
Received: 26 November 2018 Revised: 22 February 2019 Accepted: 12 April 2019
RE S EARCH ART I C L E

DOI: 10.1002/apj.2316
Effect of ionic radius on soot oxidation activity for ceria‐
based binary metal oxides
Anjana P. Anantharaman1 | Hari Prasad Dasari1 | Harshini Dasari2 |

G. Uday Bhaskar Babu3
1Chemical Engineering Department,
National Institute of Technology
Karnataka, Mangalore, India
2Chemical Engineering Department,
Manipal Institute of Technology, Manipal,
India
3Chemical Engineering Department,
National Institute of Technology
Warangal, Warangal, India

Correspondence
Hari Prasad Dasari, Engineering
Department, National Institute of
Technology Karnataka, Mangalore
575025, India.
Email: energyhari@nitk.edu.in

Funding information
Department of Science and Technology,
Ministry of Science and Technology,
Grant/Award Numbers: DST‐INSPIRE
IFA‐13 ENG‐48 and DST INSPIRE IFA‐13
ENG‐48
Asia‐Pac J Chem Eng. 2019;e2316.

https://doi.org/10.1002/apj.2316

w

Abstract

CeO2 (C) along with binary metal oxides of Ce0.9M0.1O2‐δ (M = Sn, Hf, Zr,

Gd, Sm, and La; CT, CH, CZ CG, CS, and CL) are synthesized using the

EDTA–citrate method. Samples having an ionic radius smaller (CT, CH,

and CZ) and larger (CG, CS, and CL) than Ce4+ are classified separately,

and their soot oxidation activity is analyzed. The incorporation of dopant is

confirmed from lattice constant variation in X‐ray diffraction result. The crit-

ical descriptors for the activity are dopant nature (ionic radius and oxidation‐

state), single‐phase solid solution, lattice strain, reactive (200) and (220)

planes, Raman intensity ration (Iov/IF2g), optical bandgap, reducibility ratio,

and surface oxygen vacancy. Smaller ionic radius, isovalent dopants (CH

and CZ) create a defect site by lowering the optical bandgap along with

improved surface oxygen vacancy concentration and thus enhanced soot oxi-

dation activity. Aliovalent dopant with larger ionic radius shows the involve-

ment of lattice oxygen in oxidation reaction by charge compensation

mechanism. CL showed the highest activity amongst larger ionic radius

samples.

KEYWORDS

ceria‐based binary metal oxides, solid solution, ionic radius, optical band gap, oxygen vacancy
1 | INTRODUCTION

Thermodynamically stable redox sites of CeO2 favours
the cyclic change of CeO2‐δ, which leads to the forma-
tion of oxygen vacancy. Defect structure of CeO2 can
be modified by the variation in temperature, oxygen par-
tial pressure, and cation doping.1 Addition of metal cat-
ion having different charge and ionic radius into ceria
lattice improves the active oxygen mobility along with
the creation of defective fluorite structure. Reddy et al.2

studied the doping of CeO2 with trivalent dopants of
Sm, Eu, and Gd and concluded that oxygen defect cre-
ated by Sm doping is significantly higher and the reduc-
tion temperature is lower, which results in higher soot
ileyonlinelibrary.com/journal/apj
oxidation activity for the Sm‐doped sample.2 A study
by Rushton et al.3 stated that with the dopant addition,
oxygen transport is mediated by the oxygen vacancy that
is created by the defect sites in the CeO2 lattice.3

Isovalent and aliovalent cation doping has lower oxygen
vacancy formation energy in reactive facets of {111} and
{110} and hence improves the vacancy formation due to
structural deformation.4,5 Addition of Zr has resulted in
structural defect creation with different coordination
number and thus improves the defect formation and dis-
tortion in oxygen sublattice.4-6

