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This study investigates the low temperature reforming of methane with CO, over mono-metallic (Pt/CeO,
and Ni/CeO,) and bi-metallic (Pt-Ni/CeO,) solid solution catalysts prepared by using a one-pot solution-
combustion method. Various analytical techniques were employed to analyze the synthesized catalysts in
order to correlate their physicochemical properties to their catalytic activity. Solid solution formation was
confirmed by the lattice parameter shifting and Rietveld refinement analysis. Solid-solution formation
enhanced the defective oxygen species. The TPR and TPDg studies showed that the synergy between Pt
and Ni enhanced the active oxygen species and metal-support interaction of the Pt-Ni/CeO, catalyst,
which are beneficial for the higher adsorption of CH4 and CO,. Pt-Ni/CeO, catalysts have a higher amount
of 0,27, Oy~ species and Ap/Arog ratio followed by the NC and PC catalysts, as confirmed by the O,-TPD,
XPS and RAMAN analysis. Pt-based catalysts start the DRM reaction at 350 °C, whereas Ni/CeO, activates
at a temperature 100 °C higher than Pt-Ni/CeO, and Pt/CeO,. At 675 °C, Pt-Ni/CeO, showed ~86%
conversion of CO, and CH,4 with 100% selectivity of synthesis gas with a H,/CO ratio of ~1, while Pt/CeO,
and Ni/CeO; shows ~46.2 and ~59.8% conversion, respectively. DFT calculations showed that the Pt-Ni/
CeO, catalyst required lower activation energy than the monometallic catalyst to activate CH4 and CO..
We believe that the synergy between Ni and Pt enhanced the structural and electronic properties of Pt-Ni/
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1. Introduction

The International Paris agreement in December 2015 was
accepted by 195 countries with the aim of reducing
greenhouse gas emissions for climate change." The aim of
this agreement is to keep the global warming temperature
below 2 °C and to “continue efforts” to keep it below 1.5 °C
by 2100."* The transformation of greenhouse gases like
carbon dioxide and methane into valuable products is
regarded as a critical step toward mitigating the adverse
effects of global warming. In this regard, catalytic dry
reforming of methane (CDRM) has received substantial
scientific attention as one of the propitious approaches
toward reducing the harmful impact of CO, and CH, by
converting them into syngas (a mixture of CO and H,).
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CeO,, which is responsible for its excellent performance at low temperature.

Syngas is a versatile feedstock that can be converted into
several valuable chemicals like methanol, dimethyl ether,
synthetic fuels via Fischer-Tropsch synthesis and other long-
chain hydrocarbons and oxygenates.>® Despite being
beneficial from the environmental and economic point of
view, CDRM is not considered an industrially fully grown
process because of catalyst deactivation by coking and
sintering™®” and this primary concern needs to be addressed
before the commercialization of CDRM.”® As a result, it has
been a long-standing challenge for researchers to develop a
high-performance and stable catalyst to deal with coke
deposition and sintering. This challenge can be met by
selecting appropriate active metals (mono and bi), selecting
supports, and generating oxygen vacancies by creating lattice
defects.” ™"

DRM is highly endothermic and requires high operating
temperatures (600-1000 °C), leading to active metal
sintering."*™* In DRM, coke deposition mainly occurred by
decomposition of methane and CO disproportionation.'>*®
Another barrier for DRM is the reverse water gas shift
reaction (RWGS), which is also endothermic and decreases
the H,/CO ratio from the anticipated value for DRM.>*"” In
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the past few years, a large number of noble and transition-
based catalysts have been explored for the DRM reaction,">"”
where noble metal-based catalysts showed promising
performance against coking and sintering.'® Nevertheless,
their scarcity and high cost constrain the use of noble metals.
Ni-supported catalysts have received considerable attention
among transition metals-based catalysts, and have potential
for industrial applications due to cheaper cost.>""®
However, the main issue with Ni-based catalysts is their
quick deactivation caused by sintering and coke deposition
during catalysis."'* Several efforts have been carried out to
overcome this problem, and bimetallic catalyst systems have
sparked a lot of interest in reforming reactions in the past
few years due to their tailored electrical and structural
properties,> 18721

Addition of a small amount of platinum group noble
metal makes it an excellent choice to be used with Ni-based
catalysts due to their high dispersive nature and high coke
and sintering resistivity.>'> Hu et al. reported the platinum
group metals with the following order for coke resistivity
during DRM at 500 °C: Pt ~ Pd < Ir = Ru < Rh.*> Methane/
propane partial oxidation over Pt-Ni supported on CeO, was
studied by Corbo and his group; according to their findings,
it is worthwhile to use a Pt-Ni based catalyst supported on
CeO, to take advantage of CeO, capability. Ni is accountable
for improving syngas selectivity in the Pt-Ni bimetallic
system, whereas Pt lowers the light-off temperature of
methane/propane in order to maintain an attractive catalytic
efficiency even at high GHSV.*®* Since Pt possesses
exceptional anti-coking properties and Ni is highly active and
inexpensive, a combination of Pt and Ni may be the choice of
catalyst for DRM due to the trade-off between the high cost
and stability of the catalyst. A bimetallic Pt-Ni/CeO, and
monometallic (Pt/CeO,, Ni/CeO,) catalyst system was studied
by Araiza et al. for DRM. They found that the bimetallic
catalyst exhibits superior coke resistivity and catalytic
performance up to 24 h compared to the monometallic
system."” Recently, Niu and co-workers reported the Pt-Ni
system for DRM and found that the bimetallic system
maintained high stability and selectivity by suppressing the
RWGS reaction.>

