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ARTICLE INFO ABSTRACT
Keywords: The CeO2-ZrO, and AlyO3 (75 wt% and 25 wt%) were prepared by co-precipitation route,
Ce0,-Zr0,/Aly03 calcined at 500 °C for 5 h and mechanically mixed. Three compositions of Ce/Zr (20:80, 50:50,
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and 80:20) were synthesized and their microstructural properties was observed via X-ray
diffraction (XRD), and Raman analysis. The CeO3-ZrO,/Al;03 (Ce/Zr-50:50) sample reveals the
mixed phase formation of cubic and tetragonal, which facilitates the catalytic activity via oxygen
ion diffusion from 0% sub-lattice to the sample surface. The CeO2-ZrOy/Al,03 (Ce/Zr-50:50) was
further investigated using High-resolution transmission electron microscope (HRTEM), Brunauer-
Emmett-Teller (BET) study, X-ray photoelectron spectroscopy (XPS), and Scanning electron mi-
croscope (SEM). The surface area of CeOq-ZrO,/Aly03 (Ce/Zr —50:50) was 91.2 m? g1, which
provides surface active oxygen species to participate in diesel exhaust treatment via redox re-
actions. The XPS spectra of CeOy-ZrOy/Al;03 (Ce/Zr —50:50) sample confirms the Ce®* reduction
along with the formation of oxygen vacancies. To perform catalytic reaction, the CeO,-ZrOy/
Aly03 (Ce/Zr —50:50) sample was coated on the perforated stainless-steel substrates by a unique
and cost-effective technique, which could be economically advantageous to produce the catalyst
for commercial uses on a large scale. The sample was tested at different load conditions. At
maximum load condition, the sample exhibited substantial reduction in CO, HC, CO3, NOy, and
smoke.
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1. Introduction

One of the most formidable challenges for intergenerational health security, and sustainable development, especially in actively
urbanizing countries like India is air pollution. The urban centers all over the world are more intricate and susceptible to air pollution.
The primary factors responsible for air pollution are essential augmentation of industrial and automobile populations, uncontrolled
land expansion, poor solid-waste management, and intensive greenhouse gas emissions. In association with this, poor air quality
exposes the individuals to health risks such as stroke, cardio-vascular problems, stress, and anxiety (Choudhary and Gokhale, 2019;
Pandey et al., 2021; Balakrishnan and Tsaneva, 2021). Exhaust from diesel engines and generator sets due to the incomplete com-
bustion is harmful to both living beings and environment. In India, more stringent regulations of emission standard namely Bharat
stage VI norms were introduced to diminish the air pollution as one-third of air pollution caused by automobiles (Khodkee et al., 2021).
Many scientists and engineers adopted several techniques namely, exhaust gas recirculation (EGR), catalytic converters,
electric-powered vehicles, bio-fuel to reduce pollution from automobiles. Among them, three-way catalytic converters (TWCs) have
commendably mitigated and suppressed the automotive emissions to considerable extent. Ceria has been used as catalyst support oxide
as they possess the oxygen storage and release capacity with the help of Ce**/Ce®" redox couples (Kim et al., 2009). It is essential to
emphasize that ceria consistently discloses a superior catalytic activity attributable to its strong inherent redox characteristics and
reliable lattice oxygen. The enhanced redox characteristics of ceria due to its transition between Ce*" and Ce®" oxidation states
generate the significant number of surface defects (oxygen vacancies). Despite its redox nature, properties of ceria can be modified by
tailoring the size and shape. Moreover, combing the ceria with transition metals promote the catalytic activity from metal-support
interactions due to its synergistic performance. Thus, ceria and ceria-related materials were extensively used in TWC for automo-
bile pollution management over the past few decades, namely, CeO and its solid solutions of transition metal doped form. Due to the
reduced ionic radii of transition metals and formation of redox couples, the production of these solid solutions with CeO, may result in
an increased catalytic performance of these materials. CeO5 has been doped with a wide variety of transition metals namely, Fe, Mn,
Co, Cu, Cr, and Ni. This led to an increase in reducibility of doped CeO as ionic radius decreased. To put it in a nutshell, catalytic
behavior is not only related to the redox couples but also its ionic radius (Machida et al., 2015; Fu et al., 2010; Gupta et al., 2010;
Myung et al., 2015; Zhao et al., 2020). The CeO3-ZrO3 solid solution was the most recognized material in the automobile industry. The
bulk oxygen in CeO2-ZrO> solid solution actively involves redox reactions whereas in CeO, the process is restricted only to the sample
surface. The addition of zirconium with ceria paves the most effective way for ceria stabilization. The bond distance between cerium
and oxygen (Ce-O) will increase when larger Ce cations are substituted by smaller Zr cations, making the oxygen more mobile
(Kanazawa et al., 2003). Earlier reports suggest that ceria-zirconia solid solution holds enhanced redox behavior, oxygen storage
capacity, thermal resistance, and catalytic performance even at low temperatures. These properties are the result of structural im-
perfections obtained from the Zr*" inclusion into ceria lattice, which distorts the 0% sub-lattice, where reduction extends to bulk. The
composition of the Ce/Zr impacts low temperature reducibility. At low Zr-content, the catalyst support is of Ce-rich in cubic symmetry,
whereas at higher Zr-content, tetragonal and monoclinic phases are obtained (Petkovich et al., 2011). In the intermediate composition,
mixed phases are segregated. As a result, there are no clear defined boundaries between the existences of these phases because the
distortion is constantly changing with sample composition. Moreover, this distortion is sensitive to the particle size of the mixed oxides
(Monte and Kaspar, 2004). The addition of alumina with an ideal content between 10 wt% and 75 wt% ratio of ceria-zirconia system
provides appreciable structural, textural, and thermal stability to maintain reducing agent-to-oxidizing agent ratio close to symmetry
in-order to convert the toxic pollutants to eco-friendly products (Hongmei et al., 2010). Despite the numerous advantages of alumina
addition in catalyst compositions, phase segregation still arises at intermediate composition range.