The rate of soot oxidation is generally predicted by
the oxygen vacancy formation energy on the surface of
metal oxides. Substitution of the cation with different
© 2019 Curtin University and John Wiley & Sons, Ltd. 1 of 11
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oxidation state to host lattice affects the oxygen vacancy
formation energy with the formation of the hole at the
top of the valence band. Isovalent dopant addition
results in shortening the metal‐oxygen bond in compar-
ison with a Ce─O bond in CeO2, which weakens the
surface oxygen bond and lowers vacancy formation
energy.7 Presence of reduced ceria (Ce3+) results in for-
mation of active oxygen species that reacts with soot
and forms CO/CO2 and further results in oxygen
vacancy. Oxygen vacancy created during this process
can be further filled by gaseous oxygen or subsurface
oxygen (accompanied by production of Ce4+). The active
oxygen eliminated from the surface reacts with soot and
forms carbon oxides. Further, the cycle continues, and
the entire soot gets oxidised.8,9 Thus, the surface oxygen
vacancy creation is critical for the soot oxidation reac-
tion. Doping leads to defect sites with lower oxygen
vacancy formation energy that enhance surface oxygen
concentration, which takes part in soot oxidation reac-
tions.10 Descriptors are used to define the influence of
different parameters on catalytic activity for soot oxida-
tion reaction. A single parameter as a descriptor cannot
be defined for doped metal oxide catalyst due to reaction
complexity in the presence of dopants.11 A combination
that includes reducibility,12 oxygen vacancy formation,12

host structure,13 phase cooperation,14 and active sites15

controls the soot oxidation activity and plays as one of
the major descriptors. Host structural features depend
upon the optical band gap,16 dopant,17 lattice parame-
ter,3 solid solution formation,14 morphology,13 and reac-
tive facet planes.5 It is critical to point out the specific
descriptor that influences the soot oxidation activity of
ceria‐based catalysts because in most cases, it will be a
combination of descriptors that will control the activity.
Based on the previous study on single metal oxide hav-
ing redox and nonredox properties, the catalytic activity
varies for both the classes of metal oxides. For redox
metal oxides, reduction temperature, ionic radius differ-
ence, and surface oxygen binding energy control the soot
oxidation activity. On the other hand, for nonredox
metal oxides, it is the ionic radius, lattice strain, and sur-
face area that control the activity.18 From the study, it is
prominent that a common parameter of ionic radius
affects the metal catalyst activity. Further, this study is
undertaken to study the effect of ionic radius on soot
oxidation activity for ceria‐based binary metal oxides.
Ceria‐based binary metal oxides at the fixed composition
of Ce0.9M0.1O2‐δ (M = Sn, Hf, Zr, Gd, Sm, and La) with
smaller and larger ionic radius than host ion are
discussed in this work. The binary metal oxides in this
study are classified as higher ionic radius and smaller
ionic radius samples. Ions with radius smaller than
Ce4+ (0.97 Å), such as Hf4+ (0.83 Å), Zr4+ (0.84 Å),
and Sn4+ (0.81 Å),19 are categorised as smaller ionic
radius dopants. Similarly, dopants with ionic radius
higher than Ce4+ are categorised as higher ionic radius
samples (Gd4+ (1.05 Å), Sm4+ (1.08 Å), and La3+

(1.16 Å)).19
2 | EXPERIMENTAL DETAILS

2.1 | Material synthesis and
characterisation

CeO2 (C) along with binary metal oxides of Ce0.9M0.1O2‐δ

(M = Sn, Hf, Zr, Gd, Sm, and La) represented as CT, CH,
CZ CG, CS, and CL were synthesised using the EDTA–
citrate method. AR grade chemicals were used for the
synthesis of metal oxides. An EDTA–citrate complexing
method reported earlier18,20 was used to synthesise all
the binary metal oxides. A black precursor solid obtained
after heating at 150°C/24 hr in the oven was further cal-
cined at 350°C/12 hr and 600°C/5 hr in air to obtain the
required oxides.