The choice of support is crucial in designing a stable and
active catalyst. Due to its unique Ce**/Ce*" redox cycle, which
inhibits coke formation by continuously removing
carbonaceous species through carbon oxides, CeO, is a
potential candidate to take advantage of its remarkable
oxygen mobility."***” Defects chemistry suggested that one
oxygen vacancy (V,) is generated by removing bulk oxygen by
reducing every two Ce’" to Ce*".*® Extrinsic defects caused by
the introduction of smaller cations (e.g., Si**, Zr*") and lower
valence metal ions (e.g., Sm®", Ni**, Pr**, Gd*") into the host
ceria matrix may result in an increase in oxygen vacancies
(Vo) due to lattice distortion.”® These defects and oxygen
vacancies (V,) not only help to prevent coke deposition by
enhancing oxygen ion mobility but also contribute to the low
temperature activity of the catalyst."**%3°
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In order to create V, sites, the addition of lower valence
metal cations to the ceria matrix also enhances the interaction
of the metal with the support by altering the physical and
electronic characteristics of the parent oxides.*® Recently, we
have reported partial oxidation of CH, over the defect-rich Pt-
Ni/CeO, solid solution-based catalyst at low temperature. The
solid solution enhances metal-support interaction, metal
dispersion and oxygen vacancies, which are beneficial for the
long-term stability of catalyst.>* Hydrogen production from
hydrazine was proven by Kang et al. over a Ni/CeO, catalyst
made by the combustion method. They stated that the catalyst
showed good activity and 100% selectivity of H, at 50 °C,
which is attributed to the altered physicochemical properties
resulting from the formation of Ni-Ce-O solid solution.*"

Low temperature DRM is advantageous from an industrial
standpoint due to its low energy consumption. Hence, low
temperature DRM is the focus of modern state-of-the-art
catalyst design.**?* This task might be easier if there is a
huge amount of mobile oxygen/oxygen vacancies (V,) and
SMSI (strong metal-support interaction) available in the
catalyst system. SMSI in catalysts can increase the adsorption
of CH,/CO,, promoting low temperature activation of CH,/
CO, during DRM.** Low temperature DRM over the defect-
rich Pt/CeO, was reported by Shen et al They found an
accelerated catalyst activity for the DRM reaction by the
emergence of more facile oxygen mobility over the defects
sites.?

The aim of the current study is devoted to developing a
stable catalyst for low temperature DRM. Herein, we
demonstrate an easy one-pot complex combustion technique
using citric acid to synthesize Ni/CeO,, Pt/CeO,
(monometallic), and Pt-Ni/CeO, (bimetallic) solid solution
based catalysts. A detailed discussion about the performance
of the catalysts was studied by comparing their electronic
and structural properties. This research aims to provide a
better understanding of the critical factors that need to be
considered while designing an industrial DRM catalyst.

2. Experimental
2.1. Catalyst synthesis

The details of the materials used are given in the ESIf{ (SI-
S1.1). The catalysts were synthesized by modifying our
previously reported one-pot solution combustion method by
using citric acid monohydrate (CA) as a complexing agent as
well as fuel for combustion.” In a typical preparation
method, the desired amount of desired precursors
[(Ce(NO;);-6H,0), (Pt(NH;),(NO;),), (Ni(NO,),-6H,0)] based
on catalyst compositions were dissolved in the double
distilled water to make a 0.1 M solution of total metal ions
followed by the addition of 0.2 g polyvinyl pyrrolidine. The
pH of the resultant solution was then adjusted to ~4 using
HNO; with continuous stirring followed by the addition of 4-
5 drops of hydrazine hydrate. After that, a dropwise addition
of an aqueous solution of citric acid monohydrate was used
for complexation under slow stirring. The molar concentration
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of citric acid monohydrate and total metal ion was 2:1. The
obtained solution was kept at 100 °C for 120 min under
continuous stirring. Then, 50 ml ethanol was added to the
above solution as a dispersant. Then, the resultant solution
was heated for another 80 min at 50 °C, followed by
evaporation using a rotavapor. After that, the obtained gel was
dried on a hot plate at 100 °C until it became a spongy solid.
Once the material turns into a spongy solid, the temperature
of the hot plate is quickly set to 160 °C for the combustion
process. After combustion, the resultant powder was cooled
down naturally to ambient temperature and crushed into a
fine powder for calcination. Calcination was carried out in a
muffle furnace in the presence of air at 750 °C for 4 h. The
final synthesized catalysts have been designated as NC (2%Ni/
Ce0,), PC (0.5%Pt/Ce0,) and NPC (2%Ni-0.5%Pt/CeO,).

2.2. Catalyst characterization

All the prepared catalysts have been thoroughly characterized
before and after catalysis. The catalysts were deeply analyzed
by N,-physisorption, TEM, CH,/CO, TPD, XRD, Rietveld
refinement, O,-TPD, XPS, TPR, CO chemisorption, Raman,
TGA/DTG, and EPR analysis. The details of characterization
techniques and procedures, including DFT method are given
in the ESL}

2.3. Reaction setup and activity measurement

All reactions were carried out at atmospheric pressure. A
fixed-bed down-flow microreactor equipped with a K-type
thermocouple was used for all reactions, as reported in our
previous paper.” A detailed procedure is given in the ESL}
The following equations were used to obtain the
conversions (eqn (1) and (2)), product selectivity (eqn (3) and
(4)), syngas ratio (eqn (5)), and carbon balance (eqn (6)),
respectively. For each experiment, a detailed carbon balance
was performed, and the result was between 98 and 102%.

