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A B S T R A C T

CeO2-HfO2 (CHx) binary metal oxides over whole composition range (0–100%) are synthesised using the EDTA-
Citrate method and calcined at 600 °C/5 h. From XRD analysis, the sample series are classified as fluorite (F)
phase for CH10-CH30, hybrid (F+M) phase for CH40-CH90 and monoclinic (M) phase for CH100 sample,
respectively and the results were further confirmed using Raman spectroscopy. From SEM analysis, a clear
surface morphology change is noticed for fluorite, hybrid and monoclinic phases of the CHx binary metal oxides.
Further, Selected Area Electron Diffraction (SAED) analysis also confirmed the single and hybrid phases of CHx

binary metal oxides. The soot oxidation for the CHx binary metal oxides displayed high catalytic activity for
Fluorite phase (CH10 ∼ CH30) samples and a decrease in catalytic activity is noticed for the Hybrid phase
(CH40 ∼ CH90) samples. The change in catalytic activity coincides with the change in the surface morphology
and phase change for the CHx binary metal oxides. Among the Fluorite phase samples, CH10 sample displayed
the highest catalytic activity (T50= 430 °C) with higher surface area (29 m2/g), lower particle size (26 nm),
lower degree of agglomeration (ϕ=2.8) higher surface oxygen concentration (44%). Isothermal-Time-on-
stream (ITOS) analysis also showed that the CH10 sample can achieve T50 in a shorter time than compared to
other CHx binary metal oxides. Surface morphology and phase stability can also play as key descriptors in
screening CHx binary metal oxides for soot oxidation activity.

1. Introduction

Ceria being one of the stable oxidesof cerium, it crystallises in
fluorite phase (F) (space group Fm3m). In this structure, each cerium
atom is surrounded by eight oxygen anions in tetrahedral position.
During the reduction of CeO2, mobile oxygen vacancy created aids in
transport behaviour due to point defects. Oxygen release and uptake are
directly related to the number and mobility of oxygen vacancies with
the modification of ceria structure. Doping CeO2 with suitable dopant
cation leads to chemical modification of CeO2 structure. Dopant addi-
tion into host lattice has the potential of lowering interatomic distance,
oxygen basicity and oxygen vacancy formation energy by structural
deformation. Amount of dopant and its nature influences the ease with
which the dopant is substituted in the host lattice [1–3]. It is highly
essential to form solid solution without segregation of secondary phase
during the doping process since a solid solution improves redox cou-
pling (Ce3+/Ce4+) and thus OSC is improved. Structural property of the
material also influences its catalytic activity [4–6].

With the dopant addition of n- or p-type on a semiconductor ma-
terial (CeO2), a hole or an electron, respectively is formed due to the
variation in electronic structure. This, in turn, reduces the oxygen va-
cancy formation energy of the system [3]. However, in the case of
dopant with smaller ionic radii, the strain developed weakens the ca-
tion-oxygen bond strength and thus improves the oxygen vacancy for-
mation [7,8]. Hf (0.83 Å) having lower ionic radius than Ce (0.97 Å)
results in lowering of lattice parameter that enhances the lattice stress
in CeO2 [9]. Ce-Hf systems are applied in oxygen sensors [10], micro-
electronics [11] and catalysis such as soot oxidation [12], CO oxidation
[13] and alcohol dehydration [14]. Reddy et al. [12] synthesised CeO2-
HfO2 of 80:20mol ratio using coprecipitation method under a calci-
nation temperature of 500 °C/5 h, they analysed the material as cata-
lysts for soot oxidation activity. Their results have concluded that sur-
face area, crystallite size, oxygen vacancy and reducibility are vital
factors that decide the catalytic behaviour [12].

The descriptors for catalytic activity of ceria is broadly classified as
electronic and geometric descriptors as per the study by Capdevila-
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Cortada et al. [3]. The electronic descriptors are the charge associated
with the surface atoms, the basicity of surface anions and the redox
term. However, the geometric descriptors are the interatomic distance
of surface atom, surface co-ordination, phase cooperation and site iso-
lation [3]. The apparent descriptors for the whole composition of
binary metal oxides (CeO2-HfO2) in different phases could be sig-
nificantly phase cooperation, where CeO2 exists in cubic fluorite phase
(F) [1] and HfO2 in monoclinic phase (M) at a lower temperature [15].
It was proved that a single descriptor could not be fixed while studying
the catalytic activity of ceria materials. Multiple descriptors exist de-
pending upon various reaction conditions [3].

