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Chapter 1: Introduction and Literature Survey

1. Introduction

1.1. The Greenhouse effect:

Due to population growth and industrialization, the earth's temperature has changed
dramatically in recent decades, resulting in an increasing greenhouse effect [1][2]. Oceans,
aquatic species, plants, and humans use the radiation and heat emitted by the sun to survive.
The remaining heat reflects towards space, but greenhouse gases (such as carbon dioxide)
trap these radiations and heat, allowing the earth's atmosphere to remain warm. The sun's
radiations include infrared, ultraviolet, and visible radiations, which are transported to the
earth by its atmosphere and reflected back to the sun[3]. Because the earth's atmosphere
contains many gases and has been increased by anthropogenic activities particularly
greenhouse gases such as carbon dioxide, methane, nitrous oxides, and fluorinated gases,
these radiations are absorbed and their departure towards the Sun became limited. This
boosted the earth's warmth, resulting in higher temperatures.

1.2. The Greenhouse Gases:

Carbon dioxide, methane, nitrous oxide, and industrial gases such as hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), sulfurhexafluoride (SFe), and nitrogen trifluoride (NFs3)
account for approximately 79.4%, 11.5%, 6%, and 3.0% of the total greenhouse gases that

keep the earth's atmosphere warm[4][5] (figurel.1).
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Figure 1.1: Percentage of greenhouse gases

1.2A. Carbon dioxide:

Carbon dioxide is an inert gas that absorbs heat and is the only carbon source for life on
Earth. It is present in various forms such as carbonates and bicarbonates and is soluble in
water, making it a crucial component of aquatic life [6][7]. Carbon dioxide emissions have
recently surpassed their positive threshold. The primary causes of its high discharge are the
use of fossil fuels, an exploding population that leads to industrialization and urbanization,
which causes climate change, and global warming [8]. Fossil fuel burning accounts for
roughly 40% of total CO, emissions [9][10]. Transportation, power generation, agriculture,
industrial production, and fuel all contributed significantly to increased CO2 emissions
[11][12][13][214][15][16][17][18][19][20]. The increase in CO: levels has a significant
impact on aquatic life by acidifying the salt water, which alters the chemical equilibrium of
the water environment, resulting in the extinction of various aquatic creatures, bacteria and
other microorganisms, damaging aquatic life [21][22][23]. Apart from that, higher CO-
emissions raise the earth's temperature, resulting in global warming, melting ice caps, and
rising sea levels, all of which endanger life on Earth.

1.2B. Methane:

Methane is the second most prevalent greenhouse gas, with a 25% greater ability to raise
global temperatures than CO. It accounts for around 11-15% of total greenhouse gas
emissions[24][25][26] Methane is emitted primarily by human activities such as mining,
coal processing, combustion of oil, biomass, natural gases, and other industrial treatments
such as wastewater treatment caused by the breakdown of organic compounds in water
bodies in anaerobic conditions [27][28]. Aside from that, agricultural waste treatment and
manure management systems emit significant amounts of methane, and livestock such as

sheep, goats, and swine excrete methane. Around 25% of methane emissions are caused by
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activities[29][30][31]. Methane mitigation can be accomplished through a variety of
methods, including the construction of digesters and their use in a variety of reactions that
convert methane into useful industrial products such as syngas through various reforming
reactions and by draining marshes and landfills[32][33][34][35][36][37].

1.2C. Nitrous oxide:

According to the IPCC, nitrous oxide gas, also known as "laughing gas," remains in the
atmosphere for longer years if it is not removed or utilized, resulting in increasing the earth’s
temperature and global warming[38][39][40]. Nitrous oxide gas emissions increased fast due
to increased usage of fertilizer in agricultural activities, crop and food manufacture, and by
deforestation. Furthermore, the upwelling of deep ocean water by sediments of deceased
aquatic animals is a source of N2O emissions. N2O gas emissions can be reduced by using
low nitrogen-containing fertilizers in crop and agricultural areas, or by employing N2-rich
fertilizer substitutes[41][42]. Among the various greenhouse gases CO: is the primary cause
of global warming and climate change as it accounts for the majority of overall greenhouse
gas emissions.

1.3. Current Status of CO2emission:

According to recent research, CO2 emissions have climbed to 421 ppm as a result of
population  bursts, fossil  fuel burning, manufacturing, deforestation and
industrialization[43][44][45]. It is anticipated that by the end of the century, it will have risen
to 650 ppm, causing a 2 °C increase in global temperature. According to NASA Earth
Observatory, the rate of temperature increase in the last 50 years has been 1.2-1.8 °C
attributable to human activity. There was a substantial decline in emissions due to Covid,
but it skyrocketed after the Covid pandemic[46]. This demonstrated that industrialization

and urbanization had a significant impact on global warming. Figure 1.2(a)(b) depicted
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recent data on CO. emissions and surface temperature hike (figure 1.2).
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Figure 1.2: a) Recent CO, emission b) Increase in global surface temperature data [*°!

1.4. CO, utilization:

Among all greenhouse gases, rising CO2 emissions have a significant impact on the lives of
living things, climate emergency, depletion of non-renewable energy sources, and on future
economic growth resources. Several publications have been published in which considerable
work has been done with the goal of utilizing CO2 via direct utilization, apprehension, and
storage of CO2 and converting it into various valuable molecules via various chemical
pathways, implying that CO- can be utilized in both physical and chemical ways [47].
1.4A. Physical pathways of CO2 utilization:

The physical exploitation of CO> includes its capture, storage, and direct usage in a variety
of industrial processes.CO2 can be utilized in dry ice, as a refrigerant, fire extinguisher,
solvents, and as a welding medium in its gas form without any structural changes. Another
physical method of utilizing carbon dioxide is sequestration, which involves injecting CO>
into existing oil fields to achieve 'improved oil recoveries' and so avoiding CO2 emissions
into the environment[48][49][50][51] (figure 1.3). By boosting oil pressure, CO- in oil aids
in the free flow of oil toward producing wells. COz is introduced into various gas reservoirs

under supercritical conditions (over 31 °C and 7.38 MPa) and adsorbs on reservoir rocks
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before being routed to production wells in enhanced gas recoveries (EGR)[52]. EGRs have
a CO> storage capacity of 390-750 gigatons, which is greater than Enhanced oil recovery
(EOR). CO2 is miscible with other gases such as CHas, H2, and N2 in a specific EGR reservoir,
and adsorptive desorption on reservoir rocks commences the sequestration of a large amount
of CO>. Although EGR has various characteristics that may be manipulated, such as the
volume of CO- used, the separation of CO2 from other gases makes it less cost-effective than
EOR[53][54]. However, gas leakage during pumping and storing CO2 in reservoirs is
extremely dangerous and risky. Furthermore, CO2 can be sequestered by carbonation, which
involves injecting CO: into the deep sea, where it combines with seawater to generate
carbonic acid. These strategies have proven to be effective in storing CO2 and lowering
emissions into the environment. However, carbonation can have an impact on aquatic life
by changing the pH of saltwater, which poses a risk to aquatic species. CO> can also be
absorbed and neutralized in the aquatic ecosystem in the form of bicarbonates and
carbonates[55]. Direct CO., conversion and storage in the ocean as carbonates and

bicarbonates can positively store CO> without harming aquatic life.
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Figure 1.3: COg utilization pathways

1.4B. Chemical pathways of CO:2 utilization:

There are several chemical pathways for utilizing CO2 by converting it to various value-
added products such as syngas, dimethyl ether, methanol, urea, and FT products employing
a variety of chemical procedures such as reforming, hydrogenation, and methanation
processes at different reaction conditions such as temperature and pressure, with various
catalysts[56][57][58][59][60] (figurel.4). The dry reforming of methane (DRM) reaction
converts CO- into syngas, which is an important intermediate in many reactions and can be
transformed into valuable compounds. Historically, apart from DRM, syngas was generated
through steam reforming processes, the partial oxidation of hydrocarbons, natural gases, and
by waste biomass. Usually, syngas production with high Ho/CO ratio is preferred to convert

it into different chemicals like alcohols, acids and gasoline etc. [61][62][63][64].
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Figure 1.4: Applications of Syngas
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1.5. CO; Utilization by Reforming Reactions:

One of the important industrial pathways of CO utilization is reforming reactions. There are
several reactions by which CO- can be converted into desired industrial products.

A. Autothermal reforming

B. Tri reforming of methane

C. Dry reforming of methane

1.5A. Autothermal reforming:

Autothermal reforming is the combination of two reactions: partial oxidation of methane,
which is exothermic in nature, generates heat and energy that is used in the subsequent
endothermic reaction of methane with CO2 and H2O via DRM and SRM reactions to generate
syngas with different H2/CO ratios that can be used in the synthesis of methanol and valuable
chemicals such as DME and other biofuels. The ATR reaction occurs at high temperatures
ranging from 900 to 1150 °C and pressures ranging from 1 to 30 bar. Change the inlet gas
ratio and concentration ranges from 1-2 to change the Hy/CO ratio. The gasification of
carbon generated during DRM and steam reforming of methane in the reactor tube and on
the catalyst’s, surface mitigated by water and oxygen in the reaction zone are the major
advantages of autothermal reaction. Moreover, autothermal reaction combines with
endothermic reforming reactions consume energy and heat generated by exothermic partial
oxidation of methane (a, b, c) and achieves thermodynamic equilibrium in the reaction
stream itself [65][66][67][68]. Autothermal reaction has been applied on the industrial level
since 2002 in Europe at HO/C = 0.6 ratio to generate CO-rich syngas and the first industrial
setup with 16 autothermal reformers was run in Secunda, South Africa; since then, it has
been pushed beyond its limitations in the industrial level[69].

CHa+ 3/20,— CO+ 2H,0 (a)
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2CH4+0,+#C0,—3H#3CO+H0 (o
ACH4+072+2H,0—10H2+4CO ()

1.5B. Tri reforming of methane:

Tri reforming of methane is a novel reforming reaction that combines three reactions: steam
reforming (1), dry reforming of methane (2), and partial oxidation of methane (3) at 800-850
°C under low pressure [70]. However, in TRM, all inlet gases CO2, CH4, O, and H20 are
mixed in varied ratios in the reactor tube at high temperatures. Essentially, dry and steam
reforming make syngas with a moderate and high H2/CO ratio, and steam reduces carbon
formation on the catalyst surface. The concept of tri-reforming methane combines dry and
steam reforming while introducing oxygen into the reaction stream to provide heat in situ,
owing to the exothermic nature of the partial oxidation reaction, resulting in increased energy
efficiency and carbon mitigation[71]. Several studies have been conducted to investigate the
influence of varied inlet gas ratios on catalytic activity and the target Ho/CO ratio. By
adjusting the input gas ratio, the appropriate H>/CO ratio in TRM may be obtained, making
it suited for producing value-added compounds such as methanol, DME, and FT. The
presence of oxygen in the feed is more effective than H20, on COz conversion in TRM.
However, larger partial pressures of O2 have a detrimental impact on CO> conversion below
800 °C because CO: is generated in greater quantities than it is consumed. Furthermore, at
lower temperatures, oxygen lowers the temperature range where carbon production is

prominent resulting in less carbon accumulation on active sites [72][73][74][75].

Steam reforming (SR): 2CH4 + 2H20 «> 2CO + 6H: Q)
Dry reforming of methane (DRM): CH4 + CO2 - 2CO + 2H: @)
Partial oxidation (POX): CH4+ 1/20;2 <> CO + 2H; (3)
Combustion reaction: CHs + 202 «> CO2 + 2H20
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1.5C. Dry reforming of methane:

Dry reforming of methane (DRM), also known as CO. reforming, is a reaction that converts
two greenhouse gases, CO, and CHa, into syngas at high reaction temperatures with
acceptable conversions. In DRM, reactant gases are employed in a 1:1 ratio to produce CO-
rich syngas, which is useful in the production of acetic acid. The H2/CO ratio in the DRM
reaction is 1, to make it useful for further chemicals production it is further tuned by the
water gas shift reaction by reacting CO with H»O, and the H2/CO ratio is attained to 2, which
is useful in the FT process and methanol synthesis. Fischer and Tropsch documented the first
DRM (2) reaction in 1928 using Ni/Co catalysts with a high quantity of carbon and catalyst
deactivation [61].

Dry reforming of methane is a highly endothermic reaction that requires a high temperature
to transform CH4 and CO: into syngas since CHa is a very stable molecule, it takes a
substantial amount of energy to break the C-H bond to convert it into a final product i.e., Ho.
Along with DRM, many side reactions such as and methane decomposition reaction (4)
reverse water gas shift reaction (5), boudouard reaction (6), happened at these reaction
conditions. Energy demand in DRM is little high than other reforming reactions like steam

reforming of methane (1), which utilizes methane into CO and hydrogen.

