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Soot particulates in engine exhausts pose a severe threat to the environment and human health — caus-
ing cancer, affecting the heart and lungs and drives metal processes. This study proposes a practical,
real-world application of transition metal modified natural clay as an environmentally benign, low-cost,
green catalyst for soot oxidation. Ni and Co (NC-Clay) incorporated natural clay catalysts were prepared
by a simple wet impregnation method and meticulously characterized by different characterization
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catalyst in soot oxidation. Excellent catalytic activity with a very low Tsq of 358 °C was observed and can

be accredited to the improved surface oxygen vacancies and thermal stability by the metal modification
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Introduction

The World Health Organisation in 2012 estimated 6.5 million
deaths due to outdoor and indoor air pollution, which accounts
for 11.6% of all global deaths. Furthermore, 90% of them occur
in low- and middle-income countries, especially in South East
Asia and Western Pacific regions. Major diseases related
include cardiovascular, pulmonary, and lung cancer." Of the
various pollutants, particle pollution of soot is considered one
of the lethal forms of air pollution. Soot, as defined by the
Oxford Dictionary, is a “deep black powdery substance consisting
of largely amorphous carbon produced by incomplete burning of
organic matter.”> Alternately, soot is a particle pollutant having
2.5 pm or smaller diameter (2.5 PM or 2.5 particulate matter)
causing tremendous hazards to health and the environment.’
Soot pollution is catastrophic since the particulate matter is so
small that it can be transferred from the mother to the unborn
child through the bloodstream’s placenta.”

One of the effective methods used to curb soot pollution is
using diesel particulate filters in exhaust engines. However, the
commercially available filters that use Pt catalysts in their
design are costly. Also, the poisoning of Pt occurs very readily;
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hence, economically viable catalysts have been promoted to
replace Pt. Consequently, as an alternative to Pt catalyst for soot
oxidation, various materials have been reported, such as ceria,
hafnia, zirconia, transition metal catalysts based on Co, Cu, Fe,
and Mn - doping on ceria, and composition of ceria with Pr, La,
etc.,”* which are summarized in Table S1 (ESIf). Apart from
these, transition metals, rare earth oxides, and mixed oxides
such as CeO,, SiO,, and Al,O; have been explored to boost soot
oxidation activity."® Additionally, composites of noble metals
with CeO, have been used for soot oxidation, such as Pt, Pd, Ru,
and Rh.""® However, all these catalysts work at high
temperatures (>400 °C), and therefore it is imperative to
develop efficient and affordable catalysts desirably with low
oxidation temperature. CeO, is considered suitable as it has
good redox activity between Ce** and Ce®", showing adequate
oxygen storage capacity. The Ts, temperature, which is the
temperature at which 50% of the total weight loss occurs, is
lowered when the active species such as oxides and superoxides
spill over the surface of the soot.

Makkee et al. observed redox activity in the process of
catalytic oxidation of soot using CeO, while performing a
transient kinetic experiment with labelled oxygen.*® Additionally,
they also proposed that there is the creation of vacant sites due to
CeO, reduction during the process. For metal doping such as Ag/
CeO,, Shimizu et al. proposed that initially, O, gets chemisorbed
on sites where oxygen vacancies are located near the nanoparticle
catalyst such as Ce®" and Ag.*" This process gives rise to reactive
oxygen species such as oxides and superoxides with high
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reducibility that migrate towards the soot surface to oxidize the
C into CO,. This also leads to creating more oxygen vacant sites
and oxidized nanoparticles such as Ce*" at the interface with
the catalyst. Additionally, Zhao et al. suggested two pathways
with which catalyst-based soot combustion occurs in the
presence of NO,/O,. The first is the combustion of soot directly
into CO, via the active oxygen species present on the surface.
The second is the combustion using NO and O adsorbed
species, which are activated into active NO' and O~ species
by the metal nanoparticle catalyst. The resultant active species
react at the interface between the metal oxide catalyst to form
NO,, which is a more potent oxidant and reduces to NO by the
carbon present as soot.*