Our previous paper [16] has discussed single metal oxides as cata-
lytic materials for soot oxidation activity. HfO2 obtained the highest
activity among the non-redox metal oxide [16]. Based on that work, we
are interested in developing binary metal oxides between redox (CeO2),
and non-redox (HfO2) having same oxidation state and widely different
ionic radius and study the effect of phase segregation and its soot oxi-
dation activity. The region in which the pure and hybrid phase se-
paration occurs is studied using the characterisation techniques. For a
system of Ce1-xZrxO2, the phase separation at x= 0.2 [17,18], x= 0.4
[8] and x=0.5 [19] are reported previously. In case of Ce1-xGdxO2

with CeO2 and Gd2O3 both in cubic phase, phase segregation is ob-
served for x= 0.2 [20,21] as per literature data. Similarly, secondary
phase formation is reported for different systems at x= 0.15 for Ce1-
xSnxO2 [22], x= 0.3 for Ce1-xLuxO2 and Ce1-xSmxO2 binary oxide sys-
tems [21]. The variation in the region of solid solution formation exists
significantly with the change in synthesis procedure and reaction con-
ditions of the sample.

Apart from phase formation, other parameters that influence the
catalytic activity of the selected materials, such as morphology, are also
analysed and discussed in detail. The synthesised metal oxides are
adopted as a catalyst for soot oxidation activity study. A single synthesis
method and heat treatment condition are adopted for the better com-
parison of the activity of metal oxides at different compositions. To the
best of our knowledge, CeO2-HfO2 over the whole composition was not
analysed for its structural properties and specifically upon the phase
changes and its influence on catalytic activity.

2. Experimental details

2.1. Materials

Nano-crystalline binary metal oxide samples of CeO2-HfO2 at
varying composition were synthesised using the EDTA-Citrate method.
Metal precursor salts of AR grade used for synthesis were Cerium nitrate
hexahydrate (Ce(NO3)3.6H2O) ≥ 99% (SRL chemicals) and Hafnium
chloride (HfCl4) (Aldrich), respectively. Apart from these, other che-
micals used are, Ammonium hydroxide solution NH4OH (25% am-
monia) (spectrum reagents), Ethylenediamine tetra acetic acid (EDTA)
≥99% (SRL chemicals) and citric acid monohydrate ≥99% (SRL che-
micals). Stoichiometric ratios of metal precursors were added in such a
way that the composition of HfO2 on CeO2 varies from 0 to 100mol %
with 10mol % difference between each sample. Synthesis procedure of
EDTA-Citrate complexing method was followed as reported previously
[16,23]. Oven drying of the obtained gel at 150 °C/24 h resulted in the
formation of black precursor solid. Further, two-stage calcinations at
350 °C/12 h and 600 °C/5 h were carried out to get the corresponding
metal oxide nanomaterials. The obtained metal oxides, CexHf1-xO2

(where x=0.0–1.0) was represented as CHx where x varies from 0 to
100 where, CH0 and CH100 correspond to CeO2 and HfO2, respectively.

2.2. Characterization of catalyst

The CHx sample diffractogram was measured using XPERT Pro
diffractometer with the operating parameters of 20-80° 2θ range, 0.02
step size and 2 s step time at 40 kV and 30mA. The radiation source