(”cm in HCHW)

Xch, (0/0) = X100 (1)
ncHy;,
Ncu,, — Ng
Xco, (%) = ( CHain CH4our) %100 )
NcH;,
S, (%) = —Haow 109 3)
’ Zn(CH‘l)in
Sco(%) = — P« 100 (4)
NcH, i T MCOy
H n
-2 Mo (5)
CO  ncog.
n n n
Carbon balance (%) = CHiou T 10O + 100wy (6)

NcHy;, T 100y,

where X¢o,and Xcy, are the conversion of carbon dioxide and
methane in percentage. n,i, and n,,, are the outlet and inlet
molar flow of z (z = CH,, CO,, H,, and CO).
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3. Results and discussion
3.1. Catalyst characterization

The powder X-ray diffraction patterns of the fresh CeO,
support, NC, PC, and NPC catalysts are displayed in Fig. 1(a).
All the synthesized catalysts exhibit characteristic peaks of
the face-centered cubic (space group - Fm3m) fluorite phase
of CeO, (JCPDS no. 81-0792).>>3® Besides the diffraction
peaks attributed to CeO,, no other diffraction peaks
attributed to Ni and Pt were identified in the XRD patterns of
the fresh catalysts, which could be attributed to the small
particle size, low loading, and highly dispersed Ni and Pt
species.’” The broad diffraction patterns of the synthesized
catalysts compared to pure CeO, suggested a smaller
crystallite size of the synthesized catalysts when compared to
the pure CeO, support.® The Scherrer equation was used to
determine the crystallite size of all the catalysts (Table S17).
Fig. 1(b) shows the slight shifting towards higher 26 values
corresponding to the (111) plane of CeO,, indicating lattice
contraction in the CeO, lattice, which arises from the
replacement of some Ce*" ions into the ceria lattice by Ni**
and Pt>"*'. The difference in ionic radii causes the lattice
contraction, indicating the formation of solid solution in NC,
PC and NPC catalysts.*®?°
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Fig. 1 Powder X-ray diffraction patterns of the reduced catalysts (a),
20 shifting with respect to the (111) plane (b) and change in the lattice
parameter corresponding to the (111) plane of the CeO, lattice in NC,
PC and NPC catalysts (c).
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All of the catalysts showed an obvious decrease in lattice
parameters after incorporating the Ni (NC), Pt (PC), and Ni
and Pt (NPC) metals into the CeO, lattice (Fig. 1c).>* The
decrease in lattice parameters follows the order: NPC > NC >
PC. The NPC catalyst showed the maximum decrease among
all the catalysts, suggesting a higher extent of solid solution
formation. The crystallite size decreases as the lattice
parameter decreases.*®*® Table S1t provides a detailed
description of structural features corresponding to the (111)
plane of CeO, for all the catalysts. Fig. S1(a)f displays the
powder X-ray diffraction pattern of the spent catalysts, which
is identical to that of the fresh catalysts, except for a slight
increase in intensity. Furthermore, Fig. S1(b){ displays the 26
shifting with respect to the (111) plane after 100 h TOS
stability. The 26 shifting corresponding to the (111) plane
after 100 h time-on stability remains almost the same as the
fresh catalysts.

Rietveld refinement of the catalysts was performed to
further validate the speculation of solid solution formation,
as shown in Fig. 2. The reliability factors of the fit obtained
by Rietveld refinement via the PROZSKI program are shown
in Table S2.f The obtained low values of goodness-of-fit > =
Ryp/Rexp indicate excellent agreement between the refined
models and the data.*’ A drop in the lattice constant from

(@)
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5.424 A for undoped CeO, to 5.396 A (NPC), 5.4056 A (NC)
and 5.4194 A (PC) confirms the insertion of Ni and Pt into
the CeO, lattice.

The TEM images and SAED pattern of the reduced NPC
catalyst are shown in Fig. 3(a-c). The layered structure of
ceria nanoparticles with their irregular shape and close
contact with each other, can be seen in Fig. 3a.>° The particle
size histogram (the inset of Fig. 3b) showed an average
particle size of ~2 nm. HR-TEM images (Fig. 3b) showed that
the lattice fringes of Ni and Pt are separated with d-spacings
of 0.208 and 0.23 nm, which are attributed to the (111) plane
of Ni and Pt, respectively. The fast Fourier transform (FFT) of
the corresponding particle can be seen in the inset of
Fig. 3(b). The TEM images of the reduced NC and PC
catalysts are shown in Fig. S2,;t which are identical to the
NPC catalyst. The lattice fringes of Ni in the NC catalyst and
Pt in the PC catalyst are clearly separated by 0.208 and 0.23
nm, which are due to the (111) plane of Ni and Pt,
respectively.

The EDX pattern of the NPC catalyst (Fig. 3d) validated the
presence of Ce, Ni, Pt and O without any other impurities.
Fig. 4 displays the elemental mapping of the NPC catalyst,
which confirmed the homogeneous distribution of the Ce, O,
Ni and Pt elements. NC and PC catalysts also showed (Fig.
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Fig. 2 Rietveld refinement XRD patterns of NC (a), PC (b), and NPC (c) catalysts. Difference between observed and calculated intensities (Yops-cal).
calculated intensity (Y.a) and observed intensity (Yops). Vertical lines indicate peak positions and differences.
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Fig. 3 High-resolution TEM images: (a) low magnifications, (b) high magnifications, (c) SAED pattern and (d) EDX pattern of the reduced NPC

catalyst.

S31) a homogeneous distribution of the elements. TEM
images of all the spent samples after 100 h TOS are provided
in Fig. S4,f which are the same for the NPC and PC catalysts,
while the NC catalyst exhibited a noticeable coke deposition
over the catalyst surface.

The surface area (SA) of the catalysts was estimated before
and after catalysis, which is shown in Table S3.f The BET
surface area of the spent NPC and PC catalysts showed a
minimal decrease, indicating their good thermal stability,
while NC catalysts showed a ~40% decrease in the surface
area of the fresh sample. The as-synthesized catalysts were
characterized by ICP-AES to estimate the metal content of the
catalysts, as shown in Table S3.f The result of ICP-AES shows
that the elemental composition in all the catalysts is almost
close to the nominal input values. The metal dispersion of all
the catalysts was measured by the CO pulse chemisorption
study. The PC catalyst showed a higher value of metal
dispersion (~71%) followed by NPC (62.8%) and NC (28.6%).
The highly dispersive nature of platinum is accountable for
the higher metal dispersion values in PC and NPC
catalysts.”"> We have calculated the particle size by HR-TEM
and chemisorption analysis, which is given in Table S4.}

Fig. 5 displays the H, temperature-programmed reduction
patterns of the freshly prepared samples and undoped CeO,
support. In the reduction pattern of undoped CeO,, a shallow
peak at 150-260 °C is attributed to the reduction of weakly
adsorbed or readily available oxygen species whereas a broad

Decvonimage 1 Ce Lal O Kal

o ~o
500nm

——— 500nm
[ Ni Kal Ptlal

500nm 500nm

Fig. 4 Elemental mapping and respective TEM images of the NPC
catalyst.