CHs= C+ 2H> AHP 298k = 75.0 kJ/mol 4)
CO2+H2=CO +H20 AHP® 298k = 41.0 kJ/mol (5)
2C0=C+CO AH® 298k = —173.0 kJ/mol (6)
CHs4 + H20 = CO+ 3H: AH?® 298k = +206.0 kJ/mol

CH4 + CO2 &> 2CO + 2H> AH® 298k = +247.0 kJ/mol

The H2/CO ratio in DRM is supposed to be unity with reactant gas CH4 and CO in a 1:1
ratio, but due to competing side reactions, the Ho/CO ratio is impacted. RWGS reaction

produces H2O below the reaction zone, which is collected in the reactor outflow, resulting
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in more CO2 conversion than CH4 and a lower Hz/CO ratio than 1.

Aside from that, other side reactions such as methane decomposition and the Boudouard
reaction are responsible for producing carbon on the catalyst surface during DRM, resulting
blocking active sites for further reaction and deactivation. Most of the reactions are
endothermic. Among them SRM (1) is conventional reaction, according to thermodynamic
calculations it requires more energy than DRM (2) to produce syngas. Moreover, CO2

emission intensity is less in DRM than SRM.
1.6. Mechanism of Dry reforming of methane:

Methane dry reforming has mechanistic routes to produce CO and Hz from methane and
COg, which include the steps described below:

1.6A. CH4 decomposition:

At high reaction temperature one of the reactant gases, CH4, adsorb on the metal surface of
the catalyst, resulting in an excess of the CHy and H species that lead to the final product,
H>. Temperature has a considerable impact on the methane activation stage because
temperatures between 400 and 600 °C initiate side reactions such as Boudouard (6) and
methane decomposition (4), which result in the creation of carbon on the metal surface and
the blocking of active sites for additional methane activation (figure 1.5A). DRM thrives in
temperatures ranging from 800 to 850 °C. In the DRM process, methane decomposition is a
sluggish and rate-determining stage. The activated CHx species generates H> and carbon
species by continuous dissociation on metal surfaces, resulting in carbon accumulation on

active sites.
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Figure 1.5: Mechanism of DRM: A) CH4 and CO> adsorption on catalyst

1.6B. Dissociative adsorption of COz:

The metal support interphase undergoes a transformation to produce CO as the product gas
when the second reactant gas, COz, is employed on the support. Three processes result in
CO; adsorption. 1) The metal surface adsorption of C of CO2.2) Adsorption of oxygen and
carbon atoms, leaving one oxygen atom exposed 3) Coordination of oxygen atoms on both
metal and support surfaces during the interphase. The acidic nature of CO, makes it attractive
to adsorb on metal surfaces having basic sites (figure 1.5B). Adsorption of CO2 converts into
CO and oxygen moieties. So, the characteristics of the support have a significant impact on

CO- adsorption and desorption in CO[76].

CHX H,
q CH, CO~ ~ CO,
CH, m 0 o O o
Catalyst Support Catalyst Support

Figure 1.5: Mechanism of DRM: B) Formation of CHy species and CO desorption
1.6C. Oxygen spillover and hydroxyl species formation:
CO and Hz are sequentially produced from CO: dissociative adsorption and hydrogen from

the breakdown of CHj4 respectively. Oxygen atoms and H* moiety spill over onto the
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of intermediates like carbonates, bicarbonates, and formates. Additionally, these molecules
promoted carbon gasification on metal surfaces by reducing carbon to CO and COo. Since
CO2 serves as a major oxidizing agent in DRM, it provides oxygen to gasify the carbon
produced by methane decomposition on metal and metal support interphase (figure 1.5C).
Aside from that, different supports with redox metals such as Ce create defect-originated
oxygen vacancies and active oxygen species to the support, initiating carbon oxidation and

keeping active sites available for further reaction [77][78][79].
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.

“CH0 -

Catalyst Support Catalyst Support

Figure 1.5: Mechanism of DRM: C) Formation of Surface hydroxyl species and oxygen

spillover
1.7. DRM catalyst: Design, factors and literature survey

A catalyst is a substance that initiates or accelerates a reaction so that the reactant is
converted into a product without being consumed. The primary need of the DRM catalyst is
that it is able to withstand difficult reaction conditions for a long period of time without
structural change as the dry reforming of methane is a highly endothermic process. Diverse
heterogeneous catalysts with various topologies, metal component combinations, and
morphologies are of great interest to DRM. Apart from structural aspects other factors like
support quality (acid base functionality), active metal sites, and promoters, also have a vital
impact on the activity and longevity of DRM catalyst.

1.7A. Active sites:
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sites in catalysts. Methane decomposition for the DRM process occurs at active metal sites,
where it transforms into the product gas H>. By adhering to metal active sites and support
sites, CO> dissociates into CO gas as a product. Support is a crucial component for CO>
activation because, according to the literature, CO. activation primarily takes place on basic
support sites because CO> is acidic in nature[80]. While only metal sites experienced
methane activation, which led to the sequential production of hydrogen through various
intermediates. Ni-based catalysts have been shown to be a promising option for DRM
reactions due to its availability and inexpensive price. They are forbidden to be used as
industrial catalysts because of their propensity to aggregate at high reaction temperatures
over the metal surface and increase the likelihood of carbon production from methane
decomposition. As a result, Ni-based catalysts needed other alternatives and modifications
for longer and better activity in high-level applications[81][82]. To combat this, researchers
have published a number of publications describing how, noble metals like Pt, Pd, Ru, Rh,
and Ir and non-noble transition metals like Co and Cu are used with Ni as promoters. These
bimetallic systems are thoroughly screened in the dry reforming of methane with good
conversions [83][84][85]. According to the reports, Ni-Co-supported catalysts have a greater
coke resistant rate and immensely studied as bimetallic catalyst in DRM. Higher conversions
and less carbon formation depends on synergetic effect of Ni and Co related to Ni/Co
ratio[86]. According to yoontak et al., Ru-Ni/Al>Oz catalysts exhibit better activity and less
carbon deposition than monometallic Ni/Al.Oz catalysts[87]. In addition, the Pt-Ni/Al>O3

catalyst converts CH4 and CO3 into syngas at a higher rate than monometallic Ni on Al2O3
and Pt-Al,Os3 catalysts[88]. A study found that by making Pt-Ni alloy, Ni metal particle size
is reduced, which lowers the development of graphitic carbon. In order to improve

conversions and activity with less coke deposition in noble metals, which are sensitive to
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earth metals, and alkali metals (Ca, Sr, Mg, Na, k) are also used with Ni as active centers for
methane activation and promoters for coke gasification[89].

1.7B. Support:

Aside from active metals, support is a critical factor in catalytic systems utilized in methane
dry reforming. Surface characteristics such as acidity and basicity impede and promote CO-
adsorption, respectively[90]. Acidic support sites impede CO- activation by less adsorption
and inhibiting the formation of hydroxyl and active oxygen species unable to oxidize
accumulating carbonaceous material on the active metal site, which blocks the active surface
responsible for CO, adsorption and decreased activity[91]. However, basic sites promote
CO2 chemisorption on the surface by initiating and promoting carbon gasification caused by
methane decomposition and the Boudouard reaction, transforming it into carbonates,
bicarbonates, and, finally, CO[92][93][94][95]. MgO-supported Ni catalysts with varying Ni
ratios demonstrated increased DRM activity. A NiO-MgO-based catalyst aided in the
production of a solid solution of NiO and MgO, resulting in reduced coke formation with
good activity[96]. The effect of cation substitutions such as Mg?*, Y**, and La?" on Ni/ZrO--
based catalysts was investigated and shown to be excellent for DRM due to improved basic
sites evaluated by CO>-TPD and the generation of defect originated oxygen species
responsible for decreased carbon deposition[97][98][99][100]. Therefore, the basic feature
of the support is a key determinant of the catalyst's persistent action in DRM and increased
CO; activation. Furthermore, K, Na metal doping in various catalysts also enhance the basic
properties of support to initiate CO> activation[101].

1.7C. Metal support interaction:

It has been proposed that the metal-support interaction plays a significant role in the

improved activity and carbon resistance of supported and non-supported structurally ordered
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catalysts. At higher temperatures, there is a considerable risk of metal sintering and
agglomeration in the DRM process. DRM activity primarily supports the two-way pathway
for methane and CO: activation on metal and support, respectively. If the active metal's
contact with the support is stronger, there will be less chance for metal particles to move
closer together and form larger particles, creating more carbon on the metal surface and
blocking the active site for the next methane molecule to break down. Furthermore, the
strong metal-support relationship gives thermal resistance to the metal sintering
temperatures, which are Huttig and Tamman temperatures, from where the metal
agglomerations begin. However, when the support, like SiO> with Ni as active species on it
having weak metal support interaction, resulting in possibility of metal agglomeration and
sintering which leads to attenuated durability in DRM than Ni/Al>Os catalyst. Furthermore,
robust metal support contact improves active metal dispersion and pore sizes distribution on
the catalyst surface, resulting in less sintering and simultaneous carbon gasification over the
catalytic surface[102][103][104][105].

1.7D. Redox property:

The redox potential of the catalysts has been thoroughly explored in the dry reforming of
methane to overcome coke deposition and catalyst deactivation. This research in DRM
focuses on CeO2, ZrO,, and TiO»-based catalysts. In DRM conditions, the oxidation and
reduction of these support materials cause the production of oxygen species and vacancies
in the catalysts. The redox behaviour of metals in the support increased the oxygen storage
capacity of the catalysts, allowing for continuous flow of oxygen on the catalysts' surfaces
and direct oxidation of carbon produced by methane dissociation. Furthermore, the creation
of oxygen vacancies promotes CO» activation because the oxygen moiety from CO: fills
these vacancies during CO> adsorption. Ce-based catalysts, where oxidation and reduction

of Ce*3 and Ce** increase vacancy formation and boost oxygen storage capacity, resulting in
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[106][107][108][109][110] .

1.7E. Synthesis route:

Wet impregnation, dry impregnation, sol-gel technique, solid-state method, co-precipitation,
spray pyrolysis, Pechini method, and hydrothermal approach were used to create DRM
catalysts[111]. Catalyst synthesis methods modify their physiochemical and morphological
properties such as metal support interaction, metal dispersion, pore size volume, particle size
distribution, and surface area[112][113].Co-precipitation is a process in which metal
precursors are diluted in water and suitable catalysts are precipitated upon the addition of
bases such as NaOH and KOH. Co-precipitation consists of the following steps: dissolution
of precursors in water, precipitation, filtration of precipitate, drying, and calcination to obtain
the necessary catalyst. Although nucleation, uneven shape, and lack of sensitivity are
important drawbacks of this technique, moreover, it is a cost-effective method of
synthesizing homogenic catalysts[114][115]. Patric da Costa et al. compared the catalytic
activity for DRM of Ni/CeO,-ZrO./SBA-15 catalysts synthesized by wet impregnation
(sequential and on step) and co-precipitation and discovered that the catalyst synthesized by
co-precipitation route has higher conversion than the other two catalysts due to low Ni
particle size and distribution [116]. Maleki et al., on the other hand, have distinguished the
difference in the catalytic activity of Ni/Al,Os-CeO> catalyst generated by sol-gel and
impregnation technique, demonstrating that the sol-gel method provides small particle size
of Ni with high dispersion, leading to superior activity in DRM [117]. Pechini methods, on
the other side, are frequently used in heterogeneous catalyst production because liquid
precursors are transformed into sol and gel by adding water and chelating agents such as
citric and ethylene glycol, respectively[118]. The leftovers from gelation and

polyesterification were dried and calcined at various temperatures to produce catalysts with
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Pechini methods, have a reduced surface area because of the high calcination temperature,
which leads to less repeatability and unpredictable morphology[119][120][112]. Due to the
high firing temperature, catalysts have less impurity and longer stability. Seol et al.
synthesized the Ni/ZrO.-Al,O3z catalysts using Pechini, which offered strong metal support
contact, structural stability, and increased CO> adsorption by forming oxygen intermediates
rather than hydrolysis and physical mixing approaches, resulting in greater conversion [121].
Other processes, such as hydrothermal and spray pyrolysis, are evidently screened in DRM
to regulate active metal particle size. Hydrothermal synthesis was performed in an autoclave
with a solution of metal precursors at high temperature and vapour pressure overnight,
followed by filtering, drying, and calcination[122]. Spray pyrolysis produces a highly
dispersed active metal catalyst with a large surface area and a wide pore-size
dispersion[123]. The Ni/Al,03-MgO catalyst synthesized by impregnation and plasma
treatment has a greater surface area, no impurities, and a wider pore size distribution than
the impregnated catalyst, resulting in enhanced DRM activity[124]. Nonetheless, because
they are weakly attached to the support and are prone to deactivation of the catalyst in
methane dry reforming, as finely disseminated active metals tend to agglomerate and sinter
at high temperatures.

