nm was attributed to charge transfer 
from O2p to  Co3+. In addition, the inter-band transition was 
also observed at around ~ 260 nm related to the excitation of 
an electron from one energy level to another level of  Co2+ 
or  Co3+. However, NC3 exhibited only one absorption band 

in the UV region at around 237 nm related to O2−
→ Co

3+ 
charge transfer transition. To understand the excitation pro-
cess clearly, the excitation of electrons from O2p to cobalt 
cation upon absorption of UV radiation is schematically 
shown in Fig. 6. Here, the  Co2+ conduction band was located 
at a higher energy position/lower wavelength than  Co3+. In 
addition, the crystal field of octahedral Co3d split into two 
levels: lower energy orbitals dxy, dxz, dyz (denoted as t2g) 
and the higher energy orbitals of dx

2
−y

2, dz
2 (denoted as  eg).

The broad absorption band is also observed for all the 
samples in the visible region at around ~ 380–600 nm due 
to d-d electron transferring, indicating that the samples 
are responsive to the visible range; however, the peaks 
are slightly attenuated as it increases the dopants (Ce/

Fig. 6  The crystal field of 
octahedral Co3d and its cor-
responding excitation upon UV 
absorption of the samples a 
NC1 b NC2 c NC3, and d NC4
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Cu) composition. The broad absorption bands in the vis-
ible region are deconvoluted into three peaks as shown in 
Fig. 5. The peaks (4–5) are related to 4T

1g
→

4T
1g
(P) and 

4T
1g

→
4T

2g
 transitions of  Co2+ and the band (peak 6) is 

attributed to 5T
2g

→
5E

g
 transition of  Co3+. Thus, all the 

samples exhibited the presence of  Co2+ and  Co3+ ions. 
Besides, the ratio of  Co2+ to  Co3+ was also calculated by 
the area under the curves (peaks 4–6 of Fig. 5) and cor-
responding ratios are shown in Table 4. This ratio signifies 
that all the doped samples (NC2, NC3, and NC4) consist of 
higher availability of  Co2+ cations than  Co3+, because of the 
creation of lattice distortions, as already discussed in FTIR.

The bandgap energies of the samples are calculated using 
the Tauc plot as shown in Fig. 7. The Tauc equation is shown 
in Eqs. (1–2) (Murugan et al. 2005; Wang et al. 2020).

Herein, F(R∞), R∞, h, Eg, ν, C, n represent Kubelka–Munk 
function, diffuse reflectance, Planck’s constant, incident 
light frequency, bandgap energy, a constant, and an integer. 
The integer “n” is chosen as 0.5 for the bandgap is in direct 
transition. It is observed that a plot between 

[

F
(

R
∞

)

h�
]2 

and hν was linear near the edge for the direct transition. The 
extrapolation of the straight line to abscissa provides infor-
mation about bandgap energy. The calculated band gap ener-
gies for the direct transition are displayed in Table 4. The 
estimated bandgap energies of the samples NC1, NC2, NC3, 
and NC4 are 4.57, 4.21, 4.72, and 4.66 eV, respectively.

As reported by Getsoian et al. (2014), bandgap energy 
is the descriptor for catalytic propene oxidation reactions. 
Besides, it is reported that the samples exhibiting lower 
bandgap energies exhibit lower soot oxidation temperatures. 
It is because the materials can easily transfer an electron 
from ligand to metal and indirectly signifies that the mate-
rial might possess a higher chance of migration of oxygen 
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R
∞

)

h�
]
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(
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)
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∞
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species within the material. In this work, it is noticed that 
bandgap energies for NC2 are lower than the samples NC1, 
NC3, and NC4. Thus, the perovskite NC2 is potential can-
didate for oxidation reactions.