used for the X-ray Diffraction (XRD) measurement was Cu Kα
(0.154 nm). Debye-Scherrer equation was used to calculate the average
crystallite size of the particles and the lattice constant for different
phase was calculated using Bragg’s law. N2 physisorption in a SMAR-
TSORB-92/93 instrument was done to evaluate the BET (Brunauer-
Emmett-Teller) Surface area and pore volume of synthesised samples.
The samples were evacuated at 150 °C/3 h before the analysis to re-
move residual moisture. Further, the surface area was calculated using
BET method. Bruker: RFS 27 model Raman spectrometer was used to
measure the Raman spectra of CHx samples using a conventional
backscattering geometry with charged-couple device (CCD) detector
consisting of a triple polychromator. Diode laser source used is of a
near-infrared 785 nm laser with a nominal output of 12.5 mW. Scanning
Electron Microscopy/ Energy Dispersive X-ray spectroscopy (SEM/EDS)
analysed in a CARL ZEISS SIGMA instrument for the microstructural
and compositional analysis of the samples. High-resolution
Transmission Electron Microscopy (TEM) of the samples were analysed
in Joel/JEM 2100. UV–vis Diffuse Reflectance spectroscopy (UV–vis
DRS) measurements were performed using a Cary 5000 UV–vis NIR
spectrometer with an integration sphere diffuse reflectance attachment.
Direct optical bandgap values of the samples were calculated using
Tauc’s plot [24]. XPS spectra was obtained using Omicron ESCA+
under ultra-high vacuum with an anode of 25W and 15KV power and
Al Kαmonochromator at a background pressure of 6.7× 10−8 Pa. C 1 s
peak is used to calibrate spectra obtained for all the samples. The O 1 s
spectra were deconvoluted using CasaXPS software.

2.3. Soot oxidation activity measurement

All synthesised binary CHx metal oxide samples were used as a
catalyst for soot oxidation reactions and analysed in a TG/DTA 6300
TGA instrument. Printex®U (Orion Engineered Carbons) was used as the
standard soot for this study. Soot and catalyst at a fixed ratio of 1:4 was
premixed in a mortar for 30min under tight contact condition. Tight
contact condition was adopted in this study to analyse the intrinsic
property of the catalyst. Soot oxidation reaction was analysed in the
temperature range of 200–600 °C heating at 10 °C/min of heating rate
in the presence of air as a purge gas at a flow rate of 100ml/min.
Samples were preheated at around 100 °C to remove moisture content
bound on the sample surface [16,25]. The weight loss associated with
the soot oxidation reaction was obtained from TG results and further
calculated in terms of conversion. The temperature at which 50%
conversion of soot occurs was used for the evaluation of the catalytic
activity. The catalytic reproducibility for the soot oxidation reaction
was analysed for all the samples.

The soot and catalyst mixture was analysed for Isothermal-Time-on-
stream (ITOS) analysis in a TGA instrument. The sample under con-
sideration is loaded into TGA instrument, and the sample is heated from
room temperature to 420 °C under an inert condition of nitrogen flow at
100ml/min. Once the temperature is attained, it is maintained con-
stant, and further air is allowed at a flow rate of 100ml/min to observe
the stability of catalyst. The analysis is undergone until the reaction is
fully completed. The weight loss was expressed in terms of conversion
with time. The derivative (dX/dt) of conversion (X= conversion) with
respect to time obtained from ITOS analysis was calculated further to
find the soot oxidation reactivity in terms of mg/ginitial.s [26].

3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

Pre-calcined CH10 sample synthesised by the EDTA-Citrate method,
oven dried at 150 °C/24 h is undergone TG-DTG analysis (see
Supplementary file Fig. S1) to find the decomposition behaviour with
the rise in temperature before the characterization of the sample. XRD
analysis of the CHx binary sample series was undergone, and Fig. 1 (a)
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depicts the corresponding diffraction patterns. CH0-CH90 samples de-
monstrate the peak corresponding to fluorite (F) phase of CeO2 [25].
CH100 exists in monoclinic phase (M phase) of HfO2 [27], and the
monoclinic peak is evident from CH80 onwards in trace amounts. From
the preliminary XRD study, multi-phase is present among the selected
sample series, that is F phase (CH0∼CH70), hybrid phase of F and M
(CH80∼CH90) and M phase (CH100), respectively. The lattice con-
stants are calculated using Bragg’s law for F phase (CH0-CH90) and M
phase (CH100). Fig. 1 (b) gives the plot of cubic root of lattice volume
with the dopant concentration in mole percent. The lattice constant is
decreasing linearly with the increase in dopant content due to the
smaller ionic radius of Hf4+ when compared to Ce4+ [28,29]. However,
the slope of the line varies from CH70 onwards which indicates the
solid solution is formed only up to CH70 sample as per Vegard’s rule
[31]. Further, with the increase in dopant content, it is no more soluble
in the host lattice. Instead, it segregates as a secondary phase. This
result corroborates with the peak identified from the diffraction pattern
[30,32,36].