The reducibility and thermal behavior of the catalyst materials not only depend upon the composition, and appropriate material
usage, which also significantly influenced by the preparation techniques (Letichevsky et al., 2005). Kozlov et al., reported that the
various preparation routes provide different contact of interactions between ceria and zirconia result in diverse redox properties upon
calcination. Cogelled approach shows improved redox behavior than impregnation procedure, which exhibits drastic declination in
homogeneity and redox characteristics (Kozlov et al., 2002). Fuentes et al., (2008) prepared three compositions of Ce0»-ZrO- (50, 70,
90 mol%) nanotubes via commercial polycarbonate membrane route resulting in cubic and tetragonal phase segregation (Fuentes
etal., 2008). Rossignol et al., suggested that the modified sol-gel method synthesized CeO,-ZrO, oxides, calcined at 600 °C, cubic phase
dominates the tetragonal phase, when Ce/Zr ratio less than 0.75. While, Ce/Zr ratio is more than 0.75, only cubic phase persists
(Rossignol et al., 1999a). Rossignol et al., prepared mixed phases of cubic and tetragonal (CeyZr; xO2, 0.75 < x < 1) by co-precipitation
method, calcined at 900 °C (Rossignol et al., 1999b). Due to the exceptional thermal resistance, chemical stability, redox charac-
teristics, and ion exchange capacity, zirconia has been extensively employed with ceria as catalyst supports, they reported (Yu et al.,
2014). Even at extremely small quantity of zirconia (5 wt%) combined with ceria, improved the oxygen storage capacity (OSC) for
more than 30 times were witnessed, compared to ceria alone used as catalytic material. By generating oxygen vacancies, elevation in
the oxygen mobility and make more oxygen available for diesel exhaust treatment was realized (Dai et al., 2014). Thus, the catalytic
actions for diesel exhaust pollutants were greatly aided by Zr, which also serves as a great stabilizer and promotes various oxygen
transfers in various environments (Lee et al., 2018). The catalysts performance was further improved by alumina as stabilizer or
dispersant which enhances the thermal stability by restricting the sintering of the samples. Recent research with superior performance
of Ce-Zr-Al often coupled with the noble -metals like Pd and also some additional promoters such as La or P to achieve greater catalytic
efficiency towards diesel exhaust pollutant treatment (Chen et al., 2022; Guo et al., 2024; Feng et al., 2024). While these research
works highlights the catalytic activity of the Ce-Zr-Al oxides but they highly rely on the noble-metal supports.

After considering all the above aspects, herein we develop economic-friendly CeO,-ZrO,/Al,03 catalyst supports, which can be
produced in large scale and easy to commercialize globally. The synthesis of low-cost, noble-metal free CeO2-ZrO5/Al»03 catalyst and



V. Jayachandran et al. Environmental Technology & Innovation 41 (2026) 104708

preparation of catalyst substrates are as follows. We have synthesized ceria-zirconia mixed oxides at various proportions of Ce/Zr by a
simple and facile co-precipitation route. Powder form of alumina was also prepared by precipitation technique and was mechanically
mixed with ceria-zirconia at 25 wt%. The structural, textural, chemical, morphological, and compositional properties of the samples
were analyzed. The observed redox couples (Ce**/Ce®*) and mixed phases of the CeO,-ZrO5/Al,03 (Ce/Zr —50:50) sample acts as an
oxygen buffer which, distorts the local oxygen environment inside the sample. The interfacial boundary of the mixed phases boosts the
oxygen diffusion for better catalytic activity. This sample was coated on the perforated stainless-steel substrates by a novel approach
preceded by proper cleaning techniques and they are kept inside the custom-made exhaust manifold. The emission analysis was done
in Field Marshal diesel engine using AVL Digas analyzer. Under lean-burn conditions, the significant reduction of NOx is more
challenging and it is greatly achieved by CZA-55 sample makes a potential candidate for more advanced technological developments in
automobile industry.

2. Materials and methods
2.1. Chemicals

In this work, we used nitrate salts of cerium [Ce(NO3)3-6H50, 99 %], zirconium [ZrO(NO3)2.xH-20, 99 %], and aluminum [Al
(NO3)3-9H20, 99 %] were obtained from Sigma Aldrich. Ammonia (NH40OH, 25 wt%) and ethanol (C;HsOH) were purchased from
MERCK. We have used all chemicals as received without further purification.