XPS analysis

XPS spectra of Co2p are shown in Fig. 8i. The peaks of 
Co2p of the perovskite NC1, centred at around 779.9 and 
781.7 eV, are ascribed to  Co3+  2p3/2 and  Co2+  2p3/2, respec-
tively, with spin–orbital contribution identified at around tri-
valent  Co2p1/2 (794.8 eV) and divalent Co  2p1/2 (796.5 eV). 
However, after incorporation of Ce/Cu cations in  NdCoO3, 
the binding energies (B.E) are shifted towards the lower 
value because of substitution of less electronegative element 
(Co—1.88) by the more electronegative (Cu—1.90) element. 
Thus, it confirms that the formation of  Co2+ and  Co3+ cati-
ons at B site induces the shift in B.E. In addition, the weak 
satellite peaks of Co2p are also observed at around ~ 790 eV 
and ~ 805 eV for all the samples with a spin–orbit energy 
difference of Co2p obtained as 14.5–15 eV. The binding 
energies in this study are consistent with the reported litera-
ture; in particular, Tsai et al. (2020) reported  Co3+ (780.2, 

Table 4  The wavelengths 
and bandgap energies of the 
as-synthesized perovskites

a The ratio of  Co2+ to  Co3+ is calculated from the area under the peaks in the visible region

S. no Sample Wavelength (nm) aCo2+/
Co3+ 
ratio

Band gap 
energy 
(eV)

UV region 4
T
1g

→
4
T
1g
(P)

4
T
1g

→
4
T
2g

5
T
2g

→
5
E
g

Eg

1 NC1 216 245 259 413 435 492 1.1 4.57
2 NC2 220 240 256 424 480 550 6.5 4.21
3 NC4 215 243 258 418 461 516 4.4 4.66
4 NC3 – 238 – 425 477 539 1.7 4.72

Fig. 7  The Tauc plots of the as-synthesized perovskites
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795.1 eV) and  Co2+ (781.8, 796.9 eV) cations on the surface 
of the MOF derived  Co3O4 nanoparticles. Furthermore, the 
ratio’s  Co2+/Co3+ for the samples NC1, NC2, NC3, and NC4 
are obtained as 1.83, 4.20, 5.13, and 3.94, respectively. It 
infers that the ratio is higher than one, indicating that all the 
samples exhibit higher content of  Co2+ cation than  Co3+. 
Further Cu2p peaks are deconvoluted into three, as shown 
in Fig. 8ii. The peaks located at around 934.2 and 953.9 eV 
are corresponded to  Cu2+  2p3/2 and  Cu2+  2p1/2, respectively. 
In addition, the satellite peak was also observed at around 
942.9 eV. Thus, it affirms that all the samples provide  Cu2+ 
cation on the surface with spin–orbital energy difference 
obtained as 19.7 eV. The obtained Cu2p peaks are consist-
ent with the reported literature, i.e. Venkataswamy et al. 
(2019) reported  Cu2+ peaks at 934.2 eV and 954.1 eV with 
spin–orbit energy difference obtained as 19.9 eV.

The substitution of  Nd3+ by  Ce4+ does not impact much 
on charge neutrality phenomena because of the lower 
content incorporation of  Ce4+. However, at the B site of 
perovskite, i.e. replacing cobalt cation with copper cation 
strongly influences the electronic neutrality because of the 
availability of  Co3+/Co2+/Cu2+ cations which successively 
generates the oxygen vacancies in order to compensate the 
charge neutrality.

O1s analysis

Figure 9 depicts O1s spectra of as-synthesized perovskites. 
The peaks are deconvoluted into three by fitting the peaks 
using the Gaussian function. The peaks identified at around 
528 ± 0.7, 530 ± 0.8, and 532 ± 0.8 are attributed to lattice 
oxygen species  (Oα), surface-chemisorbed oxygen  (Oβ), 
and hydroxyl/carbonate species  (Oγ), respectively. It can 
be noticed from Fig. 9 that the peaks  (Oα and  Oβ) of Ce/

Cu incorporated samples are shifted towards lower binding 
energy as compared with NC1, which signifies that the inter-
action of Co/Cu cations successfully generates the oxygen 
vacancy sites on the surface of perovskites to maintain the 
charge balance. According to reported studies (Sun et al. 
2020), surface-chemisorbed oxygen species  (Oβ) are elec-
trophilic and are active during oxidation reactions. Indeed, 
more content of surface-adsorbed oxygen species  (Oβ) signi-
fies the higher catalytic activity. Comparing with  NdCoO3 
perovskite, the substitution of Ce/Cu cation increased the 
relative content of  Oβ-species. It can be seen from Table 5 
that the ratio  Oβ/(Oα +  Oβ +  Oγ) of NC2 was found to be 
0.587, which was 2.36, 1.43, and 1.82 times higher than 
NC1, NC3, and NC4, respectively. It infers that NC2 sam-
ple exhibits higher mobility of surface-chemisorbed oxygen 

Fig. 8  XPS of Co2p i and Cu2p ii of the samples a NC1 b NC2 c NC3, and d NC4. [Note: 1—Co (III)  2p3/2, 2—Co (II)  2p3/2, 3—satellite peak, 
4—Co (III)  2p1/2, 5—Co (II)  2p1/2, and 6—satellite peak]

Fig. 9  The O1s spectra of the as-prepared perovskites a NC1 b NC2 c 
NC3, and d NC4
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species because of the higher content of  Oβ-species as well 
as overall oxygen species.