Table 1 shows crystallite size (D) and lattice strain (ε), BET surface
area (SBET), equivalent particle size (PS), pore volume (PV) and degree
of agglomeration (ϕ) calculated for CHx samples. D and ε value is in the
range of 7.4 to 11.5 nm and 0.011-0.019, respectively. With the de-
crease in crystallite size, lattice strain increases and thus the oxygen

diffusion may increase [8]. SBET of the sample is around 18∼41m2/g.
Among the solid solution sample range obtained from XRD, CH10
showed the highest surface area compared to other samples. PS values
are in the range of 19∼40 nm. PV of the sample is in the range of
0.027∼0.054 cm3/g. PV decreases up to CH20 sample, further addition
of dopant leads to increase in PV. Effect of PV on catalytic activity can
be neglected since the pore of this range can no longer accommodate
the bigger soot particles [25]. 1.6∼5.0 is the degree of agglomeration
(ϕ) value range of CHx samples. Lesser agglomerated particles ensure
efficient surface to volume ratio and thus enhance the catalytic activity
[33]. CH10 showed lower degree of agglomeration value among the
solid solution sample of CH10-CH60. A solid solution metal oxide has
better thermal stability and redox properties compared to secondary
phase segregated non-homogeneous mixed oxide sample [5]. Thus
further analysis is required to endorse the secondary phase trend ob-
served from XRD and correlate the activity, hence Raman spectroscopy
is used.

3.2. Raman spectroscopy analysis

From the Raman spectroscopy results obtained, the whole compo-
sition is divided into three regions based on the phase in which they
exist. The Raman spectra obtained for CHx samples are provided in Fig.
S2. The dominant peak at 462.8 cm−1 (F2g) owing to the symmetric
stretching mode of F phase CeO2 is evident in CH0 sample [33]. Thus,
CH10-CH30 is considered to exist in single F phase since there is no
presence of any other impurity phases. Reduction in Raman peak in-
tensity for higher dopant content samples could be related to the dif-
ference in polarizability of Ce and Hf due to the difference in size [34].
The Raman spectrum of CH40-CH80 sample shows peak at around
260 cm−1 and 630 cm−1, which is an indication of the presence of M
phase (P21) apart from the F2g peak [27]. Co-existence of peaks cor-
responding to both F phase CeO2 and M phase HfO2 confirms the for-
mation of hybrid phase among the selected region of CH40-CH80.
Raman band corresponding to vibration mode of monoclinic HfO2 are
evident for CH90 and CH100 samples [28,35]. However, only CH100
exist in pure M phase and the CH90 sample exhibits in both F and M
phase in XRD results.

Chavan et al. [36] and Izu et al. [10] have synthesised Ce-Hf series
at varying concentration and found that Ce0.85Hf0.15O2 sample onwards
monoclinic phase of HfO2 starts appearing [10]. Also, weak monoclinic
phase starts segregating from Ce0.74Hf0.26O2 onwards as per study the
Raitano et al. [37]. However, in the present work, the bi-phasic metal
oxide in fluorite and monoclinic phase starts from CH40 based on the
secondary peak from Raman result. The significant variation in phase
boundaries might be due to the difference in calcination temperature,

Fig. 1. (a) XRD pattern and (b) Vegard rule obtained from the lattice constant of CHx samples calcined at 600oC/5 h.

Table 1
Crystallite size, Lattice strain, BET surface area, particle size, pore volume and
degree of agglomeration of CHx metal oxides calcined at 600oC/5 h.