X‐ray diffraction (XRD) patterns of the samples were
recorded on an XPERT Pro diffractometer. Lattice con-
stant and crystallite size are calculated using Bragg's law
and the Debye–Scherrer equation, respectively, from the
corresponding XRD peaks. Brunauer–Emmett–Teller
(BET) surface area analyser and pore volume are
analysed using the SMARTSORB‐92/93 instrument.
Raman spectroscopy analysis was undergone in Bruker:
RFS 27 model using a diode laser source (785 nm). CARL
ZEISS SIGMA instrument was used to study scanning
electron microscopy (SEM) analysis of the binary metal
oxides, and Joel/JEM 2100 is used to analyse transmission
electron microscopy (TEM) of the samples. Cary 5000
ultraviolet (UV)–vis diffuse reflectance spectroscopy
(UV‐vis DRS) with an integration sphere diffuse reflec-
tance attachment was used to obtain UV‐Vis near infra‐
red (UV‐Vis NIR) absorption behaviour of the samples.
Tauc's plot was adopted to study the direct band gap
energy values.21 X‐ray photoemission spectroscopy (XPS)
of the samples are studied using Omicron ESCA+, and
C correction was undergone for all the XPS peaks. The
peak deconvolution was done using CasaXPS software.
Further instrumental details are provided in previously
reported work.18
2.2 | Soot oxidation activity measurement

The synthesised binary metal oxides were utilised as cat-
alysts for soot oxidation reaction using standard Printex‐
U (carbon black, produced from the combustion of natu-
ral gas by Orion Engineered Carbons, used as a model
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compound for diesel soot). The catalyst and soot were
made into tight contact for 30 min with a catalyst:soot
ratio of 4:1.4,9,18 Bound moisture content was removed
by preheating the sample at around 200°C. The prepared
soot and catalyst mixture was loaded in a TG/DTA 6300
thermogravimetric analyser instrument and operated in
a temperature range of 200°C –600°C with a heating rate
of 10°C/min. Air flow at 100 ml/min was maintained for
preheating and normal reactions.4,9,18 The repeatability
and order of the reaction were checked for multiple
reactions.
FIGURE 1 (a) Lattice constant and lattice strain variation, (b)

(200)/(111) and (220)/(111) plane variation, and (c) . Brunauer–

Emmett–Teller (BET) surface area variation of binary metal oxides

with the increase in ionic radius
3 | RESULTS AND DISCUSSION

3.1 | XRD analysis

The synthesised binary metal oxides are initially
characterised using XRD analysis for phase identifica-
tion. Diffraction peaks obtained for metal oxide series
are shown in Figure S1. All samples (C, CT, CH, CZ
CG, CS, and CL) displayed peak analogous to the cubic
fluorite structure of CeO2.

22 Apart from the fluorite
phase, CT sample shows the rutile type tetragonal phase
of SnO2 in traces that confirm the existence of hybrid
phase in the sample.18 With the presence of secondary
phase, the activity may be hindered for CT sample
because the active sites cannot be readily available for
the reaction.23 Lattice constant, crystallite size, lattice
strain, and facet plane ratio are calculated from the cor-
responding diffraction peaks, and their values are given
in Table S1.

Figure 1a displays the lattice constant and lattice
strain variation with the change in dopant ionic radius
for all the binary metal oxide samples. It is evident from
the lattice constant values that smaller and larger ionic
radius samples have lower and higher lattice constants,
respectively, in comparison with the C sample.24 The
higher lattice constant observed for CL is due to the
higher ionic radius of La3+. According to Reddy
et al.,25 oxygen vacancy formation energy and reducibil-
ity depend upon the dopant ionic radius, and thus the
catalytic activity varies with the variation in cation
radius. Consequently, the catalytic descriptors for larger
and smaller ionic radius dopant for soot oxidation activ-
ity may also differ. Figure 1a confirms that all the doped
sample shows higher lattice strain than C. With the
improved lattice strain in doped sample, oxygen diffu-
sion enhances, oxygen migration eases with enhanced
defect density, and thus the oxidation reaction occurs
quickly.3 Hence, in the present study, all doped ceria‐
based binary metal oxides may have better catalytic
activity than C. The intensity ratio of the reactive facet
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planes of (220)/(111) and (200)/(111) are calculated from
the diffraction peaks and plotted with the change in
dopant ionic radius and given in Figure 1b. Doped sam-
ples show almost the same or higher (200)/(111) ratio
than pure C sample. On the other hand, for (220)/
(111) planes, CH, CZ, CG, and CL have almost similar,
or higher ratio than C. Aneggi et al.26 reported a direct
correlation between soot oxidation and exposed, less sta-
ble surface planes of (200) and (220) exist, due to higher
specific activity of these planes in comparison with
highly stable (111) plane. Shen et al.27 stated that the
reactive plane availability improves oxygen migration
from the bulk and thus effectively enhances the catalytic
activity. More than (220) planes, highly reactive (200)
planes have the potential to improve the catalytic activ-
ity. As per the values of intensity of reactive planes and
lattice strain, doped sample enhances catalytic activity
compared with undoped C.