In addition, the parameter  (Oβ +  Oγ)/Oα ratio is also 
defined to measure the performance of catalytic activ-
ity in terms of oxygen storage capacity (OSC) of the 
as-synthesized perovskites. According to the literature 
(Xiong et al. 2021), the species  (Oβ and  Oγ) are usually 
adsorbed on the oxygen vacancy sites, which circuitously 
provides information about oxygen storage capacity. 
Interestingly, the  (Oβ +  Oγ)/Oα ratio of the NC3 sample 
is obtained as 5.00 which was higher than NC2 (4.81), 
NC4 (4.46), and NC1 (3.94). It confirms the higher avail-
ability of oxygen vacancy density of the samples is as fol-
lows: NC3 > NC2 > NC4 > NC1. Herein, the higher oxygen 
vacancy concentration in the NC3 sample can be interpreted 
by comparing the amount of individual oxygen species of 
NC3 and NC2 samples. It can be noticed from Table 5 that 
the amount of  Oγ-species in the NC3 sample was higher 
than NC2. However, the  Oα-species are lower amount than 
NC2. Although, NC2 carries higher mobility of  Oβ-species 
but exhibits lower oxygen vacancy density than NC3. It is 
because the surface morphology of the catalysts also plays 
a role in creating surface oxygen vacancies. It signifies that 
NC2 sample limits the generation of vacancies because of 
spherical network particles in which inner and outer surfaces 
with narrow voids are available for utilization. However, in 
the NC3 sample, all the particles are separated individu-
ally and can easily penetrate the oxygen species, which can 
boost to create more vacancies as compared with NC2. Thus, 
the NC3 sample has higher oxygen vacancy concentration 
((Oβ +  Oγ)/Oα). However, NC2 possesses higher mobility of 
surface-chemisorbed oxygen species  (Oβ/(Oα +  Oβ +  Oγ)). 
Nonetheless, the catalytic performance of these catalysts is 
further confirmed using oxidation experiments.

Thus, the higher concentration of  Co2+ and β-species in 
the doped samples suggests the generation of higher oxygen 

vacancy concentration because of substitution of Co by Cu 
cations. Among the as-synthesized samples, NC2 or NC3 
might exhibit higher performance towards the oxidation 
reactions.

Soot‑TPR analysis

Figure 10i displays that the soot-TPR analysis of the as-
synthesized perovskites and the corresponding deconvolu-
tion of peaks are shown in Fig. 10ii. This analysis helps to 
investigate the role of different oxygen species involved dur-
ing the oxidation process. The oxygen species evolved from 
the surface of perovskites was due to structurally deformed 
perovskites. There are two different mobile oxygen species 
released from the catalyst surface due to the surface reduc-
ible tendency of the catalysts. (i) Lower-temperature oxygen 
species (surface-adsorbed oxygen) evolved in the tempera-
ture range of 200–500 °C, represented as Ox−

2
 , these species 

are weakly bonded to the surface and actively participate in 
chemical reactions. (ii) Higher-temperature oxygen species 
(lattice oxygen) released at above 500  °C denoted as 
 O2− (Uppara et al. 2019, 2020), these species are difficult to 
release from the catalyst (Xiong et al. 2021). The peaks are 
distinguished (shown in Fig. 10ii) and estimated the peak 
areas by fitting the peaks using the Gaussian function. Then, 
the calculated amount of surface-adsorbed oxygen species 
(< 500 °C) and lattice oxygen species (> 500 °C) and the 
corresponding surface-adsorbed peak temperatures are dis-
played in Table 6. In particular, the low-temperature mobil-
ity of oxygen species ( Ox−