Some critical parameters that are substantial for excellent
soot oxidation activity of catalysts include the number of active
components, chemical attributes, and the catalyst-support
interaction. The cumulative effect of these properties governs
the outstanding catalytic efficiency towards soot oxidation.
Among the various metal species, oxides of cobalt emerge as
the potential catalyst for combustion reactions due to their
amenability to release lattice oxygen at low temperatures.>
Successively, many binary oxides of cobalt with others such as
CeO,, K, Mn, Pd, Cu, K, etc. have been reported. Additionally,
metal-based catalysts such as CoAl,0,, Ni/CoAl,0,4, and Pt, Ni/
CoAl,0, have been explored with the objective of reducing Pt
content in the catalyst used for soot oxidation.>* These catalysts
were capable of modifying the electronic structure and shifting
the d-band, thereby promoting vacant oxygen sites for better
soot oxidation activity.>> Moreover, catalytic soot oxidation is
mechanistically a gas-solid-solid interfacial reaction governed
by the contact between the catalyst and the soot particles. In
this regard, the incorporation of nanoparticles (NPs) into a
suitable support system can maximize the surface area with a
better interconnection between the catalyst and soot, which
significantly improves the overall efficiency.>® In our earlier
studies, we have demonstrated the successful implementation
of clay-supported metal catalysts for biomass conversion.>”"*®
Clay has inherent properties such as large surface areas, broken
edge bonds, and ion exchange which increases the adsorption,
absorption, and catalytic properties. Additionally, -clay
interlayers are in the nanometre range that can be tuned and
engineered to highly active green catalysts.>**°

To explore further, we propose Ni and Co modified clay as a
propitious catalyst support for the soot oxidation application. The
bimetals are expected to enhance the catalytic property of the
system by a compound effect of improvement in terms of redox
property, textural improvement, increasing active sites, and
augmenting surface oxygen vacant sites. This work reports for the
first time an investigation of the effect of incorporating bimetals Ni
and Co on clay substrates pertaining to soot oxidation application.

Experimental section

Natural clay was obtained from Barmer in Rajasthan, India, which
is composed of montmorillonite. Nickel nitrate hexahydrate and
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Co nitrate hexahydrate precursors were purchased from
Alfa Aesar.

Methods

The preparation of the catalyst was similar to the one prepared
earlier in our study.*” Briefly, natural clay was processed
thoroughly three times using DI water to remove any impurities
present via sedimentation. The obtained clay was stirred
vigorously and then kept undisturbed to settle down, followed
by drying in an oven at 120 °C. A 4% salt of Ni precursor was
dissolved in 4 N HNO; and stirred until it became a paste. After
the paste has dried, the catalyst prepared was ground and
calcined at 500 °C under an N, atmosphere. To make a
bi-metal alloy doped clay catalyst a similar procedure was
adopted for doping with Co. Lastly, the Ni and Co-doped clay
was calcined under a H, atmosphere. Briefly, 198 mg Ni(NO;),
and 395 mg Co(NO;), were mixed thoroughly with 1 g of the
processed clay, and 10 mL of 3 N nitric acid was added. The
mixture was stirred well to form a uniform paste. A ratio of 1:2
of Ni and Co was maintained during this process. The paste
thus obtained was dried and ground in a mortar pestle before
annealing in a tubular furnace.

Catalyst-soot preparation

Soot used for the laboratory testing was Printex-U procured
from Degussa. The prepared catalysts and the soot were ground
in a mortar pestle to obtain tight contact between the soot and
catalyst. The catalyst and soot were taken in a 4:1 ratio and
ground for a period of 15 minutes before subjecting to analysis.

Characterization

H, Temperature Programmed Reduction (TPR) and O, Tem-
perature Programmed Desorption (TPD) were performed with
the help of a Chemisorption Analyzer (AMI-300) from Altamira
Instruments, USA. The O, TPD measurement was preceded by a
pre-treatment in He at a temperature of 500 °C for 1 h, followed
by purging with He for 2 h to ensure the removal of any
adsorbed species. The O, TPD measurement was performed
with a heating rate of 10 °C min ' at temperatures ranging
from 100 °C to 1000 °C. For the TPR measurements, the sample
under consideration was subjected to pre-treatment at a rate of
10 °C min ™" for 1 h under helium until a temperature of 150 °C
and then cooled afterward to ambient temperature. For
reduction, a mixture of H, and He (5:95) flowed at a rate of
30 mL min~', and measurements were taken from 30 °C to
900 °C. XRD measurements were performed using a Bruker D8
Advance diffractometer equipped with Cu Ka as the radiation
source. An Autosorb IQ-MP-XR of Quantachrome Instruments,
USA, was used for adsorption-desorption measurements to
perform surface area analysis. Thermogravimetric (TGA)
measurements were performed in an STA (Simultaneous
Thermal Analyser) - 6000 from PerkinElmer. To study the
morphological and elemental composition, an FEI Tecnai-G2
T20 Transmission Electron Microscope (TEM) was used. FTIR
was performed using an FTIR spectrometer from Bruker Vertex
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(70 V, PMA50) within the range from 400 cm™" !