BET surface area and ionic radius variation are given
in Figure 1c, which confirms that EDTA–citrate method
results in a surface area value in the range of 25~45 m2/
g. However, CZ shows the highest surface area value
out of all the samples. A direct relation between surface
area and activity holds good for morphologically modified
ceria samples studied by Aneggi et al.26 Studies carried
out by Piumetti et al.,6 Thrimurthulu et al.,28 and
Guillén‐Hurtado et al.29 showed that the active sites that
are in real contact with soot determines the catalytic
activity instead of the surface area. Because the synthesis
method adopted is the same for all the binary metal
oxides, the variation in morphology may be limited. Par-
ticle size and degree of agglomeration of ceria‐based
binary metal oxides are also calculated and given in
Table S1. Higher particle size than the crystallite size con-
firms the agglomeration of particles. Also, the degree of
agglomeration value confirms that the sample gets
agglomerated on the addition of dopant ions to pure ceria
lattice.

Intrinsic structural descriptors that may affect the soot
oxidation activity of ceria‐based binary metal oxides as
per XRD results are solid solution formation,23 dopant
ionic radius,25 lattice strain,3 and reactive (200) and
(220) planes.26 On the contrary, the surface area is not a
descriptor in this study. Raman spectroscopy analysis is
carried further to analyse the metal‐oxygen bond and lat-
tice defects in the binary oxide samples.
FIGURE 2 IOv/IF2g variation of binary metal oxides with the

increase in ionic radius
3.2 | Raman spectroscopy analysis

Raman spectra of the binary metal oxide series are given
in Figure S2. The F2g peak corresponding to the fluorite
structure of ceria is evident in all the samples.30
Blueshift is observed in the F2g peak for samples with
smaller ionic radius and redshift for larger ionic radius
samples.31 Apart from the F2g peak, oxygen vacancy is
observed in all the samples with the presence of a
shoulder peak at around 560~610 cm‐1.32 The ratio of
the intensity of oxygen vacancy to F2g peak represented
as (IOV/IF2g) confirms the availability of total oxygen
within the lattice.33 Figure 2 shows the variation of
IOV/IF2g with the increase in ionic radius. Higher ratios
are observed for CH and CL samples than C and lower
for CT, CZ, CG, and CS samples. Aliovalent dopant
addition leads to charge difference between dopant
(Gd3+, Sm3+, and La3+) and host cation (Ce4+). The
charge compensation mechanism results in the forma-
tion of oxygen vacancy with the dopant addition.34 The
Raman intensity ratio calculated using the data reflects
the lattice oxygen from bulk.35 With respect to change
in oxygen vacancy concentration with the change in
dopant ionic radius, a corresponding variation in
vacancy formation mechanism may occur, which in turn
affects the catalytic activity that will be discussed in fur-
ther. Oxygen vacancy is the critical descriptor in control-
ling the catalytic activity due to their involvement in
enhancing the oxidation reaction of soot.36 However,
the property that controls the mobility and creation of
oxygen vacancy depends upon dopant nature and the
vacancy formation mechanism. Further, the variation
in sample morphology is studied using SEM and TEM
analysis.
3.3 | SEM and TEM analysis

The SEM images of CT, CZ, and CL samples are
displayed in Figure 3a, Figure 3b, and Figure 3c,



FIGURE 3 Scanning electron

microscopy image of (a) CT, (b) CZ, and

(c) CL binary metal oxides
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respectively. Sample morphology confirms the agglomer-
ated flaky nature without any specific shape. Not much
deviation in morphology is evident from the SEM image
of the samples. SEM image of remaining samples are pro-
vided in Figure S3. TEM micrographs of CZ and CL sam-
ples are given in Figure 4. TEM image in Figure 4a and
Figure 4b for CZ and CL sample confirms similar mor-
phology, and the nano‐particles are agglomerated.
Figure 4c and Figure 4d shows HR‐TEM image of CZ
and CL samples with the interplanar distance of lattice
fringes, corresponding to intense (111) plane. Surface
morphology significantly influences the soot oxidation
activity due to structural modifications.26,37 With the syn-
thesis procedure for all binary metal oxides remaining the
same, the structural morphology remains almost the
same even with the dopant addition. The effect of mor-
phology can be neglected along with BET surface area
for soot oxidation activity. Further, the optical band gap
effect is analysed using UV‐vis DRS analysis.
FIGURE 4 Transmission electron microscopy (TEM) image of (a) CZ
3.4 | UV‐vis DRS analysis