1.8 Catalyst Deactivation

1.8A. Metal sintering

One of the drawbacks of DRM is metal sintering as high reaction temperatures in DRM
produce agglomeration of small active metal particles, resulting in the formation of big-sized
metal particles. Furthermore, high temperatures cause the melting of active metals, which
inhibits the availability of active sites for methane activation and initiates the coke lumps

over the metal particles resulting in deactivation of the catalyst. As reported nickel-based
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catalysts are extensively used in methane dry reforming, even though they are prone to
agglomerate and form large particles, resulting in less dispersion on the catalyst’s surface.
This leads to less metal support interaction, and favors the formation of more carbon on the
metal surface, making it inaccessible for further reaction. According to reports, large particle
size of active metal is an important feature to consider in carbon production in DRM
processes. Catalysts containing small metal particles, on the other hand, are prone to
sintering at high temperatures, but they provide excellent dispersion and strong metal support
interaction, leading in high catalytic conversions. According to reports, in order to preserve
Ni in low particle size, it was alloyed with other metals known as bimetallic catalysts, which
proved to be a good option for carbon suppression in DRM [125][126][127][128].
Furthermore, the preservation of nanosized Ni particles in the core-shell of support materials
drew a lot of attention to DRM reactions with great stability and intact
structure[129][130][131]. Recently, atomically distributed Ni atoms on a support surface
were synthesized and screened in DRM because the C-H bond of methane requires a
significant amount of energy to break on metal particles, and other particles give further
cleavage of CHy species to generate Hz. So, prior to the complete dehydrogenation of
methane, CHx species should transform into other oxygenated species in order to gasify the
carbon at the same time. As a result, metal sintering and melting are critical issues to consider
in the industrial application of DRM with increased carbon resistance[132][133][134][135].
1.8B. Side reactions

Dry reforming of methane at the industrial level remains a challenge attributable to the
limited life of the catalyst due to deactivation. Deactivation is caused mostly by carbon
deposition on active metal and side reactions such as the Boudouard reaction and methane
decomposition reaction at elevated temperatures. Furthermore, carbon accumulation is

accelerated by the sintering of active metal at high reaction temperatures, resulting in
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minimal metal support contact and poor metal dispersion. Because methane dissociation
primarily occurs on metal sites and results in carbon species, these species can be oxidized
concurrently by dissociative adsorption of CO2 on support and metal support interphase. As
a result, the support role is essential in coke gasification and DRM activity. Moreover, the
stability of catalysts is also important for elevated DRM activity because, during DRM,
supported catalysts tend to convert in other crystal phases as an impurity which alters the
active site for DRM cycles and declines the conversions. Therefore, in recent times
structurally ordered catalysts are more attractive for DRM because of their thermal stability
in adverse reaction conditions[136].

1.9. Structured Oxide catalysts:

To achieve high conversions and a long catalytic life, DRM focuses, a variety of supports
with different features such as stability, redox behaviour, oxygen spillover capability,
oxygen storage ability, and basicity. Additionally, a variety of metal systems, including
alloyed and bimetallic metals, are rigorously examined for DRM. Because of its low cost
and high conversion rates, Ni is predominantly screened in DRM. In addition to supported
catalysts, it has been demonstrated that structurally ordered catalysts with diverse
stoichiometry, configurations, and doping of various substituents with various
physiochemical properties

are also promising DRM candidates[137]. Over the past ten years, catalysts based on
perovskites have been employed inherently with longevity and stability. There are numerous
uses for perovskite oxide materials with the ABO3 formula in various catalytic chemical
processes [138][139][140][141][142]. Thermal stability is controlled by site A, whereas
catalytic conversion is controlled by site B. Ni-based SrNiOz and CeNiOs catalysts were
created by Naushad et al., and the catalytic activity was compared[143]. Ce-based catalysts

with large surfaces and evenly dispersed Ni atoms have demonstrated superior DRM activity
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[144]. LaNiO; catalysts based on nickel were also studied in DRM, despite the fact that
significant coke production was seen. Moreover, to stabilize the structure, partial substitution
of Fe in B site is also prepared and investigated and an early deactivation of catalyst was
observed[145]. Furthermore, Ni based supported catalysts are prone to more carbon
formation then the perovskites with partial substitution of Ni in DRM. According to
literature, the A and B sites were reported to be active and stable for DRM conditions with
partial doping of rare earth and alkaline earth metals. Small-sized Ni particles are produced
during the reduction of perovskite-based Ni catalysts prior to DRM run, which improves
dispersion and increases the activity of DRM[146][147][148]. Additionally, the ability of
perovskite material to gasify carbon along with its oxygen ion conduction feature has
increased interest in DRM. Due to an inherited oxygen vacancy in the structure, pyrochlores-
based catalysts have also recently been investigated for DRM. These catalysts showed
enhanced activity, coke gasification, and thermal stability[149][150]. La>Zr.O7 catalysts
with partial A and B site substitution in the DRM reaction have been examined by Spivey
and colleagues, who discovered higher activity and stability[151][152]. The effect of Ca and
Sr substitution at A site in Ni substituted La>Zr1.44Nios5607-0 pyrochlore catalyst was also
screened in DRM; the Sr substituted Lai.9sSro.05Zr1.44Nio5607-¢ Catalyst demonstrated better
resistance to coke formation than other catalysts at 800°C owing to high dispersion of Ni on
catalyst’s surface [153]. In addition, the impact of noble metal (Rh) doping on La2B20O7 (B=
Zr, Ti) in DRM was also investigated[154]. The impact of Ce/Zr ratio in pyrochlore catalysts
with 10 wt.% Ni loading in DRM has been examined by Yuhan Sun and group members.
They discovered that varying Ce/Zr ratios cause the pyrochlore phase to transform into a
defect fluorite phase[155]. These structural variations have an impact on the production of

surface oxygen species that are capable of gasifying the coke produced during DRM.

1.10. Scope and objective of the thesis:
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converting greenhouse gases into valuable syngas and, ultimately, value-added chemicals.
Nevertheless, a number of obstacles such carbon deposition, stability, sintering, and poor
conversions drive the creation of various catalysts with structural changes like active metal
concentration and the addition of various metals to achieve higher activity and stability.
Several structurally ordered catalysts, such as the perovskites and pyrochlores catalysts
mentioned in earlier sections, have proven to be effective alternatives to conventional
supported catalysts. Additionally, layered catalysts that have been thoroughly tested in
electrochemical processes can also be a good candidate for DRM owing to their stability,
structural alteration and ion conductivity. Using this as the thesis' goal, the following work
has been completed:

1) The Pechini method was used to synthesize Gd-based pyrochlore catalysts that were
formulated as Ni substituted Gd>X207-5 (X=Zr, Ti). The catalysts were then analyzed using
various analytic techniques, and evaluated in methane dry reforming. After figuring out how
the support affected DRM activity, next section of this work looked into the impact of Ni
concentration on DRM activity in a Gd2Zr.07-; catalyst. Moreover, by doping different
amounts of Ce in a Ni substituted Gd»Zr.O7.; catalyst at DRM conditions for 100 hours, the
redox behaviour of Ce in the carbon gasification process was further explored.

2) Perovskite-based SrMnOs catalysts were examined in DRM processes synthesized using
the Pechini method. Eu, Sm, and Nd doped catalysts were synthesized, described, and their
activity was tested to investigate the effect of rare substitution in A site on DRM in SrMnOs
catalysts. Sm-doped catalyst emerged as a strong competitor with high conversion and was
chosen for a 100-hour durability test among all catalysts. The results clearly reveal that the
defect generates active surface hydroxyl species that offer carbon gasification and improved

DRM action in Sm-doped catalyst.
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3) Sodium titanates, a kind of layered oxides designated as Na,TisO7 with Ni doping was
synthesized, and structural modifications were investigated in the furnace under DRM
conditions. Following the confirmation of structure stability, the effect of Ni concentration
was examined by synthesizing a series of catalysts with higher amounts of Ni. For 100 hours,
catalyst with an optimum Ni concentration displayed higher DRM activity. After screening
the catalyst for prolonged periods of time, structure changes were discovered, which were
substantiated by several characterization techniques. The role of transition metal doping in
NTNOO2 catalysts in the B site was studied further by substituting Co, Cu, and Fe. Cu-based
catalysts have shown improved DRM catalytic activity among all. The synergetic effect of
Ni with Cu was established in DRM activity
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Pyrochlore and defect fluorite catalysts in
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Chapter 2: Pyrochlore and Defect Fluorite catalysts in DRM

In this chapter, structured ternary oxides A2B207.s are synthesized and screened for Dry
reforming of methane. Part 1 of this chapter, deals with the effect of B site substitution in
Gd based ternary metal oxide catalyst Gd2B2xNixO7-s (B = Zr, Ti) (x = 0 and 0.2) in the
activity of DRM. Secondly, the effect of active metal Ni concentration was also studied in
Gd2ZroxNixO75 (0.2, 0.5, 0.75) and lastly, the effect of Ce substitution in GdaZrys.

xNio2CexO7-5 (x = 0.1,0.2,0.5,0.75) catalyst and investigated in DRM.
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Part 1
Effect of support in Pyrochlore/Defect fluorite
(A2B2.xNiyO7.5) A=Gd, B =Ti/Zr, catalyst in
DRM
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2.1 Introduction:

The increase in global average temperature is attributed to an alarming upsurge in
greenhouse gas emissions, especially COz. To address this issue, several reactions
converting CO> to useful products have been reported, viz., hydrogenation, reforming,
methanation, and carboxylation etc,[1]. Among them, CO. reforming has attracted more
attention since it utilizes two greenhouse gases, CO> and methane, to generate valuable
syngas (2). In particular, dry reforming of methane (DRM) generates syngas with Hy/CO =
1 at thermodynamic equilibrium using CO2 and CHs [2]. Generated syngas can be further
used for the synthesis of DME or long-chain hydrocarbons by FT synthesis[3][4].

Ni-based catalysts show superior activity at steam reforming conditions, they are prone to
severe coke formation under dry reforming conditions, caused by two reactions, Boudouard
reaction (6) and methane cracking (4) at temperatures around 550 °C and 700 °C
respectively[5][6]. In DRM Ni based supported catalysts were utilized which gives good
conversions and activity. However, the sintering of Ni nanoparticles at high-temperature
results in a compromising number of active sites in the catalyst [7]. Several suggestions to
minimize these problems are documented and it has been observed that high dispersion and
smaller particles of the active Ni with good metal support interaction can limit sintering as
well as coke formation [8]. Support characteristics like redox property, basicity, etc. also
influence the activity and durability of the catalyst. Recently, the concept of stabilizing active
metal sites as ionic lattice sites in stable structured oxides, to prevent sintering and coke
formation has been attracting attention.

A:>B>07 ternary oxides form a potential family of compounds for various reforming reactions
due to their high thermal stability and tolerance to structural variations and lattice site
doping. These analogous compounds are known to have various structure types like
pyrochlores and defect fluorite. Effect of different parameters viz., A and B site substitutions
in these structure types and oxygen vacancies have been studied for gasification, reforming,
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etc. Most of the reports are on lanthanum zirconate pyrochlore and noble metals like Rh, Ru,
and Pt as well as Ni have been studied as active metals [9][10][11][12][13][14]. Apart from
this, the effect of Rh doping in the kinetic parameters of dry and bi-reforming of methane is
also analyzed [15][16][17][18].

In this Chapter, Gd-based ternary metal oxides catalyst Gd2B2.xNixO7.s (B = Zr, Ti) (x =0
and 0.2) has been synthesized by citrate gel method and compared their activity and
durability in dry reforming of methane. Structure-activity correlation by various
characterization techniques was established.

2.2 Experimental Section:

2.2.1 Synthesis of Gd2B2xNixO7-s (B = Zr, Ti) (x =0and 0.2):

Gd2B2xNixO7.5 (B = Zr, Ti) (x = 0 and 0.2) catalysts were synthesized by conventional
Pechini method. Metal nitrate precursors were dissolved in a minimum amount of distilled
water separately, mixed together, and then added to the citric acid solution with a ratio of
3:1 (citric acid: nitrate precursors) under constant stirring at 80 °C. For Gd and Ti, Gd203
and Ti isopropoxide were dissolved in conc. HNOz before mixing with citric acid. Gd: B: Ni
molar ratio in the solution was 1:0.96:0.099 for Ti compound whereas for Zr analogue, it
was 1:0.898:0.099. Ethylene glycol was added to the solution as a polymerizing agent with
a molar ratio of 1:1 (EG:CA). The formed gel was dried overnight at 180 °C to promote
polyesterification and removal of water. The obtained fluffy material was crushed and
calcined at 800 °C for 6h in the air to get the ternary metal oxides.