2
 ) plays a crucial role to initiate the 

soot oxidation process. The doped perovskite NC2 exhibited 
more amount of surface-chemisorbed oxygen species 
(

O
x−

2

O
x−

2
+O

2−
= 0.90

)

 as compared with NC1. The soot-TPR 
analysis is well corroborated with XPS results, especially 
surface-chemisorbed oxygen  Oβ-species showed higher 

Table 5  The different oxygen 
species and corresponding 
binding energies examined 
using XPS O1s analysis

S. no Sample Elements Peak posi-
tion (eV)

FWHM Area O
�
+O

�

O
�

 ratio O
�

(O�
+O

�
+O

�) ratio

1 NC1 OL (α) 528.8 1.302 18,167.48 3.94 0.248
Oads (β) 530.9 2.268 22,273.31
Ohyd (γ) 531.7 4.313 49,482.78

2 NC2 OL (α) 528.4 1.513 15,889.02 4.81 0.587
Oads (β) 530.7 2.768 54,230.13
Ohyd (γ) 533.1 2.907 22,341.61

3 NC3 OL (α) 527.9 1.768 13,735.73 5.00 0.408
Oads (β) 530.3 2.537 33,651.63
Ohyd (γ) 532.8 3.521 35,130.98

4 NC4 OL (α) 527.2 1.666 20,741.31 4.46 0.320
Oads (β) 529.2 2.015 36,309.13
Ohyd (γ) 531.2 3.493 56,227.93
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content for NC2 sample. Nonetheless, the other two samples 
NC3 and NC4 evidenced less amount of Ox−

2
 (< 50%) and 

the more pronounced quantity of lattice oxygen species 
 (O2−) which are not motivated for soot oxidation studies. 
The amount of surface-adsorbed oxygen species are in the 
order of NC2 > NC1 > NC3 > NC4. Thus, the perovskites 
NC2 might show superior soot oxidation activity as com-
pared with the other perovskites.

Catalyst performance studies—“Possible 
Mechanism”

To evaluate the performance of the as-synthesized perovs-
kites, the soot and the perovskites are mixed in the ratio of 
1:10 under tight contact and carried the experiments under 
the flow of 5%  O2 (balance  N2). The performance of the 
perovskites towards soot oxidation is displayed in Fig. 11. In 
this experiment, T50% (the temperature at which 50% of soot 
converted) and Tmax (the temperature at which soot oxida-
tion rate was maximum) were considered as the parameters 
to investigate the performance of catalysts towards soot 
oxidation and the corresponding values shown in Table 6. 
The T50% conversion temperature of the samples NC1, NC2, 
NC3, and NC4 is measured as 460, 434, 510, and 503 °C, 
respectively.

Initially, the blank studies, i.e. un-catalysed soot oxidation 
experiments under  O2 flow, are investigated and noticed that 
the bare soot ignites at around 540 °C and completes its oxi-
dation at around 660 °C. Indeed, the catalyst–soot mixture 
experiments are investigated under the same experimental 
conditions. It is worth noticing a shift in oxidation tempera-
ture to the lower region observed for catalysed soot oxidation 
experiments. It is because of some essential characteristic 
features of the as-synthesized perovskites like surface-chem-
isorbed oxygen species, redox property, and surface morpho-
logical changes that tend to enhance its activity.

In the NC1 sample, the soot combustion process starts 
to ignite at around 375 °C and completes its oxidation at 
around 570 °C. Although the maximum soot combustion 
of NC1 is shown at 471 °C, the complete conversion occurs 
at higher temperatures. It indicates the temperature gap 
between the ignition and the complete oxidation is around 
195 °C, signifying that NC1 sample slowly oxidizes the soot 
during its combustion process. It is due to the fact that NC1 
showed a unique surface morphology, i.e. large spherically 
networked particles enabled to enter the soot particles into 
the hollow surface during the tight contacting the soot and 
catalyst. Thus, the soot particles are available on both the 
inner and outer surfaces of the hollow spherical morphol-
ogy. During the soot oxidation process (shown in Fig. 12), 
the vacancies (Vi-s = inner surface vacancy and Vo-s = outer 
surface vacancy) filled by molecular oxygen in the inner and 

Fig. 10  Soot-TPR analysis of the samples a NC1 b NC2 c NC3, and d NC4

Table 6  Soot oxidation 
temperatures and active 
oxygen peak species of the 
as-synthesized perovskites