This journal is © The Royal Society of Chemistry 2023

peak at 600-860 °C is attributed to the reduction of bulk
oxygen of the CeO, support.”® The reduction pattern can be
divided into two regions, (i) 100-550 °C and (ii) 550-900 °C,
attributed to the reduction of surface oxygen species along
with NiO and PtO, and bulk oxygen, respectively. In first
region, all the catalysts exhibited a broad reduction pattern
with some shoulder peaks. The first peak at 100-220 °C is
attributed to the reduction of weakly adsorbed oxygen species
over the catalyst surface. It has been reported that the
incorporation of low-valent metal ions into the parent ceria
lattice results in structural defects due to charge and size
variation. As a consequence, numerous oxygen vacancies were
generated into the ceria lattice because of charge unbalance
and lattice distortion. These oxygen vacancies can adsorb the
oxygen species easily, leading to the formation of active
oxygen species, which can be reduced at low
temperature.®”**** For NC and PC catalysts, the peak at 286
and 213 °C can be attributed to the reduction of oxygen
species generated at the Pt and Ni interface and Pt and Ni
oxides having strong metal-support interaction on the
catalyst surface.”® These peaks shifted towards the higher
side in the case of NPC catalyst, as illustrated in Fig. 5,

NPC e

100-220 350:550

TCD signal (a.u.)

I L L) b ) L) L) L L) L L) L 1 b L) L
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 5 H,-temperature programmed reduction pattern of undoped
CeO,, NC, PC and NPC catalysts.
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suggesting the higher metal-support interaction in NPC
catalyst. It is reported that the reduction of incorporated
metal species into the ceria lattice becomes difficult.
Therefore, reduction patterns become broader due to the
consumption of H, by the oxygen species engendered at the
Ni/Pt interface along with Pt/Ni oxides."**° The shoulder
peaks between 350 and 550 °C can be associated with the
hydrogen consumption for the surface active oxygen species
at the interface of Ce**/Ce*".**

Table 1 provides the comparative H,-consumption study
between surface oxygen (350-550 °C) and bulk oxygen species
(600-860 °C) for all the synthesized catalysts. Pure CeO,
showed the lowest H,-consumption (1.3 pmol g ') for surface
active oxygen species and the highest H,-consumption for
bulk oxygen (108.4 umol g™'). The NPC catalyst showed a
higher H,-consumption (13.2 umol g ') for surface active
oxygen species followed by the NC (8.4 umol g™*) and PC (5.1
umol g7') catalysts. The higher H,-consumption for NPC
catalysts might be associated with the higher number of
oxygen vacancies, as confirmed by the XRD, Raman and XPS
analysis. On the other hand, the trend for H,-consumption
for bulk oxygen species showed the reverse order as: PC (63.0
pumol ¢™") > NC (51.8 umol g') > NPC (34.0 umol g*). The
obtained trends for H,-consumption confirm that the NPC
catalyst has more surface-active oxygen species and less bulk
oxygen species compared to the NC and PC catalysts.

XPS spectra were employed to investigate the electronic
speciation and the chemical state of Ce, Ni, Pt, and O within
the catalysts, based on information obtained from the values
of binding energies. Fig. 6a displays the extended form of Ce
3d XPS spectra, showing the existence of both Ce*" and Ce*"
on the catalyst surface. The spectra can be deconvoluted into
10 peaks attributed to 3d;/, and 3ds., components.46 The five
peaks, a, (881.3 eV), o (883.1 eV), o (885.3 eV), o (889.2
eV), and " (897.8 eV) are attributed to 3ds, and the
remaining five peaks f, (899.4 eV), #' (901.2 eV), " (903.1 eV),
A" (907.8 €V), and A" (917 eV) are attributed to the 3dj/,
region.>>*® The peaks designated as ao, ", f, and " are due
to the Ce®" species, whereas the peaks designated as g, f", 8"
"o, o, and o™ are due to the Ce*" species.*”*® The equation
below can be used to calculate the amount of surface Ce®**
(Ce(m)%).**8

Ce3+
ce* (%) =

= Gerr 1 cerr 100%

where Ce*" = o, ', &", 7, ", and p" and Ce*" = a,, o, B,
and p", which are the integrated area corresponding to each
peak. The Ce®" concentration is linked to the number of
oxygen vacancies,>”*® which can be generated by reducing
Ce*" to Ce®" after incorporating low valent metal ions.*” The
NPC catalyst had the highest value of Ce®*" concentration
(32.4%), followed by NC (27.3%) and PC (23.4%) catalyst,
which follows the trend as the lattice parameter decreases.
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Fig. 6b displays the deconvoluted O 1s XPS spectra of all
the prepared catalysts, where two types of surface oxygen can
be seen. The peaks at 529.1 (O;) and 531.2 eV (O,) are
ascribed to the lattice oxygen and oxygen vacancies (V,),
respectively.®*®*® The proportion of 0,/O, + O; can be used
to determine the concentration of surface oxygen vacancies,
which is determined by using the integrated areas of the
corresponding peak. The proportion of 0,/0, + O; follows
the order: NPC (55.6%) > NC (49.9%) > PC (43.1%), which is
consistent with the surface Ce’" concentration. The oxygen
species (0,7, 0,>7) adsorbed on the vacancy sites are highly
active in activating CH,/CO, at low temperature and
improving the stability of the catalyst by preventing coke
deposition and forming CO.>**°