2.2. Preparation route

CeO9-ZrOy/Al»03 oxides were prepared via simple and facile co-precipitation approach with three different proportions of Ce/Zr
(20:80, 50:50, 80:20) and mechanically mixed with fixed 25-wt% of Al;O3. Equal volumes of ethanol and distilled water were mixed to
obtain bi-solvent, in which the nitrate salts of cerium and zirconium were mixed. The mixed solution was allowed for vigorous stirring
to attain homogeneous and the complete dissolution of the precursors. The precipitating agent NH4OH was added drop-wise into the
reaction medium at room temperature. The pH of the medium was maintained at 10, where the reaction environment leads to the
formation of M-OH (M= Ce, Zr). The precipitate was stirred continuously for about 7 h and aged overnight at room temperature. The
obtained precipitate was centrifuged at 3000 rpm for 15 min and washed several times with distilled water and organic solvents
(ethanol and acetone) in order to remove the impurities and unreacted precursors. Then, calcination was done in a muffle furnace at
500 °C for 5 h, thus the precipitates were transformed as CeO»-ZrO, nanoparticles.

Al;03 nanoparticles were prepared by following the aforementioned protocol and 25 wt% of prepared alumina was mechanically
mixed with 75 wt% of CeO2-ZrO, nanoparticles. The synthesized samples were named as CZA-28, CZA-55, and CZA-82 based on their
relative Ce/Zr ratios 20:80, 50:50, and 80:20 respectively (Lan et al., 2014; Jayachandran et al., 2022).

2.3. Monolith preparation

The traditional catalytic converter (Supplementary Figure. 1) was slightly modified and made completely leak-proof with the help
of gaskets. The body of the catalytic converter was a cylindrical stainless steel — 316 L (SS) pipe with a dimension of 6 in. x 4 in.
x 3 mm. The inlet and outlet of the converter was also a 2-inch SS pipe with 32 mm diameter and 3 mm thick. The stainless-steel (SS)
plates of 1 mm thickness were chosen as the catalyst substrates were finely cut into circular discs of 80 mm diameter with the help of
LASER. The perforation was done with an angle shift of 15° for each plate to reduce exhaust back pressure. In conventional catalytic
converter, the ceramic monoliths (oxidation and reduction beds) were used; we have replaced them by stacking the SS plates and
separated them with a sleeve. The perforated SS substrate was washed using liquid soap in ultrasonic bath for 30 min, then using
acetone for 30 min, with each stage being followed by a 2-hour drying phase at 100 °C. The substrate was also pre-heated to provide
them a rough surface that would help the adherence of nano- catalyst on substrate. The substrate surface was etched with emery paper
and then thoroughly cleaned with acetone and distilled water followed by drying in hot air oven at 50 °C for 30 min.

Table 1
Field Marshal engine specifications.

Engine Specifications

Make/Model
Engine Type
Number of Cylinders
Engine Starting
Type of fuel

Bore diameter
Stroke length
Speed
Dynamometer
Compression ratio
Rated power

Field Marshal. Model- TRM II No.
Four stroke, water-cooled
Single

By hand Cranking method
Diesel

114.3 mm

130 mm

850 rpm

Eddy current dynamometer
16.1

5.9 KW
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The SS substrates were coated with prepared catalyst nanoparticles via a novel technique using M-seal and araldite. Equal amounts
of both the glues were mixed and applied over the perforated stainless-steel substrates. The catalyst particles were coated using thin
sieve on the glued substrate surface. The present work focused to decrease the price of the conventional catalytic converters with the
help of simple and cost-effective coating technique. The substrates were inserted inside the designed catalytic converter and then
attached to the exhaust manifold of the diesel engine for emission analysis (Jayachandran et al., 2022). Table 1 specifies the design of
the Field Marshal diesel engine.

The substrates were stacked in an order and separated by SS sleeves. The modified catalytic converter was completely sealed with
rubber gasket and bolts to make them leak-proof. The time period of the emission test for each load condition took nearly 2-2.5 h. The
outer-body temperature of catalytic converter was approximately 250 °C.

The determination of t-plot for BET analysis is evaluated by using the relation (Choudhary and Gokhale, 2019)

13.99

2 e}
log (%) +0.034

t (angstrom) = {

The Ce3* concentration from XPS analysis was calculated from the formula (Pandey et al., 2021)

3+
Ce** (%) = ce X 100% @
Area of (Ce’" + Ce™)

3. Sample characterization

The microstructural properties and phase purity were examined using an X’Pert Pro diffractometer with a Cu K, (1.5406 A) source.
Raman spectral investigation made with BRUKER RFS 27 Standalone FT-RAMAN spectrometer revealed the additional structural
information and phase analysis of CZA samples. The HRTEM facility was used to collect topography, 3D morphology, and lattice
orientations employing a Japan-made JEOL-JEM (2010) microscope. The HRTEM system comprises with BRUCKER QUANTAX 200-
710 EDX detector, which helped to determine the elemental composition of the prepared CZA samples. The No- physisorption principle
at 77 K with a saturated vapor pressure of roughly 96.582 KPa, BELSORP Mini Il was used to determine the surface area, pore diameter,
and pore volume. Surface analysis of the samples was performed using a surface-sensitive X-ray photoelectron spectrometer (XPS), a
Versa Probe-III (Physical Electronics) enabled with Al-K, of energy 1486.6 eV operated at 400 W. The surface morphology was
examined using a TESCAN MIRA-3 Scanning Electron Microscope (SEM) along with an EDAX detector. The mechanical properties of
the coated substrates were studied using nano-indentation test conducted via Berkovich diamond tip. The catalytic activity was
scrutinized using stationary Field Marshal diesel engine along with AVL Digas analyzer.