S. no Sample Tig (°C) Tmax (°C) T50% (°C) Tf (°C) Tgap = Tig − Tf Soot-TPR Tpeak
O

x−

2

(O
x−

2
+O

2−
)

1 NC1 375 471 460 570 195 480 0.83
2 NC2 360 446 434 525 165 462 0.90
3 NC3 440 517 510 565 125 536 0.46
4 NC4 460 506 503 575 115 584 0.25
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outer surface catalyst particles enable to convert into active 
oxygen species 

(

O
x−

2

)

 due to the availability of two different 
cobalt cations (evidenced by Co2p analysis). However, the 
transition of  O2 to 

(

O
x−

2

)

 occurs slowly in the inner surface 
of the catalyst than the outer surface, because the molecular 
oxygen should travel through the voids of the spherical mor-
phology and interact with the surface vacancies and convert 
into active species, which would delay the oxidation process. 
Thus, the active oxygen species can able to interact with the 
outer surface contacted soot particles rapidly than the inner 
surface soot particles. Similarly, the same soot oxidation 
mechanism can also be interpreted for the NC2 sample as 
well. In NC2, the ignition starts at around 360 °C and com-
pletes at around 525 °C with a temperature gap of 165 °C. 
The soot combustion temperatures in NC2 are lower than 
NC1 because of higher content of  Co2+ than  Co3+  (Co2+/
Co3+  = 5.13) as well as higher availability of active oxygen 
species  (Oβ/(Oα +  Oβ +  Oγ) = 0.587). In addition, NC2 pos-
sessed more surface morphological advantages than NC1, 
because the NC2 sample contains the smaller size spheri-
cal networked particles than NC1. Thus, the NC2 sample 
exhibits a profound oxidation process than NC1 because of 
the less travel time required for the molecular oxygen to 

enter the inner surface through the voids and convert into 
active species.

On the other hand, NC3/NC4 samples disappeared the 
network-like morphology upon introducing higher Ce/Cu 
cation content. It evidences that NC3/NC4 exhibits higher 
soot oxidation temperatures than NC1/NC2. The samples 
NC3/NC4 start to ignite at around ~ 450 °C and complete 
at around ~ 570 °C. Although the soot oxidation tempera-
tures in NC3/NC4 are up-shifted to higher temperatures than 
NC1/NC2, the temperature gaps of NC3 (125 °C) and NC4 
(115 °C) are down-shifted to lower temperatures. This is due 
to the fact that NC3/NC4 samples exhibit the individually 
separated particles, which enables interaction of the active 
oxygen species with the only outer surface contacted soot 
particles. Thus, the oxidation reaction occurs so rapidly in 
NC3/NC4 as soon as it starts to ignite. Furthermore, NC3/
NC4 samples exhibit the good content of  Co2+ cations, 
which is nearly equal to or more than NC2/NC1 and also 
exhibited higher mobility of oxygen species. But the soot 
combustion is shown at a higher temperature because of 
individually separated particles which limits the oxidation 
process and also higher content of Ce/Cu cations led to inef-
ficient catalytic property. Thus, the surface morphological 

Fig. 11  Soot oxidation and the corresponding  CO2 emissions over as-synthesized samples a NC1 b NC2 c NC3 and d NC4
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properties also decide the oxidation process along with the 
surface oxygen species and redox capability of the catalysts.

The samples NC1/NC2 exhibited a higher soot oxida-
tion rate than NC3/NC4 because of surface morphological 
advantage, particularly forming spherical network morphol-
ogy with voids. It enables the soot to penetrate through the 
voids and increases the more contact points with the cata-
lyst. However, increasing the dopant composition beyond 
the optimum level (NC3/NC4) led to the disappearance of 
the spherical network and formed the individually separated 
nanoparticles, promoting fewer contact points with the soot. 
Thus, the sample NC2 exhibited a much better performing 
candidate towards soot oxidation activity than other perovs-
kites. It is due to good surface morphology, lower bandgap 
energy, higher mobility of surface-adsorbed oxygen species, 
and the good reducible nature of the catalyst.