room temperature.

to 4000 cm ™~ at

Results and discussion

Natural clay was procured from Barmer in Rajasthan, India,
mainly comprising montmorillonite®* and was impregnated
with Ni and Co metals after washing thoroughly. The detailed
process is pictorially represented in Scheme 1. Briefly, the
locally procured clay was washed thoroughly three times,
followed by letting the clay settle. The obtained clay is dried
overnight at 120 °C and then ground into a fine powder.
Precursors of Ni and Co, namely, Ni(NO3), and Co(NO3), are
stirred in a 10 mL 3 N HNO; solution after which 1 g clay is
added and stirred to make the solution homogenous. As the
solution becomes more viscous, the stirring is stopped with
continued heating for 3 h. After grinding finely, the material is
calcined under a N, atmosphere at 500 °C for 5 h followed by
annealing under H, for 3 h at 300 °C. The synthesized NC-Clay
catalyst is analysed through various characterization techniques.
Additionally, catalytic activity studies using TGA with O, TPD
and H, TPR using zero air (a mixture of oxygen and nitrogen with
fewer hydrocarbons) were performed. The further experimental
procedure is given in the ESL¥

The morphological characterization of the prepared NC-Clay
catalyst is illustrated by the TEM image in Fig. 1, showing the
size, and crystallinity. The images in Fig. 1a-c show the inter-
layers of clay with a spacing of about an average of approximately
6 nm. The HRTEM image in Fig. 1d was analysed using Gatan
DigitalMicrograph to calculate the d spacing value. The d-spacing
of 0.45 nm and 0.44 nm, as indicated, corresponds to a peak at
19.5 20 degrees as indicated in the XRD pattern in Fig. 2a. The FFT
of planes in a different direction in this region is indicated in
Fig. S1 (ESIt) with the corresponding IFFT. The SAED pattern of
the NC-catalyst in Fig. 1e showed bright spots, indicating
polycrystalline nature of the synthesized catalyst, with the inner-
most circle corresponding to that of the lattice spacing observed
in the HRTEM image in Fig. 1d. The XRD pattern of the catalysts
is shown in Fig. 2a and b, which revealed the presence of both
montmorillonite and quartz with the highest intense peak at 26.5°
for quartz. It indicates that the laminar stack of the doped clay is
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Scheme 1 Schematic representation of clay processing and catalyst
preparation.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

View Article Online

Paper

0.12 nm —»,

0.14 nm —

0.41 nm

Fig.1 (a—c) TEM images at different scales, (d) HRTEM image, and (e)
SAED of the NC-Clay catalyst.
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Fig. 2 (a) and (b) XRD pattern, (c) XPS survey scans, and (d) FTIR spectra of
the synthesized clay and NC-Clay catalyst.

intact with proper orientation after subsequent doping with metal
NPs similar to undoped clay. As a minimal weight percentage of
Ni and Co was used for doping, XRD reflections from these metals
are found to overlap with the clay patterns. Fig. 2c presents the
XPS survey scan of the NC-Clay and clay. The highlight shows Ni
and Co peaks in the NC-Clay catalyst in comparison to clay where
no such peaks were observed, which confirm the presence of both
the metals in the catalyst system. The IR spectrum of the as-
synthesized clay and doped NC-Clay is given in Fig. 2d. The broad
peaks at around 3620 cm ' and 3423 cm ' characterize the
presence of structural -OH group and -OH stretching of the
water molecule adsorbed on the NC-Clay. The peak at around
1631 cm ™" can be attributed to the bending of the ~OH group of
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the adsorbed water molecules. Broadly, quartz is identified by the
presence of bands in the wavenumber region from 1200 to
500 cm ™ ". The peaks at around 786 cm ' (and the extra peak at
689 for the as-synthesized clay) and 1022 cm ™" can be attributed
to the deformation of the Si-O-Si bond, whereas the peaks at
561 cm™ " (in NC-Clay) and 534 cm ™" (in clay) can be ascribed to
the Si-O-Al bond in the materials. The peak at 2356 cm™ " can be
assigned to atmospheric CO, and is observed only in the Clay
catalyst and absent in the NC-Clay catalyst.