2.2.2 Catalyst evaluation:

The dry reforming reactions were carried out in a packed-bed tubular down flow reactor
made of Inconel HT, placing it in a programmable tubular furnace. All the gases (CHas, CO2,
and N2) used for the reaction were regulated by mass flow controllers (Brooks Instruments).
0.5 cm? (0.6-0.75g) of 0.3-0.5 mm range catalyst particles were mixed with 0.5 cc of same
size quartz pieces and loaded in the reactor tube supported by ceramic wool plugs. The
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catalyst bed temperature was measured by a chromel-alumel thermocouple centered in the
catalyst bed. Before the reaction, the catalyst was calcined at 700 °C for 5 h and reduced in
situ at 700 °C for 5 h using 20% H2 in an N2 gas mixture. DRM reaction was carried out
using a gas mixture consisting of CH4, CO2, and N2 in the volume ratio of 1:1:1; with a flow
rate of 80 mL min-1 with total gas hourly space velocity at 28,800 h™!. The product gas
mixture was analyzed by an online gas chromatograph (Chemito 8610) equipped with a
Spherocarb packed column (1/8” OD and 8 feet length). CH4 and CO> conversions and the
H>/CO ratio were calculated using the gas composition analyzed by GC and conversions
were calculated by the formulae,

CH4 Conversion:

XCH4 % = [(FCH4 in - FCH4 out)/FCH4 in] X 100 (A)
CO; Conversion:

XCO2% = [(FCO2 in - FCO2 0ut)/[FCO2in] x 100 (B)
H,/CO ratio: H./CO = [Fout Ha/Fout CO] (C)

2.3 Result and discussion:

2.3.1 X-Ray Diffraction Analysis and textural properties of Gd2B2-xNixO7-s (B = Zr, Ti)
(x=0and 0.2):

Phase analysis was carried out by PXRD and figure 2.1 showed Gd»Zr.O75 (GZO)
crystallized in defect fluorite structure with Fm3m space group (PDF 01-080-0471), while
Gd,Ti,07.5 (GTO) crystallized in pyrochlore structure with Fd3m space group (PDF 01-073-
1698). Ni doping (named as GTNO and GZNO for substitution in Ti and Zr compounds
respectively) seems to have minimal effect on the structure type and parent structures are
retained, with a small amount of NiO present as impurity outside the lattice as indicated by
the peak at 43.2° [19][20]. The XRD patterns also show a small shifting of peaks in Ni-
doped catalysts towards high 20 values, pointing to a contraction of the lattice. This is further
confirmed by full pattern refinement by the Rietveld method using GSAS-EXPGUI software

[21]. For GZO, refinement was done with defect fluorite Gd2Zr.O7.s model, with Fm3m
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space group (ICSD collection code - 068265). Refinement went smoothly and resulted in a
good fit with cell parameter a = 5.3008 A, which is in agreement with the literature data [19].
For GTO, the refinement analysis confirmed a face centred cubic lattice system with Fd3m
space group (ICSD collection code- 024207) with cell parameter a = 10.1861 A. With Ni-
doped catalysts, quantitative analysis shows that 1.34 wt% and 0.68 wt% of Ni are present
outside the lattice as NiO, in GTNO and GZNO respectively. Refinement studies were
carried out by substituting appropriate concentrations of Ni (subtracting the Ni concentration
present outside the lattice) in Zr and Ti sites and cell parameters were refined to be 5.2678
and 10.1842 A for GZNO and GTNO respectively. The decrease in cell parameters of
substituted catalysts confirms the incorporation of Ni in Ti and Zr sites. Lattice site
substitution of Ni in Tianalog is obviously lower due to the higher concentration of Ti added,
which in turn has led to a higher concentration of NiO outside the lattice, in a well dispersed
manner. The crystallite size of the main phases was calculated by Lorentian broadening of
refined XRD peaks. Refined profiles and parameters are given in figure 2.2 (A-D) and Table
1.1 respectively. Atomic parameters are given in Table 1. 2. In general, the surface area of
the materials is low as expected due to the high temperature synthesis (Table 1.3).
Substitution of lower valent Ni in the lattice is expected to affect the stoichiometry and hence
form and redistribute O occupancy and vacancies. Since scattering parameters of O is low
in x-ray diffraction methods, we have refrained from refining O occupancy in Rietveld

analysis.
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a- GZO
b- GZNO
c-GTO
d- GTNO
e -NiO
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Figure 2.1: XRD pattern of a) GZO b) GZNO c) GTO d) GTNO

Table 1.1: Rietveld refinement data of A2B2xNiyO7-s (A= Gd and B = Zr, Ti)

Gd2Zr07.5  Gd2Zr18Nip13075 Gd2Ti2075  Gd2Ti1gaNio.0sO07-5

x2* 3.09 2.32 3.63 3.22

WRp (%)** 491 3.77 4.86 4.80

Rp (%) ** 3.67 2.99 3.84 3.58

Space group Fm3m Fm3m Fd3m Fd3m

al°’A 5.3008 5.2678 10.1861 10.1842

Occupancy Zr=0.5000 Zr=0.4500 Ti=1.0012 Ti=0.8926
Ni =0.0322 Ni =0.0370

Impurity  phase NiO =0.68 NiO=1.34

(Wt%)

CrystalliteSize  54.1 33.1 79.8 55.3

(nm)

*x2 = — ™ \where M is the minimized function during refinement, Nobs is the number

Nobs—Nvar

of observed intensities and Nvar is the number of refined variables. **Rp and wRp are the

residual parameters defined as R, =2“2°I_IC| and wR, == Z'MI\:III:())Z, where Mp is the
(0]

minimization powder diffraction function, 10 and IC are observed and calculated intensities.
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Figure 2.2: Rietveld Refinement profile a) GZO, b) GTNO, ¢) GZO and d) GZNO

Table 1.2: Atomic parameters of A2B2xNiyO7.s (A= Gd and B = Zr, Ti)

Catalyst Name X Y z
Gd2Ti207-5
Gd 0.0 0.0 0.0
Ti 0.5 0.5 0.5
01 0.125 0.125 0.125
02 0.44239 0.125 0.125
Gd2Ti1.93Ni0.0807-5
Gd 0.0 0.0 0.0
Ti 0.5 0.5 0.5
01 0.125 0.125 0.125
02 0.43874 0.125 0.125
Ni 0.5 0.5 0.5
Gd2Zr207-
Gd 0.0 0.0 0.0
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Zr 0.0 0.0 0.0
O 0.25 0.25 0.25
Gd2Zr18Ni0.1307-5
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
O 0.25 0.25 0.25
Ni 0.0 0.0 0.0
Table 1.3: BET Surface area of A2B2xNiyO7-s (A= Gd and B = Zr, Ti)
Catalyst GZO GZNO GTO GTNO
Surface 111 12.2 10.3 17.1

Area(m2/q)

2.3.2 Raman Analysis of Gd2B2xNixO7-5 (B = Zr, Ti) (x =0 and 0.2):

an attempt to understand O occupancy and vacancy distribution in the catalysts through
Raman spectroscopy was carried out in figure 2.3 Pyrochlore structure is known to have 6
active Raman modes distributed as Alg+Eg+4F2g irreducible presentations[22][23][24].
The Alg mode corresponds to Ti-O stretching, at higher frequencies (515-530 cm™) and Eg
modes are due to O-Ti-O bending motion (330 — 340 cm'?), while the F2g modes are due to
O-Ti-O bending (300-320 cm™) and vibration of Gd-O’ lattice (200-250 cm™). For GTNO
catalyst, Raman modes around 215, 310, 449, 519, and 715 cm™ were observed. Bands
around 710-750 cm are attributed to the defect originated oxygen disorder confirming the
occurrence of oxygen vacancy in GTNO catalyst [22]. While in GZNO catalyst, broad
Raman bands have been observed in the range of 300-350 cm™, the broadness of Raman
modes confirms the defect fluorite structure of the catalyst [25]. According to Glerup et al.,
the absence of a broad peak at 750 cm™ confirms the lack of disorder generated oxygen

vacancies in GZNO catalyst.
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Figure 2.3: Raman spectra of GTNO and GZNO catalysts

2.3.3 Temperature programmed reduction of Gd2B2xNixO7-5 (B = Zr, Ti) (x =0 and 0.2)
The difference in reducibility of both catalysts was ascertained by TPR analysis. It can be
seen from figure 2.4 that, in GZNO two reduction peaks were observed at around 459 °C and
559.6 °C. The first peak corresponds to the reduction of surface NiO particles and the second
peak at 559.6 °C is owing to the lagged reduction of Ni*? — Ni® present in the sub-surface
layers of the support [26][27]. In the case of GTNO, the reduction of NiO particles on the
support surface occurs at much lower temperatures in the range of 350 — 410 °C, possibly
due to better dispersion. The peak in the range of 480 - 500 °C corresponds to the reduction
of NiO, which is strongly interacting with the support. Along with this, reduction peaks
centered at 630 °C and 700 °C suggested the reduction of lattice Ni?* into metallic Ni [28].0n
comparing both the materials, it can be concluded that GTNO has more reducible Ni species

over the surface as well as in sub-layers of support.
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Figure 2.4: TPR Analysis of GTNO and GZNO catalysts

2.3.4 Temperature programmed Desorption of CO2 in Gd2B2-xNixO7-5 (B = Zr, Ti) (x =
0and 0.2)

Surface acidic/basic nature also plays an important role in DRM, since CO: is acidic in
nature; the higher the basicity of support, the more CO. is adsorbed activating CO formation
and further dry reforming of methane. This was estimated by CO2-TPD experiments showed
in figure 2.5. In GTNO, the desorption peaks are observed in lower temperatures as well as
in higher temperature ranges which confirms the presence of weak, medium, and strong basic
sites facilitating activation of CO.. While in GZNO catalysts, the broad peaks observed at
around 200 °C indicate the presence of weak basic sites resulting in less desorption and

activation of CO> [29][30].
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Figure 2.5: CO.-TPD Analysis of GTNO and GZNO catalysts

2.3.5 XPS Analysis of Gd2B2xNixO7-s (B = Zr, Ti) (x =0and 0.2)

To understand the surface composition of metals in the catalysts, XPS analysis has been
carried out in figure 2.6. In GTNO catalyst, Ti 2p XPS spectrum showed the presence of Ti**
through binding energy peaks at 458.1 and 463.8 eV [31](Figure 2.6(A)). Interestingly, we
also observed a small peak at 456.6 eV which can be attributed to reduced Ti species [32].
The concentration of this reduced Ti species on the surface, however, decreased on Ni
doping. The O 1s spectrum of the GTNO catalyst displays two peaks at 529.2 eV and 531.9
eV corresponding to the surface adsorbed oxygen (O°) and hydroxyl oxygen (OH") species
respectively (Figure 2.6 (B)). The ratio of surface adsorbed oxygen (O°) and the hydroxyl
species (O: OH") was estimated from the area under the peaks and is found to be 9:1in GTO
while in GTNO catalysts it is 7:3. This confirms the enhanced generation of hydroxyl species
by Ni substitution in Ti site. In the case of the GZNO catalyst (Figure 2.6(C)), the Zr 3d XPS
profile showed peaks at 182.5 eV and 184.9 eV confirming Zr in +4 valence state [33]. The
O 1s spectrum shows the binding energy at 529.1 eV indicating only loosely bound surface
oxygen species and the lower binding energy peaks correspond to lattice oxygen atoms

(Figure 2.6(D)). It is noteworthy that in GZNO, the peak corresponding to hydroxyl oxygen
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species at 531.9 eV is missing (Figure 2.6(D)).

(AJGTNO Ti2p (C) GznO 2r3d

Tizp,,

Intensity (a.u.)
Intensity(a.u)

456 458 460 462 464 466 178 180 182 184 186 188 190
Binding energy (eV) Binding energy(eV)

(B)JGTNO 01s (D)GZNO O1s
Surface adsorbed (O )

Intensity (a.u.)
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Binding energy (eV) Binding energy(eV)

Figure 2.6: Fitted XPS profile of GTNO catalyst (A) Ti 2p (B) O 1s; GZNO catalyst (C) Zr
3d (D) O 1s
2.3.6 DRIFTS Analysis of Gd2B2-xNixO7-s (B = Zr, Ti) (x =0 and 0.2)

Furthermore, we performed DRIFTS experiments to understand the adsorbed species on the
surface of these catalysts upon exposure to CO.. Before the analysis, the sample was heated
inside the DRIFTS cell in N2 at 400 °C to clean the surface. Following this, the sample was
reduced in Hz (20 mL min™) for 2 h and later the cell chamber was purged with N2 at 400
°C for 30 min. Hz is expected to be homolytically dissociated and adsorbed on the
catalytically active sites and the N2 purge would sweep away any H. not anchored on the
surface. Then a mixture of N2 (20 mL min™) and CO2 (5 mL min™) was passed over the
sample and spectra were recorded at 400 °C in absorbance mode. The spectra show the
presence of carbonates (symmetric stretching O-C-O and C-O) and formate species in the
range of 1300-1600 cm™ (Figure 2.7(A)). Formate species are formed because of the

interaction between CO; and adsorbed H* on the surface. Figure 2.7(B) shows the absorption
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gaseous CO; also shows absorption in the same range and hence this cannot be conclusively
assigned. The desorbed gaseous CO has been observed at 2143 cm™ in figure. 2.7(C) [34].
The peak at 2143 cm™ is more intense in GTNO than in GZNO catalyst, as the desorption of
gaseous CO is more in GTNO catalyst which triggers the fast activation of CO,. The less

desorption of CO in GZNO shows lesser activation of CO».
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Figure 2.7: in situ FTIR spectra of GTNO and GZNO catalysts with the feed gas 5 mL
CO2+ 20 mL N2 at 400 °C (A) Formation of carbonate and format species demonstrated by
symbols, (B) Variation in desorbed CO intensities in GTNO and GZNO catalysts. (C)
Formation of hydroxyl species over the surface of the catalyst.