The Ni 2p and Pt 4f core level XPS spectra in extended
form are shown in Fig. 7. The deconvoluted Ni 2p XPS
spectra of the NC catalyst (Fig. 7a) confirmed the presence of
Ni as Ni° and Ni** having different surrounding
environments, where the Ni** state is more pronounced. The
peak at 853.0 eV is associated with Ni’ and peaks at 855.8
and 858.5 eV are associated with the Ni*" state having an
octahedral (Nipc®") and tetrahedral (Ni;®") arrangement,
respectively.*>*>*" The deconvoluted Pt 4f spectra of the PC
catalyst (Fig. 7b) displayed the presence of Pt as in the Pt’
(71.2 and 74.7 eV) and Pt>" (72.6 and 76.1 €V) state.">*” The
deconvoluted Pt 4f XPS spectra of the bimetallic NPC
(Fig. 7d) and monometallic PC catalysts (Fig. 7b) are slightly
different, which might be due to the close binding energy
value of the Ni 3p (64-70.5 eV) and Pt 4f (70-80 eV) XPS
spectra. A similar observation of the bimetallic catalyst was
also reported by earlier researchers,””* including our own
study.”® Additionally, the reduction profile of the NPC catalyst
(TPR) does not show any evidence about the alloy formation.
HR-TEM and XRD analysis also do not show any evidence
about the alloy formation. Moreover, the XPS spectra of Ni in
the bimetallic NPC (Fig. 7c) and monometallic NC catalyst
(Fig. 7a) do not show any changes. So, the formation of alloy
in the bimetallic NPC catalyst can be ruled out. The XPS
spectra of Ce, O, Ni and Pt of the spent NPC catalyst are
shown in Fig. S5(a-d),;f which do not show any noticeable
change in the spectra after DRM reaction, indicating the
stable nature of the catalyst.

To gain a deep understanding of the characteristics of the
oxygen sites, O,-TPD analysis was performed on all of the
synthesized samples, as illustrated in Fig. 8. The O,-TPD
pattern for all the catalysts can be divided into three parts.
According to previous studies, the desorption peaks up to

Table 1 H, consumption (umol g% during TPR analysis

H, consumption for surface ~ H, consumption for bulk
active oxygen species oxygen species (600-900 °C)

Catalyst  (350-550 °C) (umol g™') (umol g7
CeO, 1.3 108.4
NC 8.4 51.8
PC 5.1 63.0
NPC 13.2 34.0

This journal is © The Royal Society of Chemistry 2023
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catalyst.

250 °C (type I) are attributed to the weakly bound surface
oxygen species, whereas the range between 250 and 600 °C
(type 1I) is associated with active oxygen species (0,7, 0,>)
adsorbed on oxygen vacancies and the range above 600 °C
(type III) is associated with bulk oxygen (0*7).**°°% All the
catalysts showed almost similar desorption patterns, where
the maximum amount of O, desorption takes place in the
type II region, which is assigned for the active oxygen species
formed by the insertion of Pt and Ni ions into the ceria

This journal is © The Royal Society of Chemistry 2023

lattice. They are beneficial for boosting the low temperature
activation of CH,/CO, and prevent catalyst deactivation
against coking.** The amount of the desorbed O, in the type
1T region follows the order: NPC (29.0 pmol ¢™') > NC (18.7
umol g™*) > PC (12.0 umol g"). The amount of desorbed O,
can be calculated by using their integrated areas and the
peaks corresponding to each region as illustrated in Table 2.
The amount of desorbed O, in O,-TPD follows the trend of
oxygen vacancies calculated by O 1s XPS analysis.
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Fig. 8 O,-TPD patterns of fresh NC, PC and NPC catalysts.

EPR spectroscopy is considered as a powerful tool to
characterize any chemical species with unpaired electrons
trapped on oxygen vacancies (V,).”” Fig. 9 displays the EPR
spectra recorded for all the prepared catalysts. All the
samples displayed two distinct axial signals having g values
of 2.004 and 2.001 (Fig. 9), which are attributed to the
electrophilic superoxide oxygen ions trapped on the oxygen
vacancies.”*®”® The oxygen vacancies can generally trap
peroxide (0,>7) and superoxide (O,”) oxygen species, but 0,
species are EPR silent due to the lack of unpaired
electrons.*®>® However, the intensities of the signals are
different for all the catalysts. NPC catalysts had a higher
intensity followed by NC and PC catalysts. The intensities of
EPR spectra exhibit the amount of O, ions present in the
catalyst system, which agrees with the result of O,-TPD and O
1s XPS analysis.

Raman spectroscopy was performed for all the catalysts to
collect additional structural information about defects and
lattice distortion in oxide catalysts. Fig. 10 displays the
Raman spectra of all the catalysts before the reaction. All the
catalysts showed a typical F,, band, which is an obvious band
of the fcc fluorite CeO, structure due to the symmetrical
stretching of the oxygen atom surrounding the cation of the
Ce-Og unit. This F,; band in undoped CeO, generally
appeared at 462-466 cm '.>>">> A noticeable shift towards a
lower frequency tail and peak broadening was observed after
incorporation of Ni/Pt into the parent CeO, lattice (Fig. S61
for pure CeO,). These results may be attributed to the

Table 2 Amount of O, desorbed (umol g™¥) at different temperature
ranges

Oy O Total amount of desorbed
Catalyst ~ (250-600 °C) (<600 °C) O,
NC 18.7 6.2 24.9
PC 12.0 8.5 20.5
NPC 29.0 5.5 34.5

6438 | Catal Sci. Technol., 2023, 13, 6431-6445
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Fig. 9 Room temperature EPR spectra of NC, PC and NPC catalysts.

increase in lattice strain and topological defects arising from
the incorporation of low valent cations (Ni and Pt) into the
ceria lattice.”” This type of shift in the F,, band is more
prominent in NPC (450 cm™") followed by NC (453.8 cm™)
and PC (459.2 cm™'). The intensities of the F,, bands
decrease in the order: NPC > NC > PC. The shifting of the
F,, band towards the lower side follows a similar trend to a
decrease in lattice parameters for all the catalysts. NPC
catalysts have a maximum decrease in the lattice parameter
and higher shifting towards the lower wavenumber and
broadening in the F,, band. After incorporating active metals,
all the catalysts exhibited a weak band at ~220 cm™ and a
noticeable broad band ranging between 500 and 700 cm .
These bands are associated with the 2TA (second-order
transverse acoustic) and defect-induced (D) mode of
ceria,"*® which displayed a defective lattice having oxygen
vacancies,'”®® generated by the charge variation after
forming a solid solution.’”