To analyze the surface properties, such as pore size and
surface area of the catalyst, the BET N, adsorption-desorption
measurement was undertaken as shown in Fig. 3. The type of
behavior shown by the clay (Fig. 3a) and NC-Clay sample
(Fig. 3b) is type II isotherm, which is a characteristic feature
of macroporous and non-porous materials. Here, monolayer
formation is followed by multilayer adsorption on the surface
of the sample, resulting in unrestricted multilayer formation.
As can be seen, there is an inflection point at about 0.5 relative
pressure, which is an indication of the start of multilayer
formation and can be called the knee point. This is representative
of nanoparticles forming plate-like aggregates and unfilled macro-
pores. The plate-like aggregation often leads to the formation of
slit-shaped pores. The surface area of the NC-Clay was found to be
46 m”> g~ which is almost equivalent to that of clay (44 m* g ).
The pore size distribution shows similar distribution as shown in
Fig. 3c and d. The slight decrease in the specific area in NC-Clay
compared to Ni-Clay and Co-Clay might be due to particle
agglomeration as a result of the incorporation of both Ni and
Co simultaneously (refer to Table 1).

The high-resolution XPS spectra of Co 2p (Fig. 4a) show 2p,,,
and 2pj, spin-orbit splitting. The shake-up satellite peaks
corresponding to these two peaks are approximately at a
distance of 6 eV from the main peak, which is a characteristic
of C0;0,.*> The high-intensity Co 2p;, peak at 780.58 eV is
deconvoluted using a Gaussian-Lorentzian function and is
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Fig. 3 (a) and (b) Present the N, adsorption—desorption BET isotherm of
clay and NC-Clay respectively, and (c) and (d) pore size distribution of the
synthesized clay and NC-Clay catalyst.
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fitted to two peaks at 780.08 eV and 782.58 eV. The two satellite
peaks at 787.08 eV and 803.58 eV can be assigned to the
occurrence of multiple electron excitation from Co** and
Co*".** This might be an indication of the presence of both
divalent oxides and hydroxides in the catalyst.>*

The Ni 2p (Fig. 4b) can be deconvoluted into two spin-orbit
doublets at 856.1 eV and 873.5 eV with peaks at 861.8 eV and
881.46 eV assigned to satellite peaks of Ni 2p;/, and Ni 2py,,
which is a typical characteristic of the Ni** peak.?*?¢
This indicates the presence of active Ni and Co species with
3.23 at% and 6.54 at% as detected by the XPS in the NC-Clay
catalyst (maintaining a Ni:Co ratio of 1:2 similar to the
synthesis process) that helps in soot oxidation.

The C 1s of the NC-Clay catalyst compared to clay (Fig. S2a
and b, ESIt) shows a broad peak which is deconvoluted to three
smaller peaks at 284.8 eV, 286.4 eV, and 288.69 eV corresponding
to C-C, C-O-C, and O-C=0, respectively. The peaks at 293.6 eV
and 296.38 eV can be related to weaker peaks of K 2p;/, and K
2P1/2, Which overlap with the C 1s. The high-resolution O 1s XPS
spectra of NC-Clay (Fig. 4d) are deconvoluted into two peaks at
529.7 eV and 531.6 eV. The former can be assigned to the
presence of O°~ ions. In contrast, the latter is a characteristic
of weakly adsorbed species and coordination of oxygen species
in the subsurface, which indicates the presence of defective
metal oxides of Ni and Co.?” The oxygen species at lower binding
energy can be assigned to the lattice oxygen (Oja). The oxygen
species at higher binding energy can be representative of surface
adsorbed oxygen (Ogyf). It can be observed that the oxygen at
lower binding energy is not present in the clay catalyst (Fig. 4c)
compared to the NC-Clay catalyst that showed the presence of
lattice oxygen present at a lower binding energy of 529.5 eV
(Fig. 4d).