4. Results and discussion
4.1. X-ray diffraction analysis

The microstructural properties and phase purity of prepared CZA-28, CZA-55, and CZA-82 were examined. The X-ray diffractogram
for the above examination was depicted in Fig. 1. It clearly evidenced the microstructural assessment of the prepared ceria-zirconia-
alumina (Ce02-ZrO2/A1203) complex systems. The composition and calcination temperature have a considerable impact on the
observed reflections of the samples. The non-existence of alumina peak in XRD evidences the homogeneously dispersed state of
alumina inside the CeO4-ZrO; lattice (Wei et al., 2008). The CZA-28 sample shows ZrO,-rich tetragonal phase signifies low cerium

. * -Cubic ™
A -Tetragonal e =
7]
Lago ©
()
)
320 ©
160
CZA28

10 20 30 40 50 60 70 80
20 (degree)

Fig. 1. X-ray diffractogram of CeO,-ZrO5/Al,03 mixed oxides.
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content < 20 wt% at 20 = 30.1° (101) with space group P4,/nmc (ICDD: 80-0785). The observation of stable single tetragonal phase
for addition of 20 wt% of CeO2 shows zero other phase segregation but with the slight shift in 26 towards higher trend. The CZA-55
exhibits the mixed phases of cubic and tetragonal with dominance of the cubic symmetry at 20 = 28.7° (111). When Ce/Zr ratio is 1,
the ceria (111) and zirconia (101) peaks overlap and appear as doublets with peak broadening at 26 = 28.7° to 30.3°. Sylvie Rossignol
et al., (Rossignol et al., 1999b) reported that CeO»-ZrO, prepared via co-precipitation approach yields the mixed phases of cubic and
tetragonal, whereas the sol-gel technique derived the solid-solution. Idriss Atribak et al., (Atribak et al., 2009) presented that the
segregation of cubic and tetragonal phases of the sample prepared by physical mixtures of nitrate salts using Ash-free carbon fiber
template. The CZA-82 sample depicts the CeO»-rich cubic fluorite crystal structure holds high ceria content > 80 wt%) with space
group Fm-3m (ICDD: 34-0394) at 20 = 28.6°. XRD patterns of our samples reveal the tetragonal, cubic with tetragonal and cubic phase
alone for the samples CZA-28, CZA-55, and CZA-82, respectively. Table 2 provides the microstructural information of the prepared
samples.

The inclusion of Zr*" ions inside the structural framework of the CZA-28 and CZA-82 samples witness the absence of phase sep-
aration indicating the solid solution formation. The Ce*t (0.097 nm) ion reduced to cedt (0.107 nm) ion due to the existence of
smaller Zr** (0.084 nm) ion, resulting in cubic cell contraction (from 0.544 nm (bulk) to 5.2440 nm). The cubic cell parameter
declined due to the introduction of Zr** ions into ceria lattice (Fornasiero et al., 1996). In CZA-55 sample, the suppression of peak
intensity and peak broadening provides the greater full-width half maxima (FWHM), which contributes the particle size reduction
compared to CZA-28 and CZA-82 (Fu et al., 2009). The multi-faceted nanoparticles of CZA-55 display aggregation to lower extent and
are discussed in TEM analysis. The cubic and tetragonal phases of the CZA-55 sample show a substantial synergetic impact at the
catalyst interfaces. It further provides an intriguing pathway to enhance the electronic structure of the anions. This promotes catalytic
performance by ensuring the sufficient mobility of oxygen ions from the 0% sub lattice to the surface (Jayachandran et al., 2022; Zhou
et al., 2021). Thus, the smaller sized CZA-55 particles improve the redox nature of the samples, which initiates the Mars-Van-Krevelen
mechanism by involving the surface oxygen vacancies in order to eliminate the toxic elements of the diesel engine.

4.2. Raman analysis

Raman spectra investigation reveals additional structural information and phase analysis of CZA samples. The Raman spectra
(Fig. 2) of CeO2-ZrO, oxides show tetragonal phase with characteristic bands of zirconia when it is > 20 wt%. The tetragonal phase
originates from the six Raman active modes as bands namely A4 + 3Eg + 2B1g located at 142, 258, 311, and 622 em ! (Lietal, 2016).
These bands correspond to the t* phase (t-ZrO,, space group P4,/nmc) along with a Raman band at 466 cm ™2, attributed to cubic
symmetry Raman active mode (Fz4) of CeO3. The presence of this cubic phase is reasoned for the reduction of Ce** ion as Ce®* ion with
the generation of oxygen vacancies. The CZA-55 sample (Fig. 2c) shows the high intense Fo; Raman band at 465 cm™! assigned as
triply degenerated symmetric stretching vibration mode of Ge-O bond. The broad band at 259-302 cm ! denotes the overlapped band
of t-phase of ZrO, retain the cubic cation sub-lattice whereas the oxygen atoms undergo the tetragonal deformation (Zhao et al., 2010).
The t” phase is commonly known as extended cubic phase. The cations in the cubic c and t” phase occupies the same positions whereas;
the oxygen ions undergo tetragonal distortions. It is practically impossible to distinguish t” phase and cubic phase using XRD as it is
insensitive to light elements like oxygen along with the presence of heavy element such as cerium (Zhang et al., 2006). Only Raman
spectra can identify the metastable t” phase, since diffraction ability of anion atoms was limited in XRD.