The absorbance spectra in UV and visible range of respec-
tive samples are obtained and given in Figure S4. Peaks
corresponding to charge transaction and interband trans-
action matches well in all the samples.1 The direct band
gap is calculated from the absorbance peaks using Tauc's
plot (see Figure S5).21 Figure 5 shows the optical band
gap of both smaller and larger ionic radius samples. Band
gap value obtained matches with the literature values
reported.38 Obvious relation exists between the ionic
radius and optical band gap for the samples. Smaller ionic
radius samples with a lower lattice constant have lower
band gap values, and on the other hand, larger ionic
radius has higher band gap values. The decrease in band
gap value results in easy formation of oxygen vacancy or
defect sites which may enhance the catalytic activity.16

The band gap variation is directly proportional to the lat-
tice constant due to the change in metal interaction.39
and (b) CL sample and HR‐TEM image of (c) CZ and (d) CL sample



FIGURE 5 Optical band gap variation of binary metal oxides

with the increase in ionic radius
FIGURE 6 Ce3+/(Ce3++Ce4+) variation of binary metal oxides

with the increase in ionic radius
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The decrease in band gap value corresponds to an
increase in defect density30 and Ce3+ concentration.38

Mukherjee et al.31 showed a lowering of the band gap
with the dopant addition, due to the increase in oxygen
defect density calculated from Raman analysis.31 In this
light, the optical band gap along with oxygen vacancy
from Raman study may be a critical intrinsic descriptor
that has potential influencing the soot oxidation activity
apart from the structural descriptor. Based on the results
obtained, the trend in IOv/IF2g matches well with the
obtained optical band gap specifically for smaller ionic
radius samples. In contrary, for larger ionic radius binary
metal oxides, CL with higher IOv/IF2g ratio shows a higher
optical band gap value. Thus, the oxygen vacancy calcu-
lated from Raman spectra can be related to the band
gap value of the sample. The change in oxygen vacancy
formation mechanism for isovalent and aliovalent might
be the reason for the difference in optical band gap trend.
Further, the Ce3+ concentration and surface oxygen con-
centration are calculated using XPS analysis.
FIGURE 7 Oβ/(Oα + Oβ + Oγ) variation of binary metal oxides

with the increase in ionic radius
3.5 | XPS analysis

The elemental oxidation state of the sample was analysed
using XPS analysis of Ce 3d and O 1s are shown in
Figure S6 and Figure S7, respectively. Spin‐orbital multi-
plets of Ce 3d5/2 and Ce 3d7/2 contribute to multiple oxi-
dation states of Ce3+ and Ce4, respectively and are
confirmed in all the samples.28,40 Reducibility ratios are
calculated based on the deconvoluted peaks as (Ce3+/
(Ce3++ Ce4+)) and are plotted for all the samples with
the increase in ionic radius (see Figure 6).41 From the fig-
ure, it is well evident that the reducibility ratio is higher
for smaller ionic radius samples rather than larger ionic
radius samples. Samples having higher reducibility shows
better catalytic activity due to improved redox cycle for
soot oxidation reaction.42 Lower reducibility ratio for
larger ionic radius samples could be due to reduced redox
cycle, which could be related to oxygen vacancy forma-
tion mechanism as discussed earlier and analysed further
using O 1s XPS.9 On deconvoluting the peaks for O 1s,
three oxygen peaks are seen that corresponds to lattice
oxygen (Oα), surface oxygen (Oβ), and weakly bound oxy-
gen (Oγ), respectively.