2.4 Catalytic activity of Gd2B2-xNixO7-5 (B = Zr, Ti) (x =0 and 0.2)

2.4.1 DRM testing at various temperatures and DRM run at 800°C:
The activity for dry reforming of methane of both the Ni substituted catalysts has been

studied at various temperatures shown in figure 2.8 and durability was tested at optimized
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reaction conditions at 800 °C, 28800 h™ GHSV, CO2: CHa: N2 = 80:80:80 mL min™ and
atmospheric pressure for 100 h time on stream (figure 2.9). Among the two catalysts, GTNO
showed superior DRM activity. The initial activity of both the catalysts was poor and reached
steady state conversions after 35-40 h. The initial poor activity was also accompanied by
H/CO ratio much less than what is expected of DRM. It has been reported that the decrease
in H2/CO ratio may be because of side reactions like reverse water gas shift reaction (5) and
reverse Boudouard reaction (6) at high reaction temperature (800 °C) [35]. In the case of
GTNO, the activity recovers to 94% CO, and 88% CH4 conversion and 0.96 (~1) H./CO

ratio, whereas, GZNO exhibited much lower activity at maximum conversion.
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Figure 2.8: Temperature study of GZNO and GTNO catalysts in DRM conditions: CHa:
CO2: N2 = 80:80:80 ml/min, 28,800 h™* at atm pressure.
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Figure 2.9: Activity analysis of GTNO and GZNO catalysts in DRM conditions: CHas: COz:
N2 = 80:80:80 mL/min, 28,800 h"* GHSV at 800 °C for 100 h time on stream. Conversions
and H2/CO ratios are plotted against time on stream.

It is understood that the surface oxygen species play a key role in the gasification of coke
formed during the dry reforming reaction by converting it into CO. The XPS and in situ IR
studies confirm the presence of these species, especially hydroxyl in GTNO catalysts. These
active groups prevent the blockage of active sites by carbonaceous species and make the
active sites available for further reaction. We can anticipate this mechanism of coke removal
from the GTNO catalyst surface. The absence of hydroxyl species in the GZNO catalyst may

be the reason for its decreased activity by the accumulation of carbonaceous compounds.
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2.5 Spent Catalysts Characterization:

2.5.1 XRD analysis of spent catalysts:

In order to check the structural change and the stability of Ni-substituted catalysts after 100
h of reaction, the x-ray diffraction analysis of the spent catalysts was carried out. All two
spent catalysts retained their parent structure after 100 h time on stream in DRM conditions
(Figure 2.10). An extra peak in the case of GZNO catalyst at 260, 26.2° (JCPDS No.75-1621)

is attributed to graphitic carbon [35].

a-GTNO
b- GzNO
4 - Graphitic carbon
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Figure 2.10: XRD pattern of spent GTNO and GZNO catalysts

2.5.2 Raman analysis of spent catalysts:

To further substantiate the presence of graphitic carbon, Raman analysis of spent GTNO and
GZNO catalysts was done figure 2.11. Raman spectrum of the GZNO catalyst showed bands
at around 1350 cm™ and shoulder peak at 1615 cm™ corresponding to D and G bands of
disordered graphitic carbonaceous species. In GTNO catalyst the absence of D and G band

confirms the negligible amount of carbon formation on GTNO catalyst [35].
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Figure 2.11: Raman analysis of spent GTNO and GZNO catalysts

2.5.3 Thermogravimetric analysis of spent catalysts:

For the estimation of the amount of carbon formed during the dry reforming of methane
reaction, thermogravimetric analysis was also done on the spent catalysts. The experiment
was carried out under air and oxidized carbon was calculated in moles per gm of catalyst
(Figure 2.12). It has been observed that the GZNO showed more coke formation in

comparison with GTNO.
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Figure 2.12: TGA analysis of spent GTNO and GZNO catalysts after 100 h of DRM reaction.
Moles of carbon formation are plotted per gram of catalyst
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2.6. Conclusion:

The Gd based Ni substituted ternary metal Ti and Zr oxide catalysts have been synthesized
and tested for dry reforming of methane. The XRD analysis and refinement studies confirm
the incorporation of Ni in the lattice as well as presence of reducible NiO over the surface
resulting in enhanced activity of the Ti based Ni substituted catalyst. Temperature
programmed reduction confirms that the reducibility of this catalyst is more than the Zr
analogue, which substantiates the presence of well dispersed NiO particles over the surface
and presence of stable active metal ions in the bulk. Strong basicity of GTNO catalyst also
results in the promotion of CO. adsorption and activation than in GZNO catalyst towards
DRM. This is corroborated by in situ IR studies which prove more reductive adsorption and
desorption of CO2 as CO on GTNO. Presence of loosely bound surface oxygen and hydroxyl
oxygen species in GTNO catalyst may also be helpful in activation of CO, as well as
simultaneous coke gasification on the GTNO catalyst surface. Amount of carbon formed in
dry reforming of methane is less in GTNO than GZNO catalyst and absence of graphitic
carbon shows the simultaneous removal of coke from the surface of GTNO catalyst and
availability of active sites for DRM. This study unveils the influence of reducibility, basic
strength of support and formation of defect modified oxygen as well as hydroxyl species for

the superior and stable activity of GTNO catalyst towards dry reforming of methane.
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Part 2
Effect of active metal concentration in Defect
fluorite catalyst (A2B2-xNixO7.s A=Gd, B =
Zr, X=0.2,0.5,0.75) in DRM
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2.7 Introduction:

The previous part of this chapter studied the effect of support and B site substitution in
Gd2B2xNixO7-5 (B = Zr, Ti) (x = 0 and 0.2) catalyst. Ti-based GTNO catalyst has shown
superior activity and stability toward the Dry reforming of methane[36]. Support has a
crucial role in catalytic behavior in different reforming reactions. There are several reports
are available in which the effect of different supports like CeO,, ZrOz, TiO,, Al,O3, and
MgO has been checked for Dry reforming of methane. Especially, ZrO2 has enormously
been utilized in various reforming reactions due to its thermal stability, acid-base
functionality, and strong metal support properties with Ni in the Dry reforming of methane
documented in several reports[37][38][39][40][41][42][43]. In structurally ordered catalysts
like perovskites, spinals, and pyrochlores Zr is screened in A and B sites of catalysts and
proven to be good candidates for reforming reactions with less coke formation. Several
perovskite-based structures with Zr in the lattice have been checked with enhanced activity
and durability in Dry reforming of methane[44][45][46][47]. Spivey and Coworkers have
developed and screened Zr-based pyrochlore catalysts in Dry reforming of methane.
Moreover, the substitution of noble metals with Zr in the B site of the pyrochlore catalysts
was also studied in Dry reforming of methane[48][49][50]. Furthermore, literature reports exist

to indicate that the concentration of Ni in various catalytic systems has an effect on the DRM activity

[51][52][53][54]. However, our study found that Zr based Ni substituted Gd.Zr.O7 catalyst
showed lower activity in DRM. Since there are several factors affecting the catalytic activity
like metal to support interaction, the quantity of active metal, the morphology of active
metal, and the synergetic effect of active metal with support. One of them is, active metal
concentrations which have an enormous effect on the catalytic activity in different reforming
reactions. To consider this, we decided to find out the scope for Zr-based Gd»Zr,O7 catalyst’s
lower activity. Hence, this part of the chapter deals with the study of the effect of Ni

concentration in Gd>Zr207 catalyst in Dry reforming of methane.
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2.8 Experimental Section:

2.8.1 Synthesis of Gd2Zr2xNixO7-5 (0.2, 0.5, 0.75):

Gd2ZroxNixO75 (0.2, 0.5, 0.75) catalysts were synthesized by conventional citrate gel
method. Metal nitrate precursors were dissolved in a minimum amount of distilled water
separately, mixed together, and then added to the citric acid solution with a ratio of 3:1 (citric
acid: nitrate precursors) under constant stirring at 80 °C. For Gd Gd>03 was dissolved in
conc. HNO3 before mixing with citric acid. The Ni wt. % 1.96, 4.95, and 7.53 was added to
the reaction mixture and Ethylene glycol was added to the solution as a polymerizing agent
with a molar ratio of 1:1 (EG: CA). The formed gel was dried overnight at 180 °C to promote
polyesterification and removal of water. The obtained fluffy material was crushed and
calcined at 800 °C for 6 h in the air to get the ternary metal oxides. The added Ni wt. % 1.96,
4.95,7.53 substituted catalysts were denoted as GZN2, GZN5, and GZN75 respectively.

2.9 Result and discussion:

2.9.1 XRD Analysis and textural properties of Gd2ZrxNixO7s (0.2, 0.5, 0.75)

+ - Gd,Zr,0,

a - GZN2

b - GZNS
¢ - GZN75
e - NiO

Intensity (a.u.)

Figure 2.13: XRD pattern of GZN2, GZN5 and GZN75 catalysts
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Table 2.1: Rietveld refinement data of Gd2Zr..xNixO7.5 (0.2, 0.5, 0.75)

Gd2Zr,07 Gd2Zr18Nig1307.5  Gd2Zr15Nios07.5 Gd2Zr1.25Nig.7507-5

X2* 3.09 2.32 2.08 1.733
WRp (%)** 491 3.77 6.40 8.72
Rp (%) ** 3.67 2.99 5.18 7.02
Space group Fm3m Fm3m Fd3m Fd3m
al°’A 5.3008 5.2678 5.2934 5.3067
Occupancy Zr=0.5000 Zr =0.4500 0.3750 0.3127
Ni = 0.0322 0.1250 0.1875
Impurity  phase NiO = 0.68 2.42 2.38
(Wt%)
Crystallite  Sizeb54.1 33.1 31 28
(nm)
Surface 11.1 12.2 10 14
area(m2/qg)
* y% = — M \where M is the minimized function during refinement, Nobs is the number

Nobs—Nvar

of observed intensities and Nvar is the number of refined variables. **Rp and wRp are the

residual parameters defined as R, =E'IZ°I_ICI and wR, == %, where Mp is the

o
minimization powder diffraction function, 10 and IC are observed and calculated intensities.
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Figure 2.14: Rietveld Refinement profile a) GZNO, b) GZN5, and c) GZN75

Table 2.2: Atomic parameters of Gd2Zr,xNixO7- (0.2, 0.5, 0.75)

Catalyst Name X Y z
Gd2Zr,07-5
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
0] 0.25 0.25 0.25
Gd2Zr18Nio.1307-5
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
0] 0.25 0.25 0.25
Ni 0.0 0.0 0.0
Gd2Zr15Nios07-5
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
@] 0.25 0.25 0.25
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Ni 0.0 0.0 0.0
Gd2Zr1.25Ni0.7507-5

Gd 0.0 0.0 0.0

Zr 0.0 0.0 0.0

0] 0.25 0.25 0.25

Ni 0.0 0.0 0.0

Figure 2.13 illustrates the XRD pattern of Ni-substituted GZO catalysts nhamed GZN2,
GZN5, and GZN75. All three catalysts crystalized in defect fluorite structure with Fm3m
space group. Apart from Gd.>Zr.O7 phase peaks, a peak corresponding to NiO was observed
at 43.2 ° 20 position. It can be clearly observed that the intensity of NiO is slightly higher in
GZNS5 and GZNT75 catalysts than in GZN2 catalyst. To confirm the structure and quantify
the NiO phase Rietveld analysis of all three catalysts was carried out by GSAS software with
a standard Gd»>Zr.O7 model having ICSD collection code 068265[19]. The percentage of
surface NiO is higher in GZN75 and GZNS5 catalysts than in GZN2 catalyst. Refined profiles
and parameters are given in figure 2.14 (a-c) and Table 2.1 respectively. Atomic parameters
are given in Table 2.2 With an increased amount of Ni in the parent GZO catalyst, an increase
in the surface area was also observed. Moreover, crystallite size for GZN75 catalysts is lower
than the other two catalysts which may be responsible for the high surface area of the
catalyst.