Metal
oxide

Crystallite
size a (nm)

Lattice
strain b

BET
Surface
area
(m2/g)

Particle
size c

(nm)

Pore
volume
(cm3/g)

Degree of
agglomeration d

CH0 10.6 0.013 41 19 0.054 1.6
CH10 9.6 0.014 29 26 0.043 2.8
CH20 8.4 0.016 19 40 0.027 4.7
CH30 7.4 0.019 24 31 0.034 4.1
CH40 8.1 0.016 18 40 0.032 4.9
CH50 7.6 0.018 21 32 0.035 4.2
CH60 8.1 0.016 20 34 0.033 4.1
CH70 7.8 0.017 25 26 0.043 3.3
CH80 8.8 0.015 20 32 0.043 3.6
CH90 11.3 0.011 25 25 0.036 2.2
CH100 9.6 0.015 21 30 0.040 3.1

a Crystallite size calculated using Debbye Scherrer equation.
b Lattice strain calculated from XRD peaks.
c Particle size calculated from BET Surface area.
d Degree of agglomeration calculated as the ratio of particle size calculated

using BET surface area and crystallite size.
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crystallite size and surface area that are influenced by the adopted
synthesis method. Since the secondary phase is confirmed, the effect of
structural morphology upon a change in phase is analysed in further.

3.3. Scanning electron microscopy (SEM)-energy dispersive x-ray
spectroscopy (EDS) analysis

Fig. 2 shows the SEM morphology of CHx sample series. All the
samples have agglomerated particles. Fig. 2(a) confirms the flaky ag-
glomerated particles of CH0 sample. The flaky morphology is consistent
in the case of CH10 (Fig. 2(b)), CH20 (Fig. 2(c)) and CH30 (Fig. S3 (b))
samples that exist in single F phase. However, in case of CH40 sample in
Fig. 2(d), the morphology is changed considerably with the appearance
of layers of flakes, which can be directly correlated to the phase var-
iation. As the dopant content is increased further, there is not much
variation in the morphology of the sample as evident for CH80 and
CH100 sample in Fig. 2(e) and (f), respectively. The SEM images of all
other samples are provided in Fig. S3. Apart from the phase separation
from crystallographic and vibrational results, morphological classifi-
cation can also be done from the SEM image as F phase, hybrid phase
and M phase in the range of CH10∼30, CH40-CH90 and CH100 re-
spectively. The EDS composition of all the samples was analysed and
tabulated in Table 2 asserts that the theoretical and actual composition
of the samples is almost similar.

Fig. 2. SEM image of (a) CH0; (b) CH10; (c) CH20; (d) CH40; (e) CH80 and (f) CH100 samples calcined at 600oC/5 h.

Table 2
Band gap, composition, (Oβ/(Oα+Oβ+Oγ)) and T50 temperature of CHx metal
oxides calcined at 600oC/5 h.

Metal
oxide

Band
Gap a

(eV)

Composition from EDS
b (mol %)

Oβ/(Oα+Oβ+Oγ)c (%) T50 (°C)

Ce Hf

CH0 3.08 100 0 41 530
CH10 2.97 92 8 44 430
CH20 2.93 82 18 34 435
CH30 2.88 76 24 36 435
CH40 2.71 65 35 58 455
CH50 2.70 52 48 36 460
CH60 2.73 47 53 32 475
CH70 2.78 35 65 43 475
CH80 2.83 26 74 36 510
CH90 2.94 11 89 45 540
CH100 5.30 0 100 54 483

a Calculated from UV–vis DRS using Tauc’s plot.
b Composition calculated from EDS analysis.
c Area ratio obtained from O 1 s peak of XPS analysis using CasaXPS soft-

ware.
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3.4. Transmission Electron microscopy (TEM) and selected area Electron
diffraction (SAED) analysis

HR-TEM images in Fig. 3 shows the lattice fringes corresponding to
each plane. CH10 and CH40 sample fringes corresponds to the d spa-
cing of (111) plane in F phase as indicated in the Fig. 3(a) and (b),
respectively. CH10 has an additional presence of more reactive facet
plane of (200). These planes may be formed by defect creation while
doping that may aid in the active site availability [14]. CH80 in
Fig. 3(c) shows the lattice fringes corresponding to the d spacing of
intense peaks in both F and M phase, which strongly confirms the ex-
istence of hybrid phase in this sample. However, CH100 indicates only
the planes in M phase as shown in Fig. 3(d).