The defect-induced (D) band can be divided into two
components, D; and D,, as illustrated in Fig. 10. The
components at ~550 and ~630 cm ' marked as D; and D,
are attributed to oxygen vacancies generated by the
replacement of Ce*" by Ni**/Pt*" (extrinsic defects) and Ce®*
(intrinsic defects), respectively.””®" The ratio of the integrated
areas of D and F,, bands (Ap/Ap,,) can be used to quantify
the oxygen vacancies within the catalysts. The ratio of Ap/Ap,g
follows the order: NPC (0.58) > NC (0.43) > PC (0.26). The
ratio of Ap/Ap,, is similar to that of the reactive oxygen
species estimated by O,-TPD.

Fig. 11 displays the Raman spectra of the spent catalyst
after 100 h of reaction to illustrate the type of coke deposited
over the catalyst surface. The Raman spectra of PC and NPC
catalysts do not exhibit any bands attributed to coke, while

This journal is © The Royal Society of Chemistry 2023
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the NC catalyst exhibited both D and G bands, as displayed
in Fig. 11. The D band at ~1341 c¢cm ' is associated with
disordered/amorphous carbon, while the G band at ~1573
em™ is associated with ordered or graphitic carbon.®®’
However, the D band is more intense than the G band,
indicating that the deposition of amorphous carbon is more
likely on the NC catalyst rather than graphitic carbon.*>®>
Moreover, all the catalysts exhibited one broader peak at
1000-1200 cm™, which is due to the presence of superoxide
(0,7) species.”® The presence of O, ions in all the catalysts
was also supported by the room temperature EPR analysis.”*®

The chemisorption properties of the synthesized samples
were examined by CH,/CO, TPD and are displayed in Fig. 12.
The CH,/CO, pattern can be classified into three regions,
which are assigned to the weak (I), moderate (II), and strong
(1)  adsorption  region,  respectively.">'®®*  From
Fig. 12(a) and (b), it can be seen that the CH, adsorption is
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o~ o
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Raman Shift (cm'1)

Fig. 11 Raman spectra of spent NC, PC and NPC catalysts.
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stronger in the weak (I) region, whereas CO, adsorption is
stronger in the moderate region, indicating that there is a
different mechanism for CO, and CH, activation,
respectively.'” The moderate adsorption region of CO, can be
due to the extrinsic defects arising from incorporating Pt and
Ni into the ceria lattice. The weak and moderate region of
CO, adsorption can be favourable for the stable DRM
reaction as the strong adsorption region may favour coke
deposition. The total CH,/CO, adsorption can be calculated
by using their integrated peak areas, as given in Table S5.f
The total CH, adsorption follows the order: NPC (43.3 pumol
g') > NC (24.1 pmol g™') > PC (20.5 pmol g '), which is
similar to the trend of the active oxygen species estimated by
O,-TPD analysis. On comparing the CH, adsorption in the
weak region between the monometallic catalysts, it was
noticed that the PC catalyst has higher CH, adsorption (20.8
umol g™') than the NC catalyst (16.5 umol g™'), suggesting
that the PC catalyst is more active towards CH, activation
than the NC catalyst. The total CO, adsorption follows the
order: NPC (31.6 umol g™') > NC (23.7 umol g™') > PC (14.2

umol g™).

3.2. Catalytic performance

The catalytic performance of the prepared samples was tested
for the DRM reaction. Table S6} provides a comparative
analysis of the previously published literature and our work.
Fig. 13(a-c) shows the temperature effect on the CH,/CO,
conversion and H,/CO ratio over the NC, PC and NPC
catalysts, respectively. The conversion of CH,/CO, increases
gradually with increasing temperature, as DRM is
endothermic in nature.*®*' NPC and PC catalysts can
activate CH,/CO, at 350 °C, while NC catalysts activate CH,4
above 450 °C. It is reported that Pt can activate methane at
low temperature by lowering the ignition temperature of
CH,.>® At low temperature, the CO, conversion was found to
be higher than the CH, conversion, which may be due to the
RWGS and methanation reactions.® The RWGS reaction

Catal. Sci. Technol., 2023, 13, 6431-6445 | 6439
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Fig. 13 Temperature effect on the conversion of CO,/CH,4 and H,/CO ratio over NC (a), PC (b), and NPC (c) catalysts (reaction conditions: GHSV -
50000 mL h™* g%, temperature - 350-700 °C, pressure - 1 atm, TOS - 6 h and feed ratio - CH4:CO,:N, - 1:1:5).

decreases the H,/CO ratio from the anticipated value for
DRM.'® As the temperature increases, the CH, and CO,
conversion come close to each other, and at 675 °C, all the
catalysts showed almost equal CH,/CO, conversion,
indicating that at this temperature, the effect of RWGS and
methane cracking reactions is negligible and the H,/CO ratio
becomes one. On further increase in temperature (above 675
°C), the H,/CO ratio increases slightly, which may be due to
the methane cracking at higher temperatures (>650-680
OC)‘6,46

The monometallic catalysts (NC and PC) showed a
significantly lower conversion of CH,/CO, than the bimetallic
(NPC) catalyst. At 675 °C, the conversion follows the same
trend as the Ap/Ap,, ratio estimated by Raman analysis. The
NPC catalyst had a higher conversion of CH,/CO, (~86%)
followed by NC (~58.9%) and PC (~46.2%). If we compare
the syngas selectivity of the monometallic catalyst at a
temperature (below 650 °C), the NC catalyst shows higher

6440 | Catal Sci. Technol., 2023, 13, 6431-6445

selectivity towards syngas than the PC catalyst. Thus, it was
observed that PC catalysts could lower the ignition
temperature and NC catalysts had good selectivity towards
syngas as reported in the previous literature.”® Hence, NPC
catalysts showed the mixed behaviour of NC and PC catalysts
having good selectivity as well as activity. The obtained
results were also supported with the findings of DFT
calculation.