35,41 The relative ratio of surface
oxygen to the total oxygen (Oβ/Oα + Oβ + Oγ) plot with
the increase in ionic radius shown in Figure 7 relates
the surface oxygen mobility of the sample.41 The surface
oxygen vacancy concentration is higher for CH amongst
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smaller ionic radius samples and for CS and CG amongst
larger ionic radius samples. With an increase in surface
oxygen concentration, a relative increase in oxygen
mobility can enhance the catalytic activity of the sam-
ple.41 Despite better Iov/IF2g ratio from Raman results
for aliovalent CL, surface oxygen vacancy calculated from
XPS is low. Because the surface oxygen concentration
varies with the change in dopant ionic radius, the oxygen
vacancy formation mechanism also might be different in
these samples. Apart from oxygen vacancy for CL, other
factors can influence the oxidation reaction and may
affect the catalytic activity. Thus, the critical descriptor
defined for soot oxidation reaction is oxygen vacancy as
per basic characterisation study. Lower lattice oxygen dif-
fusion than surface oxygen corresponds to lowering the
activity, thus it is essential to find the concentration of
oxygen vacancy.9 The catalytic activities for soot oxida-
tion reaction are studied further, and the detailed analy-
ses of different descriptors are discussed.
3.5.1 | Soot oxidation activity

The soot conversion profiles of all samples are provided
in Figure S8 and Figure 8, which show the variation in
T50 temperature with the ionic radius. It is evident that
the T50 temperatures of doped samples are lower than C
due to the improved lattice strain and (200) planes as
studied from XRD. Amongst the smaller ionic radius
samples (CT, CH, and CZ), CT has significantly lower
activity (T50 = 450°C) due to secondary phase formation
as evident from XRD peaks which hinders the active site
contact as reported earlier.18,43,44 Almost similar T50 tem-
perature obtained for CH and CZ (430°C and 425°C,
FIGURE 8 T50 temperature variation of binary metal oxides with

the increase in ionic radius
respectively) could be due to the similar dopant ionic
radius with the same oxidation state of 4+. Although
smaller ionic radius dopants are added to ceria lattice,
the lattice constant and lattice strain has been decreased
and increased, respectively which confirms the incorpora-
tion of dopants into ceria lattice. Highly reactive (200)
and (220) plane availability in higher quantity for CH
and CZ, may result in reducing the energy for oxygen
vacancy formation and results in lower T50 temperature.
Even though CZ has a higher surface area, correspond-
ingly T50 temperature variation is not evident, which
indicates the surface area is not directly influencing soot
oxidation activity of samples in this study. However, opti-
cal band gap value has reduced although doping C with
smaller ionic radius dopants. As the band gap reduced,
defect sites are formed, which eases oxygen vacancy for-
mation that depends upon the vacancy formation mecha-
nism and ionic radius. Isovalent Hf4+ and Zr4+ do not
create defect sites by charge compensation. Instead, ionic
radius difference between host and dopant ion improves
the oxygen migration within the ceria lattice and
enhances surface oxygen vacancy creation, thus aids the
soot oxidation reaction. Doping smaller ionic radius sam-
ple has reduced the optical band gap, which is critical for
defect site creation that could be a primary descriptor for
catalytic activity.

The cations of 3+ oxidation state and larger ionic
radius (CG, CS, and CL) are doped into host Ce4+ of dif-
ferent charge (aliovalent dopants). The samples display a
higher T50 temperature than smaller ionic dopant as
shown in Figure 8. CL shows the lowest T50 temperature
of 450°C compared with CG and CS with a T50 tempera-
ture of 490°C and 480°C, respectively. The lattice con-
stant is higher than C samples due to the higher ionic
radius of the dopants. Highly reactive facet planes of
(200) and (220) in CG and CL improves the oxidation
reaction by lowering the oxygen vacancy formation
energy. Oxygen concentration calculated is higher for
CL compared with CG and CS due to the addition of
highest ionic radius La3+ ion by charge compensation
mechanism. The optical band gap is higher for CG and
almost similar for CS and CL samples. Because oxygen
vacancy formed due to charge compensation mechanism
(lattice oxygen) has lower diffusion than surface oxygen
as observed in smaller ionic radius, the catalytic activity
is reduced for larger ionic radius samples in comparison
with smaller ionic radius samples. Amongst these sam-
ples, larger ionic radius dopant (La3+) creates higher lat-
tice oxygen vacancy and shows improved catalytic
activity. The dopant ionic radius (lattice constant), oxy-
gen vacancy and optical band gap values are the signifi-
cant descriptors for soot oxidation activity. Figure S9
depicts the trend in activity with the change in ionic
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radius, lattice constant, and optical band gap. Thus, the
soot activity is highly dependent on the ionic properties
of dopant added to the ceria lattice as per the study.
3.5.2 | Factors affecting the soot oxidation
activity