SAED pattern of all the samples confirms polycrystalline nature of
the sample (see Fig. S4). CH10 sample with clear concentric smooth
rings confirms fluorite phase of CeO2 as calculated from XRD result
with each circle corresponding to each plane [38]. For CH40 sample,
few spots start appearing in the ring pattern corresponding to the
monoclinic phase of HfO2 [39]. However, the rings are not precise;
instead, crystals are seen as spots of almost similar size to that of CH10.
Apart from larger spots, some smaller spots are also evident which may
correspond to that of dopant. On observing the SAED pattern of CH80
sample the spot size reduction occurs which are similar to smaller spots
in CH40 sample. The crystals are not well arranged in ring form. CH100
sample shows spots similar to that of CH80, but of lesser in number, the
ring structure is not well maintained in this case. Thus, it is clear from
the electron diffraction images that CeO2 exist in ring pattern with
larger spots and HfO2 maintains the spot pattern with smaller spots
[40,41]. In case of CH40 sample, ring pattern is almost maintained with

both larger and smaller spots corresponding to host and dopant, re-
spectively, confirms the hybrid phase. The hybrid phase formation af-
fects surface morphology as evident in SEM result is consistent with the
results obtained from SAED images.

3.5. UV-vis diffuse reflectance spectroscopy (UV–vis DRS) analysis

To study the optical bandgap and electronic structure of metal ions,
UV–vis DRS analysis is undergone. Based on the UV–vis DRS results
obtained (see Supplementary information Fig. S5), all sample (except
CH100) shows two peaks around 270 and 345 nm in CH0 spectra cor-
responds to charge transfer transition and interband transition as per
the literature [40,41]. Absorption peak in UV region at around 245 nm
is only seen in CH100 sample that essentially corresponds to HfO2 [42].
Substitution of Hf4+ into the CeO2 lattice consequently results in strain
development at the Ce sites due to lowering of symmetry [43]. optical
bandgap has a direct correlation with the oxygen vacancy, lattice dis-
tortion and surface defects [27]. Using Tauc’s plot [24], the optical
bandgap value for all CHx samples are calculated as shown in Fig. 4 and
tabulated in Table 2. With respect to the variation in phase formation,
the effect of optical bandgap may also change. The detailed analysis of
optical bandgap will be discussed in further.

3.6. X-ray photoemission spectroscopy (XPS) analysis

The O 1 s spectra of CHx samples in single phase and hybrid phase
obtained from XPS data is shown in Fig. 5(a) and (b), respectively. The
peaks obtained in O 1 s matches well with the literature [46]. Peaks
obtained in O 1 s can be assigned to lattice oxygen (Oα), surface oxygen

Fig. 3. HR-TEM of (a) CH10; (b) CH40; (c) CH80 and (d) CH100 samples calcined at 600oC/5 h. *Represent the planes in monoclinic phase.
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(Oβ) and oxygen due to hydroxyls (Oγ) [47]. Using CasaXPS software,
the peaks were deconvoluted and the ratio of surface oxygen con-
centration to the total oxygen concentration, i.e., (Oβ/(Oα+Oβ+Oγ)) is
obtained and tabulated in Table 2. For the F phase samples
(CH10∼CH30) and for hybrid (F+M) phase (CH40∼CH90), the (Oβ/
(Oα+Oβ+Oγ)) is obtained in the range of (34–44%) and (32–58%),
respectively. Among the F phase samples, CH10 sample and among
hybrid phase, CH40 sample showed better (Oβ/(Oα+Oβ+Oγ)) values
and it may also influence the soot oxidation activity [4] apart from
phase, surface morphology and optical bandgap.