The incomplete phase transition from cubic to tetragonal depends upon the zirconia content. A low intense band at 608 cm™ "~ arises
due to the relaxation of symmetry caused by the movement of oxygen from its lattice point to the new interstitial position. This creates
two types of defects in native crystal namely interstitial and point defects (Piumetti et al., 2016). The tetragonal distortion moves the
oxygen ions to octahedral sites by elongating the metal-oxygen bonds, which creates an interesting pathway to conduct oxygen ions by
lowering the energy barrier (Kuhn et al., 2013). The Frenkel-type anion defects present in the nano-dimensional oxides facilitate the
catalytic performance. In CZA-82 sample, the Fo; Raman active band shifts to lower wavelengths (465 em™) for the sample with ceria
content > 80 wt%. The origination of band at 311 cm ™! is attributed to oxygen ion displacement due to the partial breakdown of Fm3m
crystal symmetry. Zr*" ion insertion into the CeO, lattice creates a considerable number of oxygen vacancies that results in the
evolution of weak band at 618 cm™! in Raman spectra. The dearth of fundamental peaks of alumina is also observed, which is in
consistent with XRD findings.

1

Table 2
Microstructural properties of CZA-55.
Sample Miller Crystallite size Lattice parameter Lattice strain Position of Raman active band Fa
Compositions planes (nm)* (A)? (e)? (em™H)P
CZA-28 (101) 18 a=b=3.6101 3.11x1073 466.76
c= 5.1832
CZA-55 (111) 15 a=b=3.6131 2.818 x 1073 465.30
(101) c= 5.2440
a=b=c= 5.38239
CZA-82 (111) 19 a=b=c= 5.3955 3.109 x 1072 465.30

@ determined by XRD analysis.
b determined by RAMAN spectroscopy.
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Fig. 2. Raman spectra of CeO5-ZrO,/Al,03 mixed oxides, (a) CZA-28, (b) CZA-55, and (c) CZA-82.

4.3. High resolution-transmission electron microscope (HR-TEM) analysis

The HRTEM along with EDAX facility was used to collect information such as topography, 3D morphology, lattice orientations and,
elemental composition of the prepared CZA sample. Fig. 3(a-c) displays the HR-TEM micrographs of the sample with 1:1 ratio of Ce/Zr,
this catalyst reveals the mesoporous worm-like structures, which were discussed later in BET adsorption study (Chen et al., 2011). The
addition of alumina nanoparticles through mechanical mixing method is well dispersed with strong interaction with CeO,-ZrO5 oxides
in phylloid formation (Papavasiliou et al., 2009). The obtained clear lattice fringes in HR-TEM halos of the examined sample suggest
that the nanoparticles are in well crystalline order. Fig. 3d illustrates the premeditated lattice fringes from the GATAN software depict
the interplanar spacing of the lattice to be 0.29 nm corresponding to miller plane (111) of the predominant cubic phase of CZA-55
(Yang et al., 2014). The SAED pattern of the sample exhibits the polycrystalline nature, a set of clear concentric rings further indi-
cate the miller planes of the mixed phases of cubic and tetragonal as evidenced by XRD study. The elemental mapping shown in Fig. 3e
elucidates the signals of cerium (Ce), zirconium (Zr), alumina (Al), and oxygen (O), which signifies the purity of the sample prepared.
The compositional homogeneity was maintained at this calcination temperature with mixed phases, which favors the redox properties
of the sample.

4.4. Brunauer-Emmett-Teller (BET) analysis

The Ny- physisorption principle at 77 K with a saturated vapor pressure of roughly 96.582 KPa, BELSORP Mini II was used to
determine the surface area, pore diameter, and pore volume of the sample. The Brunauer-Emmett-Teller (BET) performs the textural
examination of the sample CZA-55 as shown in the Fig. 4a. According to the IUPAC classification, the sample exhibits typical type-IV
characteristics of mesoporous structures. A well-defined H2 hysteresis loop observed in a relative pressure P/Pg at 0.98 with a sharp
adsorption and desorption branch that resembles hierarchical scaffolds and wormhole-like mesostructures formed by the nanoparticle
aggregates (Deng et al., 2012). The BET analysis depicts the narrow particle size distribution with mesoporous channels to promote the
oxygen ion mobility to interact with the soot molecules (Venkataswamy et al., 2014). The CZA-55 sample possesses the smaller
crystallites with mixed phase compositions compared to CZA-28 and CZA-82 samples.

In the intermediate CeO5-ZrO;, content, the internal distortion of anions takes place with deformation of cubic symmetry to
metastable tetragonal phase (t”). This also provides the surface area of about 91.2 m? g~! which is relatively high on comparing with
the early reports. Many reports witness the intermediate composition range contributes the better active redox couples with appre-
ciable structural defects to instigate the reaction to get optimum results (Aneggi et al., 2006; Enzo et al., 2000; Yashima et al., 1998).
The BJH plot (Fig. 4b) of CZA-55 shows a narrow unimodal-pore size distribution curve centered at 2.14 nm with a pore volume of
0.1209 cm® g_l. The t-plot (Fig. 4c) of the sample indicates the lack of micropores from the absence of positive intercept, which
eventually conveys the samples are mesoporous in nature. The t-plot was obtained from the relation given in Section 2.3 (Terribile
et al., 1998).