Fig. 14(a) and (b) show the effect of 100 h TOS study over
all the synthesized catalysts. The TOS study was carried out
at an optimum temperature (675 °C) and GHSV (50000 mL
h™ g™") rate. From Fig. 14(a and b), we can see that the PC
and NPC catalysts do not show any deactivation throughout
the reaction, whereas the NC catalyst exhibited an ~23%
drop in its initial activity due to the coke deposition and
sintering of Ni nanoparticles, as shown in TEM and RAMAN
analysis of the spent catalyst."* On the other hand, in the
case of PC and NPC catalysts, the sintering and coke-

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (a and b) 100 h stability test over the prepared catalysts and (c) TGA graph of the spent catalysts after the TOS study (reaction conditions:
GHSV - 50000 mL h™* g%, temperature - 675 °C, feed ratio - CH4:CO,:N, - 1:1:5).

resistant properties of Pt prevent their deactivation against
coking and sintering. Fig. 14(c) shows the weight loss of the
spent catalyst (100 h) as a function of temperature. The NC
catalyst exhibited about 9.2% weight loss, whereas PC and
NPC catalysts showed excellent resistivity towards coke
deposition. The stability test (24 h) of the NPC catalyst was
also performed by using an undiluted feed (CH,:CO, - 1:1)
under optimized conditions (temperature - 675 °C and GHSV
- 50000 mL h™ g™) and is shown in Fig. S7(a-c).f The
catalyst showed about ~84% conversion of CH, and CO, with
a H,/CO ratio equal to unity. We do not observe any loss in

the activity and inconsistency in H,/CO throughout the 24 h
of DRM reaction.

3.3. DFT results

For high activity and selectivity in the DRM reaction, CO,
and CH, activation are two crucial steps. DFT calculations
were performed to understand the CO, and CH, activation
for all the catalysts using the (111) surface.

The CO, activation at the oxygen vacancy near the catalyst
active site is shown in Fig. 15. The CO, molecule binds

nd d) and PtNi-CeO,(111) (e and f) catalyst surfaces. All

bond length values are in A. Color code: Ni (green), C (black), Ce (grey), Pt (blue), and O (red).

This journal is © The Royal Society of Chemistry 2023
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strongly at the Ni metal present at the Ni-CeO,(111) catalyst
active site forming a Ni-C bond (2.2 A, Fig. 15(a)). During the
CO, activation the C-O bond pointing toward the oxygen
vacancy site increases from 1.2 A in the adsorbed state to 1.9
A in the transition state (TS), whereas the Ni-C bond
shortens to 2.0 A as shown in Fig. 15(a) and (a'). In the final
state (Fig. 15c¢), the C-O bond was completely dissociated
with the O atom filling the oxygen vacancy and CO adsorbed
strongly on the Ni atom with the Ni-C bond measured to be
1.9 A. The activation barrier for the CO, dissociation at the
Ni-CeO,(111) catalyst active site was calculated to be 32.9
kcal mol™ (Table 3). Similarly, the CO, activation was
investigated over the Pt-CeO,(111) catalyst surface, as
displayed in Fig. 15(c and d). The CO, molecule binds
strongly at the active site of Pt on the Pt-CeO,(111) surface,
forming a Pt-C bond (2.2, Fig. 15(a)). During the CO,
activation, the C-O bond was elongated to 1.9 A (Fig. 15(c")
in the TS from the initial 1.3 A (Fig. 15(c)) in the adsorbed
state and was finally dissociated (C-O ~ 3.2 A, Fig. 15(d)).
The Pt-C bond length in the TS and final state was measured
to be 2.0 A (Fig. 15(c’)) and 1.9 A (Fig. 15(d)), respectively. The
CO, activation barrier over the Pt-CeO,(111) surface was
calculated to be 36.5 kcal mol™, which is 3.6 kcal mol™
higher than the CO, activation barrier obtained over the Ni-
Ce0,(111) surface. Fig. 15(e and f) depict CO, activation on
the bimetallic PtNi-CeO,(111) surface. Similar to
monometallic surfaces, over the bimetallic PtNi-CeO,(111)
surface, the CO, molecule adsorbs on the Pt metal site
forming a Pt-C bond (2.1 A, Fig. 15(e)). During the CO,
activation, in the transition state, the C-O bond elongated to
1.8 A (Fig. 15¢') from the initial 1.3 A (Fig. 15e) and finally
the C-O bond was dissociated (C-O ~3.0 A, Fig. 15f) with the
O atom transferring to the oxygen vacancy site. The bond
lengths of the Pt-C bonds in the TS and final state over the
PtNi-CeO,(111) surface were calculated to be 2.0 (Fig. 15¢’)
and 1.9 (Fig. 15f), respectively. The CO, activation barrier over
the PtNi-CeO,(111) surface was calculated to be 10.1 kcal
mol™" (Table 3), which is 22.8 kcal mol™ and 25.4 kcal mol™
lower compared to the activation barrier obtained over the
Ni-CeO,(111) and Pt-CeO,(111) surface indicating the
synergistic effect of Ni and Pt for the DRM reaction. The DFT
calculated CO, activation barrier trend is: Pt-CeO,(111) > Ni-
Ce0,(111) > NiPt-CeO,(111), where PtNi-CeO,(111) has
lowest and the Pt-CeO,(111) surface has highest activation
barrier for CO, activation.