2.9.2 Raman Analysis of Gd2Zr2xNixO7-5 (0.2, 0.5, 0.75):

Raman analysis of Ni-substituted catalysts has been performed for understanding the
structural modifications in substituted catalysts. Figure 2.15 showed the vibrational modes
at around 321, 480, 600, and 980 cm-1 confirming the defect fluorite structure[55]. It has
been reported that high-temperature treatment initiates the transformation of defect fluorite
structure to pyrochlore structure and vice versa but in all Ni substituted catalysts the
broadness of peaks sintered at 800 °C temperature confirmed the defect fluorite structure

which is corroborated by XRD and Rietveld analysis.
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Figure 2.15: Raman analysis of GZN2, GZN5 and GZN75 catalysts

2.9.3 X-Ray photoelectron spectroscopy Analysis of Gd2Zr2xNixO7-5 (0.2, 0.5, 0.75):

To understand the surface environment and oxidation states of metals of all substituted
catalysts XPS analysis was employed. In all substituted catalysts oxidation state of Zr is +4
shown in figure 2.16[56] O 1s spectrum of all three catalysts illustrates the presence of three
peaks at around 525 eV, 529 eV, and 534 eV corresponding to lattice oxygen, and oxygen
of chemisorbed water respectively. Apart from that the peak rendered to the surface hydroxyl
species related to defects in the lattice start appearing at 532.2 eV in GZN5 and GZN75
catalysts which are not observed in GZN2 catalyst. The increased amount of Ni in the B site
of the parent catalyst initiated the formation of defects in the lattice and the generation of

active oxygen and hydroxyl species over the catalyst’s surface[57].

Ph.D. Thesis AcSIR 70




Chapter 2: Pyrochlore and Defect Fluorite catalysts in DRM

GZN2 O1s GZN5 O1s

Intensity (a.u)
Intensity (a.u)

520 522 524 526 528 530 532 534 522 524 526 528 530 532 534 536

Binding energy(eV) Binding energy(eV)
GZN75 O1s
S
&
o
‘B
-
b
£

520 522 524 526 528 530 532 534 536
Binding Energy (eV)

Figure 2.16: XPS profiles of O1s spectrum of GZN2, GZN5 and GZN75 catalysts

2.9.4 CO2- TPD analysis of Gd2Zr2-xNixO7-5 (0.2, 0.5, 0.75):

To activate the CO adsorption and desorption as CO, the surface basicity plays a crucial
role in Dry reforming reaction. Catalysts with high basic sites on the support enhance the
CO:- activation and provide oxygen spillover which initiates the coke gasification over the
surface of the catalyst. To illustrate the basic sites of all Ni substituted catalysts CO> - TPD
has been performed. It can be observed in figure 2.17 that in GZN2 catalyst only weak basic
sites are present while in GZN5 and GZN75 catalysts along with weak basic sites, medium
and strong basic sites are also observed. So higher amount of Ni in the systems alters the
basicity of the catalyst which can provide high CO- activation on the metal support sites with

enhanced catalytic activity[58].
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Figure 2.17: CO2-TPD analysis of GZN2, GZN5 and GZN75 catalysts

2.10 Catalytic activity of Gd2Zr2xNixO7-5 (0.2, 0.5, 0.75):

After characterizing all Ni substituted catalysts with different analytical techniques, they all
checked for Dry reforming of methane at 800 °C. It is illustrated in figure 2.18 that initial
hours of DRM stream, the conversions were low may be due to the dominance of side
reactions. However, after 6-7 h the conversions of CH4 and CO: started increasing and have
been checked for 100 h time on stream. The GZN75 catalyst showed superior activity
towards Dry reforming of methane with 82 % of CH4 and 91% of CO» with a 0.95 H»/CO
ratio. In other two catalysts, the conversions and Ho/CO ratio are lower. A higher amount of
Ni over the surface and the presence of Ni in the lattice increased the strong metal support
interaction resulting in superior activity. Although, high Ni content provide enhanced
methane activation and decomposition initiating carbon formation. To investigate the
structure stability and carbon formation on catalyst after DRM run, all catalysts were

analyzed by XRD and TGA analysis.
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Figure 2.18: Activity analysis of GZN2, GZN5 and GZN75 catalysts in DRM conditions:
CHa: CO2: N2 = 80:80:80 mL/min, 28,800 h"t GHSV at 800 °C for 100 h time on stream.
Conversions and Ho/CO ratios are plotted against time on stream.

2.11 Spent Catalysts Characterization:
Spent catalysts screened for 100 h of Dry reforming reaction were examined by various

techniques.

2.11.1 XRD analysis of spent catalysts:

XRD pattern of spent catalysts was displayed in figure 2.19. The data confirm the retention
of parent catalyst after 100 h of reaction and the sharpness of all peaks also increased due to
high crystallinity of catalysts. The NiO peak of GZN75 catalysts also got sharp due to the
higher amount of Ni in and over the catalyst surface. The presence of carbon over the surface
of the catalyst was confirmed by a peak at 26.4° at 20 position corresponding to graphitic

carbon[36]. The peak is more intense in GZN75 catalyst than the other two catalysts. This
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may be due to a higher amount of surface NiO confirmed by H>-TPR analysis prone to
carbon formation by methane decomposition (3) and boudouard reactions (2). Quantitative

analysis of formed carbon was done by TGA analysis.

& - carbonacious specied
a- GZN2
b - GZN5

c - GZN75
e -NiO

Intensity (a.u.)

Figure 2.19: XRD pattern of spent GZN2, GZN5 and GZN75 catalysts

2.11.2 Thermogravimetric analysis of spent catalysts:

To estimate the quantity of formed carbon over the catalyst surface TGA analysis has been
performed in air atmosphere. The results of TGA analysis shown in figure 2.20 depict the
formed moles of carbon per gram of catalyst calculated by weight loss with a temperature
range of 30-1000 °C in an air atmosphere. The moles of carbon in GZN75 catalyst are higher
than GZN2 and GZNS5 catalysts confirming the more carbon formation over the catalyst

surface.
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Figure 2.20: TGA Analysis of spent GZN2, GZN5 and GZN75 catalysts

2.12 Conclusions:

Part 2 demonstrates the effect of active metal Ni concentration in GZO catalyst in DRM
activity. The commercial citrate gel method was employed to synthesize three catalysts with
increased quantity of Ni that are GZN2, GZN5, and GZN75 and the structure was confirmed
by XRD and Raman analysis. The retention of catalysts in defect fluorite structure and
quantitative analysis of NiO was confirmed by Rietveld analysis. More amount of Ni helped
in the creation of defects in the system resulting formation of surface hydroxyl species and
enhanced basicity of the GZN75 catalyst was confirmed by XPS and CO, — TPD analysis
respectively. Apart from that Higher Ni amount in GZN75 catalyst enhanced the conversions
of CH4 and CO- in DRM conditions for 100h. This study unveils the positive effect of Ni
concentration in DRM activity but also influenced the coke formation over the catalyst
surface. However, increased basic sites enhance the CO> activation but methane activation
is also amplified with high Ni concentration. So, the balance between CO> activation with
coke gasification and methane activation should be maintained during DRM, increased Ni
initiates the defect formation resulting formation of active hydroxyl species on the catalysts

surface improving the CO; activation and carbon gasification. Nevertheless, high Ni initiates
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methane activation and decomposition resulting in more coke accumulation on the catalyst
surface. Hence, this study unveils the importance of active metal concentration in

maintaining equilibrium between on catalytic activity and coke gasification.
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Part 3
Study of the influential effect of Ce
substitution in Gd2Zr18Nio207.5 catalyst
for Dry reforming of methane
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2.13 Introduction:

Due to its affordability and availability, Ni-based catalysts have traditionally received
significant attention in DRM [59]. However, at high reaction temperatures, Ni nanoparticles
have a tendency to sinter, causing C to develop on the catalyst surface and a consequent loss
of activity [60][61]. Strong metal support interactions that prevent the active metal from
sintering at high reaction temperatures can play a significant role in minimizing coke
production in this instance. Furthermore, the support's high surface area, oxygen spillover,
oxygen storage capacity, and CO; activation produce surface active oxygen species, which
help to gasify the carbon that forms on the catalyst surface during DRM [62][63][64][65].
To incorporate these features, different supports like CeO2, ZrOz, MgO, Al20s, TiO2, and
La>Oswith supported Ni and bimetallic systems have been studied [66][67][68][69][70][71].
Catalyst stability and long-term activity in DRM also have been achieved by using various
structurally ordered catalysts like perovskites, layered metal oxides, spinels, and pyrochlores
[72][73][36][74][75][46][76][77]. However, a catalyst that activates the reforming cycles on
metal surface as well as proficient in oxidizing the coke formed in reforming conditions is
still a challenge. Here, the structured and supported mixed metal oxide catalysts with Ce
have demonstrated promising abilities in carbon gasification in various reforming reactions
with increased activity because of their oxygen storage capability and redox behavior
[78][79][80]. We have reported that the Ni substituted Gd.Ti,O catalyst has outstanding
activity and stability correlated to Gd»Zr,O7[36]. Because of their great thermal stability and
acid-base activity, Zr-based structured oxide catalysts are promising candidates for
reforming processes They are, nevertheless, susceptible to C deposition under dry reforming
conditions [36]. Hence, the substitution of Ce in B site can be envisaged to mitigate the coke

deposition owing to its redox property by generating oxygen species which can gasify the
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carbon and provide prolonged activity. In this work, our strategy is to synthesize structured
ternary oxide Gd»Zr,O7.s catalyst with Ni and Ce substituted in B site giving the series
Gd2Zr18-xNig2CexO7-5 (x = 0.1, 0.2,0.50.75) and to examine the influence of Ce in DRM

reaction.
2.14 Experimental Section:

2.14.1 Synthesis of Gdz2Zr1.8-xNio2CexO7-5 (x = 0.1, 0.2,0.50.75):

The traditional Pechini method was used to synthesize all structural catalysts GdaZrys-
xNio2Cex0O7-5 (x = 0.1, 0.2,0.50.75) named as GZN2C1, GZN2C2, GZN2C5, and GZN2C75.
Stoichiometric amounts of metal nitrate precursors were dissolved in distilled water
separately, combined, and then added to citric acid solution in a 3:1 (citric acid: nitrate
precursors) ratio under steady stirring at 80 °C. In a molar ratio of 1:1 (EG:CA), ethylene
glycol was added to the solution as a polymerizing agent. To improve polyesterification and
water elimination, the gel was dried overnight at 180 °C. The fluffy material was crushed
and calcined in air for 6 hours at 800 °C to produce the ternary metal oxides. Gd>Oz was
dissolved in conc. HNOgz before being mixed with citric acid. The added weight % of Ni and
Ce is tabulated in Table 2.3.

Table 2.3: Catalysts composition of GdzZr1.8.xNio2CexO7-5 (x = 0.1, 0.2,0.50.75) catalysts

Catalyst Name Ni wt% added Ce wt% added
Gd2Zr18Nio207(GZN2) 1.94 -
Gd2Zr17Nio2Ceo.107(GZN2C1) 1.94 2.27
Gd2Zr1.6Nio2Ceo207(GZN2C2) 1.94 4.56
Gd2Zr1.3Nio.2Ceos07(GZN2C5) 1.94 11.25
Gd2Zr1.05Nio.2Ceo.7507(GZN2C75) 1.94 16.44
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2.15 Result and discussion:

2.15.1 X-Ray Diffraction Analysis and textural properties of Gd2Zr1.8xNio.2CexO7-5 (X
=0.1, 0.2,0.50.75):

The reported parent compound has Ni inserted in the lattice of Gd.Zr.Oy catalyst at Zr site.
Our objective was to substitute Ce in Gd2Zr.0Oy catalyst along with same concentration of Ni
in Zr site and examine the synergistic effect of Ce and Ni providing stable structure and

improved activity towards DRM [36].

- GZN2C1

- GZN2C2

- GZN2C5
- GZN2C75
-NiO

e O O T O

Intensity (a.u.)

10 20 30 40 50 60 70 80
20(°)

Figure 2.21. XRD patterns of GZN2C1 (a), GZN2C2 (b), GZN2C5 (c), and GZN2C75 (d),
with the peak corresponding to NiO denoted by the sign (#).

PXRD analysis is used to investigate the structural properties of Ce substituted Gd2Zr1.8-
xNi0.2Cex0O7-6, GZN2C1, GZN2C2, GZN2C5, and GZN2C75 catalysts (Figure 1). All
catalysts crystallized in defect fluorite structure with Fm3m space group, as shown by the
pattern (PDF 01-080-0471)[36][81][82]. This is further supported by the absence of two
peaks at 20 = 14° (1 1 1) and 37° (3 3 1) positions corresponding to pyrochlore structure[83].
Additionally, along with confirmation of Gd>Zr.0O7.; phase, a small peak attributing to NiO
is observed at 43.2° 20 position[84]. It is evident that when Ce is substituted in the parent
catalyst, no peaks conforming the CeO, phase are visible, indicating that Ce has been

incorporated into the catalyst's lattice [85][86]. The Rietveld method and GSAS-EXPGUI
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parameter for Gd>Zr,O7.s was refined to 5.3008 by using defect fluorite Gd>Zr,07.5 (ICSD
collection code - 068265) as the model [87]. For Ni and Ce substituted catalysts, estimated
stoichiometry of Ni and Ce was substituted in Zr site and cell parameters were refined. Table
2.4 summarizes the resultant revised cell parameters and textural features. Quantitative
investigation verifies the existence of NiO phase on all catalyst surfaces. Table 2.5 estimates
and tabulates the weight percent of Ni substituted inside the lattice as well as NiO present
on the surface of catalyst. For each catalyst, the refined fitted patterns are shown in figure
2.22 (A-D), and the resultant parameters are tabulated in Table 2.6. It is observed that as the
Ce concentration increases, Ni concertation outside the lattice also increases except in
GZN2C2 catalyst. Among all Ce substituted catalysts, GZN2C2 has more amount of Ni
inside the lattice. Moreover, the Ce substitution in the lattice was further confirmed by
observing the change in cell parameters and cell volume of Ce substituted catalysts. Due to
the greater ionic radius of Ce4+, cell size and volume similarly increase with increasing Ce
concentration as expected (Figure 2.23).