4.5. X-ray photoelectron spectrometeric (XPS) analysis

Surface analysis of the samples was performed using surface-sensitive X-ray photoelectron spectrometer (XPS), which also say
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Fig. 3. (a, b, ¢) HRTEM images, (d) SAED pattern, and (e) EDS spectra of CZA-55.

about the surface chemical composition and oxidation/valence state of the elements present in the sample through examining the peak
intensity and spectral line shape via XPS probe. The XPS spectra of Ce-3d, Zr-3d, Al-2p, and O-1s core levels of CZA-55 were recorded
and shown in the Fig. 5a. Chemical analysis done by XPS was tabulated in Table 3. It is known that core-level Ce-3d spectra are complex
to differentiate the oxidation states of CeO5 due to the co-existence of Ce** and Ce>* states. The generation of satellite peaks in Ce-3d
profile is mainly due to the primary photoionization process occurs from the hybridization of the ligand (O-2p) and the metal (Ce-4f)
and their spin-orbit coupling. The deconvolution of Ce-3d core level spectra (Fig. 5b) using Gaussian curve fitting of the peaks is
labeled as per Burroughs notation (Burroughs et al., 1976). The obtained eight peaks correspond to the spin-orbit multiplets (Ce-3d3 />
and Ce-3ds,3) of CeO,. The six peaks u, u", u"” and v, v", v"” are attributed to the Ce*" state. The two peaks u’ and v’ assigned to cedt
state. The spin-orbit components u (882.9 eV) and v (900.7 eV) represents the ce*t hybridization 3d° 4f2 (0] 2p4 state, whereas, the
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Fig. 4. (a) Nitrogen-sorption isotherm, (b) BJH plot, and (c) t-plot of CZA-55.

multiplets u" (889.2 eV) and v" (907.3 eV) refers to the hybridization state of Ce (IV) 3d’ 4 f o 2p5. These two states with lower
binding energies were called as “Shake-down” satellites, in which electrons of O-2p transferred to Ce-4f (Mullins et al., 1998). The
doublets u" (898.2 eV) and v"” (916.9 eV) denotes the Ce (IV) 3d° 4f0 (0] 2p6 hybridization state. The peaks u’ (885.9 eV) and v/
(903.7 eV) indicates the Ce (III) 3d° 4f2 (6] 2p5 hybridization corresponds to Ce3* state (Anandan and Bera, 2013). The calculated Ce**
content from the peak area was 83.67 % while Ce>" concentration was 16.33 %. The presence of Ce®" ions from Ce*" reduction
confirms the non-stoichiometric nature of CeOs that creates the charge imbalance, unsaturated chemical bonds and oxygen vacancies.
This inherent natural property of CeO; helps the oxygen ions to migrate from bulk to the surface for initiating the redox cycle of the
catalyst (Wan et al., 2011). The relative Ce®* concentration was evaluated from the relation given in the Section 2.3 and are tabulated
in Table3 (Aneggi et al., 2006)

The Gaussian fitted Zr-3d core level spectra (Fig. 5¢) reveal the spin-orbital peaks split into 3ds,» and 3ds,» multiplets at 182.21 eV
and 184.46 eV respectively. The energy difference between spin-orbitals was around 2.2 eV, which affirms that the Zr exists in ZrO5
form not as metallic zirconium (Galtayries et al., 1998). The peak at 185.91 is attributed to Zr(OH) it further allows us to presume that
the presence of Al,O3 naturally a hygroscopic system induce the zirconia to attract hydroxyl molecule or due to the atmospheric
contact during sample loading. The Al-2p core spectra (Fig. 5d) provide two peaks positioned at 74.63 eV (Al*") and 76.5 eV (AlO
(OH)). The AIF* peak ensures that exists as AlyO3. The peak at 76.5 eV might be due to the hygroscopic nature of alumina (Lu et al.,
2017).

From the Fig. Se, we have identified the binding energy of the lattice oxygen (03 /0°) as 529.64 eV (O1) signifies the metal-oxygen-
metal bond (M-O-M, where M = Ce, Zr, and Al) (Sellick et al., 2013). The defect oxide or low-coordination surface oxygen ions are
assigned in the region of 531.75 eV (02). The peak positioned at 533.89 eV (03) corresponds to the -OH/H20/carbonate species
adsorbed from the ambient exposure. Atomic percentage (at%) of O2 indicates the higher oxygen vacancies which increases the
mobility of defect oxides. These oxygen species strongly reliant on Zr content and reaction conditions, the intensity of the O-1s peak
solitarily independent of their presence (Elidrissi et al., 2000). Now, the spectra indicate that the relative area of O2 peak is appreciable
supporting the existence of surface-active Ce3t-0,-Zr*" sites participates in the proposed Mars-van Krevelen pathway towards the
diesel exhaust pollutant treatment. The catalyst activity was enhanced by presence of these oxygen species. The presence of Ce>™ states
in the spectra eventually indicates the formation of oxygen vacancies as exhibited in Raman spectra, which support the catalytic
conversion.
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Fig. 5. (a). XPS survey spectra of CZA-55, (b) Core level spectra of Ce-3d (c) Zr-3d, (d) Al-2p, and (e) O-1s.
4.6. Scanning electron microscope (SEM) analysis

The surface morphology of CZA-55 was examined to study the morphological features and is shown in the Supplementary Figure. 2
(a-c). The SEM images depict that the sample with irregular particles formed from the trivial aggregation of smaller particles with no
definite shape and are randomly orientated (Lan et al., 2014). The low agglomerated particles are in smaller in size range due to the
presence of alumina particles, which helps in grain growth hindrance. The micrograph shows the mesoporous (ca. 2.12 nm) nature of
the particles as described in BET investigation. The co-precipitation process enables both precipitation and aggregation of formed
metal hydroxides concurrently, as well as the possibility of interplay between the precipitated nanoparticles. These nanoparticles
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Table 3
Surface chemistry of CZA-55.
Sample Composition  Relative amount Ce/Zr ratio” Ce®' (%)"  Defective oxygen (%)  Surface area, pore diameter and pore volume.”
(%)°
CZA-55 Ce-3d  2.36 0.89 83.67 10.14 91.2m%g "
Zr-3d 2.63 2.12nm
Al-2p  17.62 0.1209 cm®g !
O-1s 50.62
C-1s 26.77