In addition, the relationship of catalytic soot oxidation 
with the soot-TPR peak temperatures, amount of surface-
adsorbed oxygen species, and the bandgap energy values are 
established and shown in Fig. 13. For any better performing 
catalyst, it should possess a lower T50% value, lower soot-
TPR peak temperature, lower bandgap energy, and higher 
amount of surface-chemisorbed oxygen. Moreover, surface 

morphology also plays a crucial role in soot oxidation 
reactions.

Among the samples, NC1/NC2 shown on the left side 
of the separated arrow in Fig. 13 Exhibited lower soot-TPR 
temperature peaks, lower bandgap energy, and excellent 
spherical networked surface morphology with inner and 
outer surface contact points promoted the lower soot oxida-
tion temperature. Besides, the amount of surface-adsorbed 
oxygen species  (Oβ-species) was shown the highest for the 
NC2 sample; however, NC1 attributed the least  Oβ-species. 
Similarly, NC3/NC4 samples shown on the right side of the 
separated arrow in Fig. 13 demonstrated higher-temperature 
soot-TPR peaks and higher bandgap energy as compared 
with NC1/NC2, which successively promoted the lower 
catalytic activity. Although NC3/NC4 exhibited a higher 
amount of  Oβ-species than NC1, it showed lower catalytic 
activity because of individually separated particles providing 
less surface contact with the soot particles and also the sub-
stitution of higher content of Ce/Cu content into the perovs-
kite. Among the prepared samples, T50% of NC2 was found 
to be 434 °C because of showing lower soot-TPR peak tem-
perature (462 °C), lower bandgap energy (4.21 eV), and a 
higher amount of active oxygen species. Thus, the perovskite 

Fig. 12  The demonstration of soot oxidation mechanism over inner and outer catalyst surface
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NC2 exhibited higher catalytic activity as compared with the 
other perovskites.

The results proved that the perovskite NC2 demonstrated 
excellent catalytic features; however, the investigation of 
multiple cycles of soot oxidation reactions helps to under-
stand the behaviour of catalytic stability. Figure 14 depicts 
the perovskite reusability studies carried under the same 
experimental conditions. It can be seen from Fig. 14 that 
there was a rise in maximum soot oxidation temperature 
of nearly ~ 10 to 20 °C for all the samples. Thus, all the 

perovskite samples were catalytically stable even after five 
cycles of oxidation reactions. It signifies that as-synthesized 
samples can be reused for multiple cycles with less signifi-
cant loss of catalytic activity.

Conclusions

In summary, the perovskites  Nd1−xCexCo1−yCuyO3 
(x = 0–0.05, y = 0–0.1) were successfully synthesized using 
PVP-assisted sol–gel method. XRD technique reveals that 
the perovskite samples exhibited an orthorhombic phase. 
FESEM images showed the spherically networked-like mor-
phology with around 300–500 nm particle sizes with size-
ratio factor was more than one, indicating a catalyst surface 
exhibiting more contact points with the soot. FTIR technique 
evidenced that upon doping  Ce4+ and  Cu2+ into  NdCoO3, the 
stretching vibration of Co–O or Cu–O in  BO6 octahedron at 
higher wavenumber and bending vibration of O–Co–O or 
O–Cu–O at lower band was observed in the perovskite struc-
ture. Moreover, the perovskites exerted LMCT transitions 
and inter-band transition in the UV region (210–260 nm) 
and also observed absorption bands at around ~ 380–600 nm, 
indicating that the samples are visible radiation respon-
sive. Besides, bandgap energies are also calculated, NC2 
remarkably exhibited the least bandgap energy as com-
pared with the others. All the doped samples evidenced 

Fig. 13  The relationship of soot-TPR peak/bandgap energy/surface oxygen species with the soot oxidation temperature

Fig. 14  Reusability studies of as-synthesized perovskites
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more amount of  Co2+ cation as compared with NC1. The 
amount of  Oβ-species evaluated from O1s are in the order of 
NC2 > NC3 > NC4 > NC1. Thus, the NC2 sample was found 
to be a higher catalytic activity with T50% as 434 °C because 
of exhibiting lower soot-TPR peak temperature (462 °C), 
lower bandgap energy (4.21 eV), and a higher amount of 
active oxygen species. Furthermore, the unique surface mor-
phology of the NC2 sample also played a decisive factor for 
soot oxidation reactions, in another way, the penetration of 
soot particles in the hollow spherically network morphology 
in which inner and outer catalyst’s surface was utilized for 
oxidation reactions.
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