Table 2.4: Rietveld refinement data of GZN2C1, GZN2C2, GZN2C5 and GZN2C75

catalysts.
Formulae GZN2C1 GZN2C2 GZN2C5 GZN2C75
Space group Fm-3m Fm-3m Fm-3m Fm-3m
alA 5.2831(1) 5.3013(1) 5.3256(1) 5.3537(1)
Rp (%) 3.44 3.92 3.47 3.90
WRp (%) 4.29 4.92 4.37 4.84
Chi? 1.10 1.62 1.08 1.28
Surface Area (m?/g) 14.02 15.50 17.58 17.00
Crystallite Size (nm) 22.61 23.16 26.84 39.61
Cell volume 147.4 148.9 151.0 153.4
NiO impurity phase, 1.40 1.23 1.70 2.44
(Wt%)

* y?= Nb% where M is the function that was minimised during refinement, Nobs is
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the number of observed intensities, and Nvar is the number of refined variables. **Rp and

WRp are residual parameters defined as R, = Zlo-Iel and WR, == Exliz, where Mp is the
o

powder diffraction function minimization function and IO and IC are observed and

computed intensities.
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Figure 2.22: Rietveld Refinement profile of GZN2, GZN2C1, GZN2C2, GZN2C5 and

GZN2C75 (A-E)

Table 2.5: Quantitative analysis of Ni wt.% obtained from NiO impurity phase by Rietveld

refinement analysis.
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Catalyst Name Ni wt%o Ni wt.% (outside Ni wt.% Ce wt%
added the lattice) (inside the added
lattice)
GZN2C1 1.94 1.10 0.84 2.27
GZN2C2 1.94 0.96 0.98 4.56
GZN2C5 1.94 1.33 0.61 11.25
GZN2C75 1.94 1.91 0.03 16.44
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Figure 2.23: Plot of catalysts against cell parameter.

GZN2C2
Catalysts

GZN2C5 GZN2C75

Table 2.6: Atomic parameters of refined Gd2Zris.xNio2CexO75 (X =0.1, 0.2,0.50.75)

catalysts.
Catalyst Name X Y z

GZN2
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
O 0.25 0.25 0.25

GZN2C1
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
@) 0.25 0.25 0.25
Ni 0.0 0.0 0.0
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Ce 0.0 0.0 0.0
GZN2C2
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
@) 0.25 0.25 0.25
Ni 0.0 0.0 0.0
Ce 0.0 0.0 0.0
GZN2C5
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
) 0.25 0.25 0.25
Ni 0.0 0.0 0.0
Ce 0.0 0.0 0.0
GZN2C75
Gd 0.0 0.0 0.0
Zr 0.0 0.0 0.0
@) 0.25 0.25 0.25
Ni 0.0 0.0 0.0
Ce 0.0 0.0 0.0

2.15.3 SEM Analysis of Gd2Zr1.sxNio.2CexO7-5 (x = 0.1, 0.2,0.50.75):

SEM-EDAX analysis was additionally employed to examine the surface morphology and
composition (Figure 2.24 (A-D)). Layers of flakes are seen to be agglomerated in SEM
profiles, and the surface composition detected by EDAX agrees with the estimated
stoichiometry of the catalysts tabulated in table 2.7. EDAX profile were showed in Figure

2.25.
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Figure 2.24: SEM images of A) GZN2C1 B) GZN2C2 C) GZN2C5 and D) GZN2C75
catalysts.
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Figure 2.25: EDAX profile of A) GZN2C1 B) GZN2C2 C) GZN2C5 and D) GZN2C75
catalysts.
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Table 2.7: EDAX data of A) GZN2C1 B) GZN2C2 C) GZN2C5 and D) GZN2C75 catalysts.

Catalyst Element Observed calculated
GZN2C1 Gd 44.47 52.07
Zr 25.90 25.69
Ni 1.87 1.94
Ce 2.93 2.28
@) 24.83 17.88
GZN2C2 Gd 46.39 51.61
Zr 24.13 23.95
Ni 1.81 1.94
Ce 3.87 4.56
@) 23.80 17.74
GZN2C5 Gd 56.91 50.30
Zr 14.1 18.98
Ni 1.89 1.94
Ce 11.0 11.25
@) 14.79 17.35
GZN2C75 Gd 51.92 49.98
Zr 12.40 15.04
Ni 1.79 1.94
Ce 15.81 16.44
@) 18.08 17.09

2.15.4 Raman Analysis of Gd2Zr1.8xNio.2CexO7-5 (x = 0.1,0.2,0.5,0.75):

To understand the structural changes in molecular level by substitution of Ce in parent
catalyst, Raman analysis of all the catalysts was performed. It is known that Gd>Zr,07
catalyst with defect fluorite structure has very broad Raman modes at ~331- 400 cm™ along
with the absence of 6 active Raman modes (Aig + Eq + 3F2g and Fzg) corresponding to
pyrochlore phase[55]. Figure 2.26 shows that the Raman modes in Ce substituted catalysts
are very similar to those of the parent catalyst[36]. Apart from modes at around 331-400 cm’
! broad Raman active bands at 560- 630 cm™ are also observed. The broadening of the bands
confirmed the defect fluorite structure for all catalysts[88], corroborated by the XRD

analysis. Raman analysis confirms the structure stability of parent Gd2Zr.O7.s catalyst after
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Ni and Ce substitution; doping of Ce can be further supported by absence of Raman mode

corresponding to F2qg mode of CeO; phase at 464 cm™[89][90].

a-GIN2C1
b - GZN2C2
c- GZN2C5
d - GZN2C75
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Figure 2.26: Raman spectra of a) GZN2 b) GZN2C1 c¢) GZN2C2 d) GZN2C5 and e)
GZN2C75

2.15.4 Ha-Temperature programmed Analysis of Gd2ZrisxNio2CexO75 (X =
0.1,0.2,0.5,0.75):

The TPR approach was employed to investigate the reducibility of Ce substituted catalysts.
Ce substitution seems to enhance the reducibility of the catalysts in comparison to the parent
compound; The shift of peaks towards lower temperatures reflects the influence of Ce
substitution in the Zr site, as it supports the reduction of Ni species in catalysts. The reduction
peaks in Ce substituted catalysts in the 420-520 °C range are due to NiO reduction, strongly

contacted with the support. The reduction peak at 640 °C is because of lag in the reduction

of Ce*™ to Ce™[91][92].
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Figure 2.27: TPR analysis of a) GZN2 b) GZN2C1 c) GZN2C2 d) GZN2C5 and e)
GZN2C75

2.15.5 X-Ray photoelectron spectroscopy Analysis of Gd2Zri1sxNio2CexO7-s (X =
0.1,0.2,0.5,0.75):

In order to gain deep insights to the surface environment of Ce substituted catalysts, XPS
analysis of all calcined samples was carried out. All of the catalyst’s Zr 3d XP spectra show
that Zr is present in the +4 oxidation state[36][57][93](Figure 2.28). The Ce3d spectra of all
substituted catalysts are shown in figure 2.29(A), and it can be seen that Ce is present in Ce*3
and Ce** mixed valences[94][95]. It has been proposed that the presence of Ce*® species aids
in the creation of oxygen vacancies and other active O species in and on the surface of the
catalyst which initiates the CO> activation and enhances gasification of accumulated carbon
formed during DRM cycles on metal surface and metal support interphase [96][97]. Table
2.8 shows the percentage of Ce*® and Ce™ species derived by relative area. The GZN2C2
catalyst contains the highest concentration of Ce*® species of all the catalysts, most likely
due to the higher quantity of Ni in the lattice.

The O 1s (Figure 2.29(B)) spectra of all catalysts, including the parent catalyst, displayed a
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peak at BE at 529-530 eV, corresponding to lattice oxygen species, and a peak at 533-534

eV, corresponding to adsorbed oxygen species. Aside from this, the weakly bound surface

hydroxyl species are represented by a peak at roughly 531.5-532 eV. The peak corresponding

to hydroxyl species is lacking in the parent catalyst GZN2[36], indicating that Ce doping in

the parent catalyst's B site induces lattice disorder, resulting in the generation of surface

hydroxyl species. Table 2.8 displays the calculated ratio of these species in all of the

catalysts. The GZN2C2 catalyst has the largest concentration of hydroxyl species (38.89%),

while the GZN2C75 has the lowest (25.8%).
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Figure 2.28: Deconvoluted XPS profile of Zr 3d XPS of a) GZN2C1 b) GZN2C2 c)

GZN2C5 and d) GZN2C75.
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Figure 2.29: (A) XPS Ce 3d, (B) O 1s, (C) Ni 2p spectrum of a) GZN2 b) GZN2C1 c)
GZN2C2 d) GZN2C5 and e) GZN2C75.
Table 2.8: % Ratio of Ce*, OH" species of GZN2C1, GZN2C2, GZN2C5 and GZN2C75

catalysts.
Catalysts Ce*3 Ce* Ce*3/(Ce*3+Ce*?) OH- %
Name BE (eV) BE (eV) % Species OH-
BE (eV) @ species

GZN2C1 881.9, 888.9,901,907,917 49.2 531.5 30.2
903.2

GZN2C2 884.7, 888.8,901.2,907.1, 56.53 531.6 38.89
903.0 917

GZN2C5 884.7, 888.6, 901, 917 51.73 531.8 34.82
903.0

GZN2C75 884.6, 882.8,898.1,901.0, 48.20 531.8 25.8
903.0 917
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eV correspond to Ni*? species, satellite peak and metallic Ni respectively[96][98]. The
binding energy corresponding to metallic Ni is observed in all Ce substituted catalysts
although GZN2C1 has lowest concentration for the same. This indicates the presence of
well-distributed NiO species on the catalyst's surface, resulting in early reduction of surface
NiO into Ni° and the provision of metallic Ni active sites for the reforming reaction
cycle[36][99].

2.15.6 FTIR Analysis of Gd2Zr1.8xNio2CexO7-5 (x = 0.1,0.2,0.5,0.75):

Furthermore, we used DRIFTS analysis to better understand the role of Ce substitution in
the generation of surface species in response to CO exposure. Before the experiment, the
sample surface was cleaned by heating it within the DRIFTS cell in N2 at 400 °C. Following
that, the sample was reduced in H2 (20 mL/min) for 2 hours before being purged with N> at
400 °C for 30 minutes to sweep off the surplus gas. The material was then passed through a
combination of N2 (20 mL/min) and CO (5 mL/min), and spectra were recorded in
absorbance mode at 400 °C. Surface hydroxyl and formate species production was detected
in all Ce substituted catalysts, as evidenced by peaks in the 3500-3800 cm™ and
approximately 1365 cm™, 1590 cm™ ranges (Figure 2.30)[100]. Aside from that, the
production of several forms of carbonates was seen in the 1200 - 1900 cm™ range. When
CO2 was exposed to the Ce substituted catalysts surface, three types of carbonate species
developed (shown in figure 2.31). (i) peaks at 1370 cm™,1515-1520 cm™ correspond to
monodentate species, formed by adsorption of CO, on basic sites, (ii) peaks at 1570 cm™
and 1635 cm™ can be assigned to bicarbonate species formed by CO. adsorption on acid
base pair sites like Z** O% centres and on OH groups and (iii) peaks at 1442 and 1415 cm™
are attributed to polydentate carbonate species which are formed by the CO, adsorption on
Zr+4 acidic site[40][101][102]In the FTIR spectra of GZN2C2, monodentate and bidentate

carbonate species are more prominent, indicating higher concentration of basic sites over the
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surface. Such an activation of CO, on the surface of GZN2C2 catalyst can be further
corroborated by the presence of desorbed gaseous CO at 2143 cm, [103]which is not
observed in GZN2C1 catalyst. In GZN2C5 and GZN2C75 catalysts, this feature appears on
initial exposure of CO> but disappears with time. This confirms the CO> adsorption on acidic
Zr+4 sites resulting in less desorption of CO2 as CO. This has been further corroborated by
the absence of peak at 2143 cm™ corresponding to the desorbed CO in GZN2 catalyst[36].
Based on these findings, it is obvious that the existence of substantial mono and bidentate
carbonate species, as well as surface hydroxyl species, plays a critical role in the ongoing

activation of CO2 and continuous generation of CO in GZN2C2 catalysts over other catalysts

[40][104].
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Figure 2.30: in situ FTIR spectra of GZN2C1, GZN2C2, GZN2C5 and GZN2C75 with the
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Figure 2.31: FTIR spectra of (A) GZN2C1 B) GZN2C2 C) GZN2C5 D) and GZN2C75.
2.16 Catalytic activity of Gd2Zr1.sxNio2CexO7-5 (x = 0.1,0.2,0.5,0.75):

To check the effect of Ce on conventional DRM activity, all the catalysts were screened for
the DRM conditions i.e., CHa: CO2: No= 1:1:1 as 80:80:80 ml/min with 28,800 h* GHSV at
800°C in atmospheric pressure (Figure 2.32). Conversion and H2/CO ratio were initially
lower for all catalysts due to the ascendency of side reactions, and improvement in
conversion was detected only after 30 hours. Among all the catalysts, GZN2C2 catalyst
shows superior activity with 85 % CH4 and 93.5 % CO: conversion with H»/CO ratio 0.83

after 100 h, whereas lowest activity was observed for GZN2C1. The decreased H./CO ratio
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could be attributed to the prevalence of side reactions such as the reverse water gas shift
reaction (5) and the reverse Boudouard reaction (6). The positive effect of Ce substitution in
DRM activity is further confirmed by comparing the activity of GZN2 catalyst with all Ce

substituted catalysts as its activity is lowest among all catalysts [36].