3.7. Soot oxidation activity

Fig. 6 depicts the soot conversion profile of all the samples with rise
in temperature and Table 2 provides the T50 temperature data corre-
sponding to each sample. From the conversion plot, it is evident that the
activity is relatively higher for F phase (CH10-CH30) samples rather
than the hybrid (F+M) and M phase samples. Among F phase samples,
CH10 (430 °C) displayed the lowest T50 temperature followed by CH20
and CH30 respectively. Also the order of catalytic activity in hybrid
phase samples are CH40 > CH50>CH60 ∼ CH70 > CH80>CH90
respectively. A preliminary characterisation study, such as XRD and
Raman spectroscopy and also the surface morphology study using SEM
and SAED analysis has shown the evidence of hybrid phase from CH40

Fig. 4. (a) UV–vis DRS of CHx samples calcined at 600oC/5 h.

Fig. 5. O 1s XPS of (a) CH0 ∼ 30 and (b) CH40-CH100.

Fig. 6. Soot conversion profile of CHx samples calcined at 600oC/5 h.
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sample onwards. From this study, a preliminary conclusion can be
made that, catalytic activity depends highly upon the composition and
structural morphology of the material. As the morphology of the cata-
lyst varies, the active contact site for soot oxidation is reduced and thus
it affects the activity of the sample. Apart from that, phase formation
also affects the active contact points for the soot oxidation reaction.
Summary of different parameters obtained for all the samples based on
the phase of existence is given in Table 3. Fig. S6 (a) shows the effect of
contact mode (tight and loose) on soot oxidation activity of CH0 sample
and tight contact mode resulted in better catalytic activity than the
loose contact mode. In tight contact mode, the intrinsic property of the
catalyst sample controls the soot oxidation reaction and results in better
catalytic activity than compared to loose contact mode [25,48]. Fig.
S6(b) shows the effect of soot to catalyst ratio (1:4 and 1:10) on the soot
oxidation activity of CH10 sample in tight contact mode. As the soot to
catalyst ratio is increased from 1:4 to 1:10 there is an increase of cat-
alytic activity and this can be due to increase in the contact points of the
soot and catalyst sample [49]. As the soot to catalyst ratio is changed
from 1:4 to 1:10, the catalytic activity is increased by only 9 °C. Based
on the literature [16,25] and the results obtained from the present
study the repeated tests were carried out for the CHx samples in tight
contact mode at soot to catalyst ratio of 1:4 (See Fig. S7 in Supple-
mentary information) and results showed that the change in the cata-
lytic activity trend is same.

Reddy et al. [12] synthesised CeO2-HfO2 of 80:20mol ratio using
coprecipitation method under a calcination temperature of 500 °C/5 h
obtained a soot activity at 409 °C as T50 temperature which is quite
lower when compared to same composition (435 °C) prepared in this
study. This might be due to difference in synthesis method, calcination
temperature which resulted in lower crystallite size (5 nm) and higher
surface area (78 m2/g) of those samples compared with sample pre-
pared in the present study.

Fig. 7(a)–(c) shows the variation in T50 temperature with the de-
viation in crystallite size, optical bandgap and lattice strain, respec-
tively. From the trend, it is clear that the activity is nearly similar to the
variation in these parameters in hybrid (F+M) phase region. The
lowering of catalytic activity points out the substantial influence of
structural properties instead of intrinsic properties apart from the hy-
brid phase existence. Morphology of the sample significantly varies
along with the secondary phase formation. Thus, the active sites on the
catalyst surface are depleted for soot oxidation due to the hindering of
redox (Ce) ions by the non-redox (Hf) ions. Lattice strain developed in
the crystal decreases since the defect creation in host lattice is reduced
due to a decrease in dopant available within the crystal structure. As the
lattice strain decreases, the oxygen mobility within the catalyst is re-
duced that results in a decrease in catalytic activity [7,8]. With the
reduction in crystallite size lower reducibility energy is achieved
[44,33]. Conversely, in case of solid solution samples, CH10 with the
minimum dopant content exhibited the highest activity. CH10 showed
the highest surface area, smaller particle size, lower degree of ag-
glomeration and higher (Oβ/ (Oα+Oβ+Oγ)) value within F phase
samples (CH10-CH30) that aids in improving surface properties of the
samples which in turn enhances the catalytic activity [50,51].