The absence of lattice oxygen in the uncatalyzed clay
indicates the absence of any labile oxygen to participate in
the soot oxidation reaction.® Another element that promotes
soot oxidation by lowering the temperature is K. However, the K
used is in higher percentages; for example, Miro et al. used
4.5% by weight as a support on MgO/Ce0,.*® The K present in
the present study as can be observed from the XPS study (in the
ESI,T Fig. S2¢ and d) is a composition of the catalysts which
amounts to only 0.74 at% and 0.57 at% in pristine clay and
NC-Clay respectively. Therefore, the effect of K to release the
oxidized gases such as CO, through intermediate species would
be negligible. In addition to the XPS spectra, the O, TPD
profiles of NC-Clay and pristine clay catalysts (Fig. 5a and b)
account for the interaction of the catalyst with various oxygen
species. Oxygen species can be assigned to four different
entities — O, (Oz(ads)); Og (Ozi(ads]), o, (Oi(ads]) and O (0227(3(15))
according to the temperatures at which they get desorbed.*®
The initial desorption for the NC-Clay catalyst might indicate
the presence of physisorbed oxygen species on the surface at
240 °C, which are absent in the clay catalyst.”” This demon-
strates that incorporating Ni and Co into the NC-Clay catalyst
has led to the desorption of Oa. Similar trends can be observed
in the chemical analysis using XPS, where the lattice oxygen is
absent in the clay catalyst. Both the catalysts showed the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 1 Properties of the catalyst from BET, XPS, and H, TPD
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O 1s peak deconvolution

Pore size  BET surface area H, TPR temperature H, consumption T}, soot-oxidation
Sl. No. Catalyst (nm) (m*>g™) Ogure peak Opate peak (°Q) (umol g™ ) (°Q)
1 Clay 236 44 532.2 — 553 219 566
795 120
2 NC-Clay 231 46 531.7 529.7 262 1103 358
470 1688
3 Ni clay 232 51 — — 532 171 566
607 1451
4 Co clay 230 51 — — 354 169 538
425 1389
(@) fcom,  CoClay i Ni Clay (b) the oxygen incorporated into the crystal structure. It can be
s [ observed that the incorporation of Ni and Co into the NC-Clay
3 Cab Co2pyy 3[+2 | C L
i zzpm B Offz e | Ni2pys catalyst has significantly altered the oxygen desorption in the
B /‘" % , 2o solid. This can be because incorporating new materials leads to
£ Y 8 PR . . . .
E \J ~ E A, the formation of boundaries and interfaces. Such events will
significantly enhance the diffusion of subsurface and bulk
— oxygen species towards the surface, thereby altering the valency
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Fig. 4 High-resolution XPS (a) Co 2p and (b) Ni 2p scan of the NC-Clay
catalyst, and (c) O 1s spectra of clay and (d) NC-Clay catalyst.
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Fig. 5 High-resolution O, TPD of (a) clay and (b) NC-Clay catalyst with
their corresponding deconvoluted profile, and 1st order derivative (c) and
deconvoluted H, TPR thermograms of (d) Clay and NC-Clay and (e) Ni Clay
and Co Clay catalysts.

presence of Og (0O* (a45)) and O, (O™ (,as)) in a temperature range
between 400 °C and 600 °C, which can be attributed to
subsurface movement of O~.*" The desorption of Oy and O,
shows the reducibility of the metal atoms present, which
generates oxygen vacancies in the catalyst.*” The oxygen species
desorbed at a higher temperature beyond 600 °C correspond to

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

of the lattice constituents and thus changing the redox property
of the catalyst.”® Additionally, peaks observed at a lower
temperature in the NC-Clay indicate the presence of labile
oxygen species capable of participating in redox activity. The
observed desorption of the NC-Clay catalyst showed more sub-
stantial desorption capacity compared to clay which confirms
the improved mobility of lattice oxygen in the former.** The
synergy of simultaneous incorporation of Ni and Co creates
vacant oxygen sites and promotes active surface adsorbed oxygen
species. Moreover, the hydrogen annealing is bound to create
additional defect sites and defect species, inducing more labile
and surface-active oxygen species, which is in agreement with
XPS and O,-TPD.

The H, TPR studies show two main zones of reduction — one
at a lower temperature (below 600 °C) and the other at a higher
temperature (above 600 °C). Fig. 5c shows the first-order
derivative of the thermograms, which enables the study of the
reducibility of the catalyst. The one-step reduction can be
accounted as the primary reduction peak at around 300 °C
for NC-Clay, whereas for clay, a two-step reduction with the
initial step reduction at around 560 °C and the second step at
610 °C can be seen. The peak at 228 °C can be ascribed to
overlapping easily reducible Co oxide and Ni oxide via NiO —
Ni** and Co;0, — Co"" and reducing adsorbed oxygen. Fig. 5d
shows the deconvolution of the main species to give relative
information of the different species present that can be
reduced. The main uptake occurring at a lower temperature
for NC-Clay might indicate the surface reduction of Co oxide to
cobalt. It can also be observed that the NC-Clay catalyst, when
compared to the pristine clay catalyst, gets drastically reduced
at a lower initial reduction temperature of around 262 °C,
which is an indication of the NC-Clay catalytic system promot-
ing a good redox property. The highest peak at 262 °C can be
attributed to the reduction of Ni** — Ni metal and Co™ — Co
metal.*>*® Moreover, it reveals that the surface has many
oxygen species that are highly mobile with rapid active site
regeneration for H, adsorption.** The amount of H, uptake of