Similar to CO, activation, the activation of CH, is also
important for the catalyst activity in the DRM reaction. The
DFT method was used to investigate the C-H bond activation

Table 3 DFT calculation CO, and CH, activation barriers over Pt-
Ce05,(111), Ni-CeO5(111) and NiPt-CeO,(111) catalyst surfaces

Catalyst surface E, (CO,) (kcal mol™) E, (CH,) (kcal mol™)

Ni-CeO,(111) 32.9 41.4
Pt-CeO,(111) 36.5 23.5
PtNi-CeO,(111) 10.1 34.2

6442 | Catal. Sci. Technol., 2023, 13, 6431-6445
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of CH, over Pt-CeO,(111), Ni-CeO,(111), and NiPt-
Ce0,(111) catalyst surfaces, as shown in Fig. 16. For the
Ni-CeO,(111) surface, the methane molecule physically
adsorbs over the Ni metal site at a distance of 3.4 A
(Fig. 16(a)). During C-H bond activation of methane on the
Ni metal site of Ni-CeO,(111) surface, as shown in
Fig. 16 (a-c), the C-H bond was elongated from 1.0 A
(reactant state) to 1.8 A (TS) and finally dissociated to CH,
+ H (C-H ~ 2.0 A, Fig. 16(c). Ni-H and Ni-C bond
lengths at the transition state were calculated to be 1.8
and 2.4 A, respectively, as illustrated in Fig. 16a’. The C-H
activation barrier of CH, over the Ni-CeO,(111) surface was
measured to be 41.4 kcal mol™. A similar C-H bond
activation calculation performed over the Pt-CeO,(111)
surface (Fig. 16(c and d)) revealed a much lower activation
barrier of 23.5 kcal mol™ (Table 3).

In the TS obtained over the Pt-CeO,(111) surface for C-H
bond activation of CH,, the C-H, Pt-H and Pt-C bond
lengths were measured to be 1.5, 1.7 and 2.4 A, respectively (-
Fig. 16¢’). The smaller C-H and Pt-H bond lengths indicate
the higher stabilization of the TS resulting in lowering of the
activation barrier. DFT calculation was also performed for
methane C-H bond activation over the NiPt-CeO,(111)
surface and is displayed in Fig. 16(e and f). The C-H, Pt-H,
and Pt-C bond lengths in the transition state for methane
C-H bond activation over the NiPt-CeO,(111) surface were
measured to be 1.6 A, 1.8 A, and 2.8 A, respectively. The
methane C-H bond activation barrier over the PtNi-
Ce0,(111) surface was measured to be 34.2 kcal mol™, which
is 10.7 kcal mol™ higher compared to the activation barrier
obtained over the Pt-CeO,(111) surface but 7.2 kcal mol™
lower than the activation barrier obtained over the Ni-
CeO,(111) surface. The DFT calculated C-H bond activation
barrier trend of methane is: Ni-CeO,(111) > PtNi-CeO,(111)
> Pt-CeO,(111), where lowest and highest activation barriers
were obtained for Pt-CeO,(111) and Ni-CeO,(111) surfaces,
respectively.

CH, activation was also studied at the Pt nanoparticles
supported on the ceria support. The Pt nanoparticle
supported on the ceria support was modeled by grafting the
Pts nanocluster at the CeO,(111) surface, as has been shown
in Fig. S8 (ESIt), where multiple Pt-O bonds are formed
between the Pt, cluster and CeO,(111) support. The activation
barrier for the C-H bond over the Ptg—CeO,(111) surface was
calculated to be 63.1 kcal mol™, which is ~40 kcal mol™
higher compared to the C-H bond activation calculated for
the Pt-CeO,(111) catalyst surface (Fig. 16, Table 3), indicating
the Pty nanocluster grafted on the CeO,(111) surface to be
less active for CH, activation compared to the Pt-CeO,(111)
surface model representing the Pt"" species grafted in the
CeO, support matrix.

4. Conclusion

The solution combustion method has been used for
synthesizing the 2%Ni/CeO, (NC), 0.5%Pt/CeO, (PC) and

This journal is © The Royal Society of Chemistry 2023
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Fig. 16 Activation of the CH; molecule over the Ni-CeO,(111) (a and b), Pt-CeO,(111) (c and d) and PtNi-CeO,(111) (e and f) catalyst surfaces. All
bond length values are in A. Color code: Ni (green), C (black), Ce (grey), Pt (blue), and O (red).

2%Ni-0.5%Pt/CeO, (NPC) solid solution based catalysts by
using citric acid as a complexation agent. The catalytic
performance of the synthesized catalysts was tested for
methane dry reforming and a comparable study was carried
out between monometallic and bimetallic catalysts. All
synthesized catalysts exhibit decreases in their lattice
parameter compared to the undoped ceria, which is
associated with the formation of a solid solution, as
confirmed by the XRD and Rietveld analysis. The extent of
the solid solution follows the order: 2%Ni-0.5%Pt/CeOQ, >
2%Ni/CeO, > 0.5%Pt/CeO,. The extent of solid solution
formation is linearly associated with the defect sites and
active oxygen species, as confirmed by Raman and O,-TPD.
The synergetic effect of Pt and Ni on the NPC catalysts alters
the electronic and structural properties compared to the
monometallic (NC/PC) catalyst. NPC catalysts exhibited
strong metal-support interaction, defect-sites, and active
oxygen species compared to the NC and PC catalyst. The
strong metal-support interaction is beneficial for the
adsorption of CH,/CO, to a higher extent. The monometallic
catalysts are less active individually compared to the
bimetallic catalysts. At 675 °C, the activity of the catalyst
follows the trend: 2%Ni-0.5%Pt/CeO, (NPC) > 2%Ni/CeO,
(NC) > 0.5%Pt/CeO, (PC). The 0.5%Pt/CeO, catalyst is more
active in lowering the methane light-off temperature, and the

This journal is © The Royal Society of Chemistry 2023

2%Ni/CeO, catalyst is found to be more selective for syngas.
On the other hand, the 2%Ni-0.5%Pt/CeO, catalyst exhibited
the synergetic behaviour of both monometallic catalysts and
showed remarkable activity and stability without any
deactivation up to 100 h of stability test. So, it can be
concluded that a combination of Pt and Ni based catalysts
might be a breakthrough in DRM due to the trade-off
between the cost and life span of catalysts for their potential
application in industry.
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