3.8. Isothermal-time-on-stream (ITOS) analysis

The Isothermal-Time-on-stream (ITOS) analysis of CH0, CH10,
CH40, CH80 and CH100 was undergone at the specific reaction con-
dition and shown in Fig. 8(a). Under nitrogen condition, there is no
significant weight loss in the samples, except for CH0 samples. The
weight loss for CH0 is due to the high redox potential (Ce3+/Ce4+) of
CeO2. During isothermal reaction, weight loss due to soot oxidation is
considerably low and reaction rate is preliminary dependent upon
catalytic activity [45]. The conversion with respect to time under the
air flow provides an idea about the time required for each catalyst to
undergo complete oxidation. Similar to the T50 trend observed pre-
viously in non-isothermal condition, the catalytic activity of CH10
sample is highest and CH80 showed the lowest activity. In case of
CH100, the activity is considerably better than CH80 sample. CH40 and
CH10 showed almost same activity but the non-isothermal result was
the other way. This can be related to the weight loss occurring even
under N2 flow which is inert in case of other samples. Observed iso-
thermal variation can be attributed to the catalytic activity of the
samples. CH10 is highly stable with higher catalytic activity out of all
CHx samples studied which has the potential to exploit further. The
reaction rate of the samples are calculated from the conversion plot and
given in Fig. 8(b) [26]. Rate of reaction is in the order of 0.05–1.0mg/
ginitial.s. Similar to the previous observation, reaction rate is higher for
CH10 (1.0 mg/ginitial.s) sample followed by CH40 (0.4mg/ginitial.s) and
CH100 (0.25 mg/ginitial.s) sample. CH80 (0.08 mg/ginitial.s) has the
lowest activity among all the samples. Reactivity rate follows the same
trend as that of T50 obtained for soot activity of the samples.

4. Conclusions

Binary metal oxide of CHx over whole composition range was syn-
thesised using the EDTA-Citrate method and calcined at 600 °C/5 h. The
metal oxides characterised by XRD analysis confirms the existence of
different phases based on peaks and Vegard’s rule (lattice constant
(5.15–5.41 Å)) as fluorite (F), hybrid (F+M) and monoclinic (M)
phases. Raman spectroscopy asserts the phase boundary of hybrid phase
from CH40. With the change in phase from single to hybrid, the mor-
phology of the sample also varies substantially as per SEM morpholo-
gical analysis. It is further supported by the variation in SAED pattern of
the samples. Soot oxidation study under tight contact condition con-
firms that the catalytic activity is higher for solid solution samples in F
phase CH10-CH30 (430–435 °C) rather than the hybrid phase CH40-
CH100 samples (450–560 °C). The textural and structural properties
supports the catalytic activity of F phase samples. The T50 temperature,
as low as 430 °C is obtained for CH10 is due to enhanced structural
properties such as high surface area, low particle size, degree of ag-
glomeration and higher surface oxygen concentration that improves the
contact points, apart from stable morphology and phase. As far as soot
oxidation is concerned, the descriptors that controls the catalytic ac-
tivity for CHx samples can be generalised as stable solid solution for-
mation with stable host structure, optimum dopant concentration and
stable structural properties. Soot oxidation being significantly con-
trolled by structural properties, improvement in structural features is
critical in enhancing the activity.

Table 3
Summary of lattice strain, BET surface area, degree of agglomeration, band gap and T50 temperature of CHx series in different phases.

Metal Oxide Phase Lattice
strain

BET
Surface
area (m2/g)

Degree of
agglomeration

Band Gap (eV) T50 (°C)

CH0 Pure Fluorite 0.013 41 1.6 3.08 530
CH10-CH30 Fluorite 0.014-0.019 19-29 2.8-4.7 2.88-2.97 430-435
CH40-CH90 Fluorite+Monoclinic 0.011-0.018 18-25 2.2-4.9 2.70-2.94 460-540
CH100 Pure Monoclinic 0.015 21 3.1 5.30 483
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Fig. 7. Comparison of T50 with (a) Crystallite size; (b) Band gap and (c) Lattice strain of CHx samples calcined at 600oC/5 h.

Fig. 8. (a) Isothermal time study of CH0, CH10, CH40, CH80 and CH100 sample for soot oxidation reaction (b) corresponding reaction rate of samples vs. conversion.
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