@ evaluated from XPS spectroscopy
b evidenced from BET analysis

interact more effectively with one another after drying the metal hydroxide to metal oxide by calcination procedure. Thus, the
co-precipitation technique yields mesoporous particles with densely agglomerated morphology (Kim et al., 2009). The mesoporous
materials act as oxygen promoters with eminent reducibility that allows the oxygen ion mobility from bulk to surface, where the redox
mechanism happens (Ren et al., 2017).

The compositional analysis was also carried out for the prepared samples using energy dispersive spectroscopy as shown in the
Supplementary Figure. 2(d-e). The observation of carbon peak is due to the use of carbon tape to load the sample for analysis. The Ce,
Zr, Al, and O elements are witnessed in the spectrum. Elemental composition confirms the existence of tricatalyst core elements with
zero impurity peaks, which establish the contamination-free state of CZA systems.

4.7. Catalytic activity study

The prepared nano-catalyst support materials were scrutinized for three-way catalysis reactions inside the catalytic converter
attached to a stationary Field Marshal diesel engine (Supplementary Figure. 1). The Table 1 represents the engine specifications. From
the extensive investigations on the physiochemical properties, we have decided Ce/Zr = 50:50 since we have limited resources and
facilities to carry out emission analysis for all the prepared samples. From XRD, Ce/Zr = 1 ratio exhibits mixed phases of cubic and
tetragonal and BET reveals the higher surface area of 91.2 m? g~! and sufficient oxygen vacancy content from XPS corroborates the
synergistic performance of Ce and Zr. The catalyst substrates of catalytic converter were made of stacked perforated SS circular discs
coated with CZA-55 sample attached to the exhaust manifold of the diesel engine outlet. The engine operated at no load condition for
one hour to attain the idle state. Then, the exhaust gases were analyzed using AVL gas analyzer at zero load, 25 % load, 50 % load, and
75 % load conditions. The emission control analysis was done as per the stringent regulations followed for the pollution control board
in India (Dey and Mehta, 2020). The readings from AVL Digas analyzer were carefully noted for the experiment conducted without
catalytic converter (CC) and with sample coated catalytic converter.

The mechanical property (Hardness and Elastic modulus) testing using a nano-indenter (Berkovich diamond tip) to study the
response of coating under localized deformation. The maximum load employed was 5 mN and the indents were placed 20 pm apart.
The maximum penetration depth was limited to 10 % of the coating thickness (< 4 pm), in order to minimize the substrate influence.
The data from load-hold-unload protocol, the hardness (H) and Elastic modulus (E) was evaluated using Oliver-Parr technique. The
nano-indentation derived hardness and elastic modulus was presented in the supplementary Figure. 5. The average hardness of the
CZA-55 coating before thermal stress was found to be H= 7.4 + 0.8 GPa, and elastic modulus, E = 137 + 15 GPa. After thermal
treatment done at 450 °C for 10 h, the average hardness H= 8.5 + 0.9 GPa, and elastic modulus E = 160 + 22 GPa. These values
indicate superior mechanical stability, as it maintains 90 % of their initial values (Before aging) even after 10 h of aging at 450 °C. The
observed data falls similar to the CeO5-ZrO5 materials (H=4-8 GPa, E = 90-160 GPa) (Wu and Zhang, 2013).

On the contrary, the earlier literature of CeO, or Ce-doped ZrO, coating reveals E > 200 GPa and H > 20 GPa, whereas a-Al,03
coating exhibits 25 GPa of H and 400 GPa of E (Vojtko et al., 2020; Ruppi et al., 2008). The CZA-55 sample possesses porous catalytic
structure for the oxygen ion mobility. The obtained H/E ratio lies between ~0.5-0.55, which indicates the coating represents a
favourable balance between H and E. The coating is mechanically stable and provide an ideal surface for redox treatment with
appreciable crack resistance and resilience towards thermal shock during the exhaust treatments.

The exhaust gas from the outlet of the catalytic converter was provided as feed to the AVL gas analyzer and smoke meter to note the
readings and their corresponding Error bar diagram was presented in the Supplementary Figure. 3 & 4. The AVL gas analyzer shows the
readings of carbon monoxide (CO), hydrocarbon (HC), carbon dioxide (CO3), oxygen (Os), and nitrogen oxides (NOy) while the smoke
meter indicates the quantity of smoke released from the diesel engine as given in the Fig. 6a-f. The CZA-55 sample is studied for CO
oxidation, which strongly depends on surface oxygen active sites contribute in Mars-van-Krevelen mechanism (Dey and Dhal, 2020).
At 75 % load condition, the CO oxidized to CO2 more than 50 % compared to the value observed without catalyst support systems. In
human body, CO gases when inhaled, it converts the hemoglobin to carboxy-hemoglobin which eventually reduces the oxygen car-
rying capacity in blood. The HC emission was reduced by converting them to water vapor and carbon dioxide via redox reactions
carried out by the CeO2-ZrO5/Al»03 catalyst. The HC molecules adhered to the sample surface combines with the oxygen to form H,O
and CO3. This reaction process continues until the lattice oxygen migrates from lattice to the surface. At maximum load condition, the
HC exhibits the 30 % of reduction. The NOy emission undergoes a vigorous reduction to give harmless N5 gas. The CO, and O, gases
were also realized with the help of AVL gas sensors. The smoke meter shows the maximum reduction of 68 % at the high load con-
dition. The exhaust gases were treated with the help of two parameters one surface active oxygen species and the other from generated
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Fig. 6. Emission analysis of CZA-55 in Field Marshall diesel engine, (a) CO, (b) HC, (c) NOy, (d) CO,, (e) O, and (f) Smoke.