New J. Chem., 2021, 45,14751-14758 | 14755
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the synthesized NC-Clay catalyst indicated an increase with
3987 umol g~ ' compared to the 895 pmol g~ * for pristine clay,
which might be a result of the incorporation of Ni and Co.
In comparison, the bare clay was characterized by the
presence of a broad peak with maxima at temperatures of
553 °C and 795 °C. The observed increased reduction at lower
temperatures can be ascribed to the weakened clay bond due to
the introduction of Ni and Co, which promoted the metal-clay
interaction, in turn, increasing the lattice oxygen mobility in
the NC-Clay catalyst. The peak at 470 °C for the NC-Clay catalyst
can be attributed to the bulk NiO peak, which is loosely bonded
to the clay species. The broad shoulder peaks at higher
temperatures starting from 610 °C might indicate uniformly
dispersed particles, as can be confirmed from the TEM mapping
image (Fig. S3, ESIt). The details are given in Table 1. It can be
observed from Fig. 5e that both Ni Clay and Co Clay samples
show reducibility at a higher temperature compared to NC-Clay
samples. For Co clay, two broad shoulder peaks were observed at
354 °C and 425 °C. However, Ni clay showed initial reducibility
with a broad peak starting at around 375 °C, followed by a
weakened peak at 532 °C and a broader peak around 607 °C. It is
evident that with the introduction of Ni and Co metal into the
clay, there is an increase in reducibility as the oxides of these
metals are easily reducible under H,. The use of both the species
significantly promotes higher reducibility in the NC-Clay catalyst
as compared to when used separately. Hence, it can be inferred
that the bimetal (Ni and Co) incorporation in clay makes a better
catalyst (as can be seen from the soot oxidation data). The low
temperature might be due to the presence of easily reducible
oxides of Ni and Co.** Additionally, there is an observed increase
in the intensity of the peak, which amounts to increased H,
consumption. The NC-Clay catalyst after deconvolution
exhibited the largest peak area at 262 °C with maximum oxygen
storage capacity (OSC), which is an essential parameter in the

(a)

Interlayers
of clay

Broken and rough
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catalytic application for storing and releasing active oxygen
species. As a result, the synthesized NC-Clay is promising for
use as a catalyst in soot oxidation.

TGA is a general method for characterizing the soot
oxidation activity of a catalyst where the catalyst is subjected
to model soot, generally carbon black. A schematic is shown in
Fig. 6a. The measurement was performed at a heating rate of
10 °C min~* on an STA (Simultaneous Thermal Analyser) in a
temperature range of 30 °C to 900 °C in a gas flow (zero air) of
20 mL min~'. For analysis of the catalyst prepared, soot
(obtained from Printex U) was mixed with the catalyst in a
1:4 ratio in tight contact mode by grinding in a mortar pestle
for 15 min. The average temperature reported in the literature
ranges from 400 to 500 °C for a good soot oxidation catalyst.
Additionally, the bare carbon without any catalyst showed a
high Ts, of nearly 745 °C (as shown in the ESIL,t Fig. S4). We are
reporting a Ni-Co co-doped clay catalyst as a novel material for
soot oxidation with the Ts, temperature reduced to 358 °C, as
shown in Fig. 6b. It can also be observed that Ni-Clay and
Co-Clay individually and also when used in an equal amount of
weight % do not significantly reduce the temperature as
observed from Fig. 6b. The increase in the activity of the
prepared clay catalyst can be due to the presence of labile
lattice oxygen indicated by the XPS study and the improved
mobility of the more oxygen species present, as noted in the O,
TPD study. The easy and strong desorption indicated the
generation of active oxygen accelerating the soot oxidation
reaction. The incorporation of both Ni and Co in clay showed
a synergistic effect, aiding the -catalytic activity inducing
mobility and transfer of active species from the bulk to the surface.