CZ nanoparticles with 90:10 composition synthesised by
hydrothermal method having the same composition as
the current study has shown a T50 temperature of
~491°C,6 which is considerably higher than the T50 tem-
perature (~425°C) obtained in this study, might be
because of very low surface area (~2 m2/g) reported,
which is unfavourable for the catalytic activity. Even
though catalytic activity does not directly correlate with
surface area, a minimum value is necessary to ensure
sufficient contact between soot and catalyst.6 Despite
having a very high surface area (84 m2/g) for CZ with
80:20 composition ratio synthesised by coprecipitation
method studied by Mukherjee et al., lower activity
(T50 = ~540°C) is justified due to low surface oxygen
vacancy for the sample.17 Similarly for CL and CH sam-
ples, T50 temperature of ~465°C and ~407°C, respec-
tively, are obtained that are considerably lower than
the value obtained in our study,17 could be due to the dif-
ference in synthesis method, calcination conditions, and
sample composition.

Oxidation of soot occurs by utilising the surface‐
adsorbed oxygen on the catalyst. However, the primary
descriptors that have potential in influencing the catalytic
activity are the nature of the dopant (isovalent or
aliovalent), ease of solubility with host structure (solid
solution or hybrid phase), dopant ionic radius (smaller
or larger), and optical band gap value (lower or higher).
However, all these descriptors are influencing the oxygen
vacancy formation that is controlling the oxidation reac-
tion of soot. Thus, the critical descriptor that needs to
be improved is the surface oxygen vacancy concentration
by varying different structural and intrinsic properties.
Isovalent dopants of the smaller ionic radius can directly
influence defect site formation that enhances the oxida-
tion reaction by forming an intermediate level with lower
energy, and thus the oxygen defect sites can be formed
easily. Defect sites or active oxygen site further take part
in oxidation reaction.23 If the larger ionic radius dopant
is aliovalent, charge difference exists between host ion
and cation and further charge compensation mechanism
leads to vacant oxygen sites that smoothly involve in oxi-
dation reaction.34 With the variation in dopant size and
charge, the reaction mechanism varies, so does the T50

temperature also.
4 | CONCLUSIONS

Binary metal oxides of C, CT, CH, CZ CG, CS, and CL
were synthesised using the EDTA–citrate method. The
whole sample series are classified as smaller ionic radius
dopants (CT, CH, and CZ) and larger ionic radius dopants
(CG, CS, and CL) depending upon the ionic radius of the
dopant added in comparison with Ce4+ ionic radius.
Hybrid phase formation deteriorates the activity of CT
(T50 = 450°C) sample. The descriptor that controls the
catalytic activity primarily depends upon the nature of
the dopant material (aliovalent and isovalent dopant).
Thus, the primary descriptor for binary metal oxide series
is ionic radius and dopant charge. Further with the addi-
tion of isovalent, smaller ionic radius dopants, defect site
formation lowers the optical band gap with the potential
in lowering oxygen vacancy formation energy and thus
enhance the soot oxidation reaction. The T50 temperature
obtained for isovalent CH and CZ are almost similar to
430°C and 425°C, which has almost the same optical
band gap of around 2.9 eV with enhanced surface oxygen
concentration. Soot oxidation activity of aliovalent dop-
ants with larger ionic radius is dependent on oxygen
vacancy formation mechanism by charge compensation.
CL with higher oxygen vacancy has higher activity
(T50 = 450°C) compared with other larger ionic radius
dopants, CS (T50 = 490°C) and CG (T50 = 480°C). Due
to lower lattice oxygen diffusion compared with surface
oxygen, larger ionic radius sample shows lower activity
than smaller ionic radius samples. Overall, soot oxidation
activity for all binary metal oxide is controlled by optical
band gap.
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