oxygen vacancies readily take part in the redox reactions. The oxygen spillover from the metal oxide supports to react with the soot
molecules to convert them into eco-friendly gases.

4.8. Possible reaction mechanism of CeO3-ZrO2/Al;03 with pollutants

In comparison to other catalysts, non-reducible ZrO, catalysts supported on CeO5 and Al;O3 are found to be effective in oxidizing
and reducing the diesel pollutants (Reddy and Khan, 2005; Di Montee and Kaspar, 2005; Atribak et al., 2010; Thammachart et al.,
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2001). The observed microstructural and chemical structure properties of the CZA-55 catalyst actively participate in redox reactions by
influencing the surface energy and its chemical properties. The observed unimodal pore-size distribution from BJH plot confirms
congenial pore sizes, which is suitable for the chemisorption process. This proves that there is a linear correlation between the surface
area of the sample and soot contact activity. The oxygen atoms on the surface and bulk bounded to the cations, which contribute to the
reactants by creating and refilling the oxygen vacancies generated, known as Mars-Van-Krevelen mechanism (Dey et al., 2017).

The synergetic performance of the CeO2-ZrO5/Al203 sample offers an expedient pathway for reactant soot molecules to convert
them into naive elements. The Ce** jons are reduced to Ce>" ions with the release of oxygen vacancy. The existence of Ce3* species on
the surface is responsible for the CO species adhesion, which also reacts with the oxygen atoms combined with the cations (Ai et al.,
2019). The CO species reacts with the lattice oxygen in Ce**-0-Zr** and produce the oxygen vacancy as Ce3>-0,-Zr*" in the sample.
The NOx molecules attach on the surface of the catalyst reacts with the oxygen radicals to form their own intermediates and the final
by-product Ny dissociate from the catalyst. The surface synergetic oxygen vacancy Ce>"-0,-Zr** inflates the catalytic activity of the
sample than the surface oxygen vacancy Ce>*-0,-Ce>* species (Yao et al., 2014). Thus, CZA-55 sample with its appreciable redox
behavior and the surface synergetic oxygen vacancy contributes substantial catalytic performance. The CZA-55 coated catalyst sub-
strates are intended to commercialize among the industrial sectors with the help of expertise team, so the industries gain a better
product in a distant future. Some recent researchers reported the emission analysis test performed using a VCR diesel engine using
zirconia coated basalt fibre. The coating was made with the help of araldite and epoxy resin. The engine with neat diesel and bio-diesel
blend shows less NOy conversion in comparison with our results (Subramanian et al., 2022). Moreover, jute and Kevlar cloth were
utilized as catalyst substrates with bio-diesel fuel mixture, the emission performance was tested. The emissions are quite high when
compared with our CZA-55 sample (Ganesan et al., 2020, December).

5. Future aspects of the research

The present research elucidates that the noble-metal free CeO,-ZrO2/Al,03 mixed oxides through a simple co-precipitation
technique to evaluate the catalytic activity in the lean-burn diesel condition. The CZA-55 sample with higher surface area and syn-
ergistic performance of the oxygen vacancy (Ce®>*— Ov — Zr*") states facilitating the exhaust treatment as a better alternative to noble-
metal based catalysts. However, this study is limited to short-term activity without A-trajectory monitoring, pressure drop measure-
ments and repeated load runs for statistical evaluation. To strengthen the practical applicability, our future studies include all the
mentioned parameters along with the in-situ characterizations like O,-TPD, and H,-TPR studied to provide direct evidence of oxygen
ion mobility for the proposed Mars-van Krevelen mechanism pathway for redox activity. These systematic approaches would
strengthen the advanced CeO»-ZrO5/Al;O3 catalysts towards more qualitative, scalable and durable products for diesel exhaust
treatment.

6. Conclusions

Among the three Ce/Zr ratios investigated, the CZA-55 exhibits mixed phase of cubic-tetragonal as confirmed by XRD, and Raman.
The higher BET surface area of 91.2 m? g~! was witnessed. The XPS spectra validated the existence of Ce*>" and oxygen vacancies
generated from the non-stoichiometric nature of CeO, as well as the zirconia incorporation. Moreover, the synergistic performance of
Ce3*— Ov — zr** plays a crucial role in oxygen mobility from the bulk to the surface and redox activity. These structural, textural, and
surface-chemistry properties facilitate the catalytic treatment towards exhaust pollutants. The CZA-55 sample was evaluated under
varying load conditions in Field Marshal diesel engine showed significant emission control. These findings highlight that a low-cost
noble-metal free CeO»-ZrO5/Al»03 catalysts delivered promising catalytic performance under lean-burn diesel conditions and holds
potential for further technological development.
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