To further investigate the chemical kinetics happening
during the oxidation of soot in the presence of the synthesized
catalyst, experiments were carried out at different heating rates
of 7, 5,3 and 1° min~" for the synthesized NC-Clay catalyst as

Y *  Metal .‘ Soot
% |, nanoparticles
N,
co,
7 NO,

edge of clay
1.0{ ——Ni-Co equal weight% Clay 0010 ——Clay
0.9] —Nc-clay = ——Nc-Clay
——Co-Clay
50-8' ——Ni-Clay 0.008+
2074 —ciay g
D06 £0.006
x T
505 T
o4 = 0.004
“0.3
0.002
02 (b) (c)
0'0 ” 0.000
100 200 300 400 500 600 700 800 150 ~ 300 450 600 750

Temperature (° C)

Fig. 6
showing oxidation at a different area.
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Temperature (°C)

(a) Schematic representation of soot oxidation of the NC-Clay catalyst, (b) soot oxidation activity of NC-Clay, and (c) differential mass plot
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Fig. 7 Activation energy (reported in kJ mol™) calculation using
the Friedman method, (a)-(d) at different heating rates of 7, 5. 3 and
1 °C min~! of the NC-Clay catalyst.

shown in Fig. 7a-d respectively. The reactivity of the soot is
calculated via the Friedman method®” whereby according to
eqn (1), the activation energy, E/R can be obtained from the plot
of In(do/d¢) vs. 1/T, where A, E and f(«) are respectively the
pre-exponential factor, the activation energy and the reaction
model."®*

In (HR (g—;)) =InA+Inf(a) — E/RT (1)

The Friedman method is among the many model-free methods
available to apply to various data sets at varying heating rates.’*">
The various activation energies of the synthesized NC-Clay catalyst
are indicated in Fig. 7. Additionally, following a similar strategy,
soot without any catalyst support has also been subjected
to various degrees of heating rate and it was found that in
comparison with the NC-Clay supported soot oxidation it had
lower activation energy. Furthermore, the activation energy of
various synthesized catalysts such as Clay, Ni-Clay, Co-Clay and Ni
and Co-doped Clay at equal amounts has been evaluated (Fig. S6
in the ESIY). It was observed that NC-Clay compared to these
various materials had the lowest activation energy. This can be
attributed to the increase in active oxygen species due to the
simultaneous incorporation of both Ni and Co in the layered clay
material. This is in accordance with the observed trend in the XPS
study and both O, TPD and H, TPR studies in Fig. 4 and 5.

Therefore, it can be inferred that the improved reducibility
(as observed from the H, TPD study, Table 1) indicated an
enhanced capacity to release lattice oxygen that participates in
the reaction. The soot oxidation activity of the prepared catalyst
is indicated in Fig. 6¢ as a 1st order derivative with different
zones of oxidation. The highest peak for the NC-Clay catalyst
showed a drastic improvement compared to the pristine clay
catalyst at 578 °C, thus deducing that inert clay can serve as a
suitable catalyst with appropriate incorporation of a metal
catalyst. The good catalytic activity achieved in this study can

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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be attributed to an increase in surface adsorbed oxygen and
improved redox property in the NC-Clay catalyst, which
agrees well with the chemical analysis data presented above.
Furthermore, the catalyst has been tested for up to 5 cyclability
tests with a modest loss of activity (Fig. S5, ESIT). Additionally,
the spent catalyst was analysed using XPS, XRD and TEM
(Fig. S7, ESIT) to observe any changes in the chemical nature,
structural and morphological environment after being used as
a catalyst in the soot oxidation experiment. It can be deduced
that the catalyst showed minimum changes after the soot
oxidation process.

Conclusions

Natural clay was modified using Ni and Co NPs, wherein the
clay acted as a support material for the metal NPs to interact
with the soot material for improved soot oxidation activity.
The introduction of bi-metals brought in noticeable changes in
the physical, chemical, and catalytic properties of the catalyst,
which can be considered as a result of the synergistic effect of
both the metals. The H,-TPR results suggest a good redox
property. Moreover, active sites and surface oxygen with labile
species help achieve soot oxidation at a T5, temperature as low
as 358 °C. This is the first study where bi-metal incorporation of
Co and Ni has been carried out in clay for soot oxidation.
The current study creates new possibilities to design catalytic
converters that are of low cost and sustainable with high
efficiency.
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