2C0O > C(s) + CO» (AH®298 K = +171 kJ/ mol) (6)
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Figure 2.32: Activity analysis of GZN2, GZN2C1, GZN2C2, GZN2C5 and GZN2C75
catalysts in DRM conditions: CH4: CO2: N = 80:80:80 mL/min, 28,800 h* GHSV at 800
°C for 100 h time on stream. Conversions and H2/CO ratios are plotted against time on
stream.

2.17 Spent catalysts Characterization:

2.17.1 XRD analysis of spent catalysts:

XRD was used to examine the structure stability and changes of Ce substituted catalysts
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during DRM processes. The XRD plot of spent catalysts in figure 2.33 demonstrated that the
original structure was retained. GZN2C1, GZN2C5, and GZN2C75 catalyst patterns show a
peak at 26.4° 20 position that is assigned to graphitic carbon[105]. In the pattern of GZN2C2
catalyst, however, just a minor peak is detected. TGA, HRTEM, and Raman analyses were
used to further quantify and investigate the structural properties of produced carbon species

in spent catalysts.
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Figure 2.33: XRD patterns of used catalysts a) GZN2C1, b) GZN2C2, ¢c) GZN2C5, and d)
GZN2C75, screened in the DRM reaction.
2.17.2 Thermogravimetric analysis of spent catalysts:

TGA analysis in an air atmosphere was used to calculate the amount of carbon produced
during the reforming reaction. Figure 2.34 depicts the amount of coke generated during 100
hours of DRM process. The findings show that the GZN2C2 catalyst produces very little
coke, but the coke generation trend in other catalysts is GZN2C1> GZN2C75> GZN2C5. In
comparison, a significant quantity of coke buildup was detected in the parent GZN2 catalyst
in the absence of Ce substitution[36]. Here the effect of Ce substitution has major impact on
coke gasification by generation of surface hydroxyl species. Moreover, consistent and stable
higher activity and carbon gasification was observed in GZN2C2 catalysts by continuous

CO:, activation with less carbon formation.
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Figure 2.34: TGA analysis of spent catalysts GZN2C1, GZN2C2, GZN2C5 and GZN2C75.
2.17.3 HRTEM analysis of spent catalysts:

The morphology and nature of formed carbon after the reforming reaction was analysed by
HRTEM as shown in figure 2.35. After 100 hours of reaction, GZN2C1 catalysts have
filamentous graphitic carbon species and multiwalled carbon nanotubes, indicating coke
accumulation and deactivation for methane dry reforming (Figure 2.35(A)) [36]. The
GZN2C2 catalyst shown in figure 9 (B) has amorphous carbon species which is not
responsible for any deactivation as it is simultaneously oxidized by surface adsorbed species,
offering higher activity and stability in DRM. Figure 2.35 (C), (D), and (E) show HRTEM
micrographs of spent GZN2C5, GZN2C75, and parent GZN2. The GZN2C5 and GZN2C75
catalysts have filamentous carbon and amorphous carbon species. In contrast, GZN2 catalyst
has the multiwalled nanotubes with Ni particles embedded in CNTs making it unavailable

for further DRM reaction resulting in lower activity and deactivation.
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Figure 2.35: TEM micrographs of spent catalysts (A) GZN2C1, (B) GZN2C2, (C) GZN2C5,
(D) GZN2C75, and (E) GZN2.
2.17.4 Raman analysis of spent catalysts:

Raman spectroscopy is a useful tool for determining the types of carbon generated during
reforming events. Carbon production occurs mostly in reforming reactions as a result of
methane degradation (4) on the metal surface and the Boudouard reaction in low temperature
regimes (3)[106]. Carbon can form as carbon nanotubes, synthetic diamond carbon, and
carbon films on the catalyst's surface[107]. Figure 2.36 displays the Raman spectra of the
spent catalysts. The spectra depict two peaks at around 1350 cm™ and 1590 cm™ which
attributed to D- band and G- band in GZN2CL1 catalyst. The D band ascribed to defect
originated band in carbonaceous material while G band arises because of E2g mode
attributed to stretching vibrations of sp2 carbon in graphitic carbon species[108][109][110].
The Raman spectra of the parent GZN2 spent catalyst displays D and G bands, confirming

the existence of graphitic carbon[36].
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Figure 2.36: Raman spectra of spent catalysts GZN2C1, GZN2C2, GZN2C5, and GZN2C75.
2.18 Conclusions:

Ce substituted Gd2Zr1s-xNio.2CexO7.5 (x = 0.1,0.2,0.5,0.75) catalysts were synthesized and
tested in methane dry reforming. The identification of the structure, inclusion of Ce in the
Zr site, and concentration of Ni substituted in the lattice and present on the surface as NiO
particles were examined and validated by XRD and Rietveld refinement analysis. The
Raman analysis further confirmed the structural stability after Ce substitution in parent
catalyst. TPR analysis confirms the enhanced reducibility of active metal (Ni) of catalyst by
Ce substitution in Zr site, Describes the existence of dispersed NiO on the surface as well as
the bulk residence of active metal species (Ni) and Ce in the catalyst. The XPS analysis
showed the highest amount of reduced Ce*3 over the surface of GZN2C2 catalyst which
helped in formation of surface hydroxyl species more than other catalysts. Also, GZN2C2
catalyst has prominent monodentate and bidentate carbonates and bicarbonates species, as
observed in DRIFTS studies, which provide continuous enhanced CO; activation resulting
in high conversions in DRM. The spent catalyst characterization illustrates the formation of
graphitic carbon in parent and all Ce substituted catalysts except GZN2C2 catalyst with

structure retention. Quantification of carbon species in catalysts by TGA analysis suggest
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in case of GZN2C2 creates more defects resulting in excess of Ce*® which initiates the
formation of increased amount of surface hydroxyl species and possible O vacancies. This
facilitates the coke gasification with higher and durable activity of GZN2C2 catalyst for 100
h of DRM reaction. The influence of moderate Ce concentration and a higher amount of
active metal species Ni inside the lattice in the case of GZN2C2 on the blockage of active
sites of catalysts by continuous coke oxidation is established in this work. This appears to
provide a balance between the chemical cycle and concomitant gasification of carbon across

the surface of the catalyst by hydroxyl species, resulting in enhanced DRM activity.
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3.1 Introduction:

The perovskite material was first discovered as a mineral of CaTiOs by Gustav Ross and
named after mineralogist L.A. Perovski. Perovskite formulates as ABX3z where A and B are
positively charged ions and X, mostly oxide ions with a negative charge. Structure comprised
of A ions generally larger in size than B which are 12-fold cuboctahedron coordinates and
6-fold coordinates surrounded by octahedra of anions respectively[1l]. A cations of
perovskite materials play as support usually incorporated with alkaline metals, alkaline earth
metals and rare earth metals while B is generally transition and Nobel metals utilized as
catalytic sites[2]. Perovskite materials need high calcination temperatures to attain their
structure usually crystallized in a cubic phase; however, different metal substitutions,
doping, and synthesis processes alter the structure in various phases like orthorhombic,
monoclinic, and rhombohedral[3]. To attain neutrality and stable crystallite phase, various
oxidation states of A and B site cations provide variety of possible distributions like A1BvO3,
AiBivO3, AnBinOz, AivBinOz [4]. These structural variations make perovskites attractive
for different industrial applications like sensors, solar cells, fuel cells, electrochemical,
photocatalysis, and in various catalytic reactions. Syngas synthesis by dry reforming
reactions using perovskite-based catalysts has been studied immensely due to their thermal
stability, structural and physiochemical properties[5][6][7][8][9][10][11]. Conventional
supported catalysts are widely used for dry reforming reactions but deactivate within few
hours due to active metal species agglomeration and carbon accumulation during methane
activation at elevated reaction temperature. To overcome these challenges, structured
perovskite-based catalysts are investigated and proved to be good candidates in coke
gasification with higher and stable activity in DRM owing to high temperature stability.
Even though, high thermal stability causes low surface area, exsolution of metal particles
over the catalyst surface provides more active sites for continuous and high activity in dry
reforming reaction[12].
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“A” site substitution plays a crucial role in carbon suppression as it generates defects in the
lattice by doping of different metals with different ratios, triggers the formation of oxygen
vacancies and enhances the ionic conductivity of oxygen ions resulting in gasification of
carbon providing prolonged activity in dry reforming reaction. These defects produce
surface hydroxyl and active oxygen species which improve the dissociative adsorption of
CO3 as CO and oxidation of carbon formed during CH4 activation on the metal surface and
metal support interphase. Moreover, alkaline earth metals like Ca, Sr, Mg and Y as A site
substituent are studied as promoters in dry reforming reactions as they enhance the basic
sites on the catalyst surface, and promotes the adsorption of acidic CO2. While B site
substitution affects the successive methane decomposition and hydrogen generation. Ni-
substituted perovskite materials are majorly screened in dry reforming reactions because of
their ability to cleave C-H bond of methane due to higher electron cloud density, low cost
and abundance[13]. However, metal sintering and carbon formation is high with Ni-based
catalysts at high reaction temperatures resulting in fast deactivation of the catalyst.
Nevertheless, along with Ni, different noble metals like Ru, Rh, Pt and transition metals like
Co, Fe, Cu were also substituted in perovskite structure and proved to be highly stable and
active for DRM with the synergetic effect of bimetals in the structure[14]. Apart from that,
redox properties of transition and rare earth metals hop in different oxidation states, boost
the defect formation and ion mobility in the catalyst which surpass the coke agglomeration
on active metals of the catalyst[15][16]. Currently, MnOx has been immensely utilized in
dry reforming of methane as promoter providing basic sites to the support and enhance CO-
adsorption. Moreover, the addition of Mn in the support stabilizes the Ni in metallic form
and enhance the reducibility of catalyst[17][18]. So, a catalyst with good catalytic activity,
stability and carbon resistant capabilities in DRM is crucial. Hence, in this chapter, Ni
substituted SrMnQO3 perovskite-based catalyst was synthesized and screened in dry

reforming reaction. Additionally, the effect of rare earth substitution in A site of
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SrMno gNio.203 catalyst on DRM activity was also investigated.
3.2 Experimental Section:

3.2.1 Synthesis of Lno.2Sri1-xMno.sNio.2O3 (Ln= Nd, Sm, Eu):

The rare earth substituted Lno 2Sr1-xMnosNio 203 (X= Nd, Sm, Eu) perovskite-type catalysts
was synthesized by the citrate gel method. The metal nitrates Sr (NO3z)2, Ni (NO3)2.6H-0,
and lanthanide nitrates were mixed in distilled water separately and mixed together at room
temperature. This solution was added to the citric acid solution with a 3:1 (citric acid: nitrate
precursor) ratio and stirred at 180 °C till foam-like material was obtained. Afterward, this
material is kept in the oven at 180°C overnight for water removal and polyesterification. The
dried material was crushed in powder form and calcined at 800 °C for 6h in an air
atmosphere.

3.2.2 Catalyst evaluation:

Dry reforming of methane (DRM) was conducted in a packed-bed tubular reactor made up

of quartz and reaction procedure has been followed as mentioned in chapter 2.
3.3 Result and discussion:

3.3.1 Structural analysis of Lno2Sri1-xMnosNio.2Os (Ln= Nd, Sm, Eu):

The XRD pattern of Lno2Sri-xMnogNio 203 (Ln= Nd, Sm, Eu) catalysts as shown in Figure
3.1 confirmed the formation of SrMnOs.s catalyst with hexagonal phase and matched with
standard ICSD code 00-024-1213 having P63/mmc space group [19][20][21]. Along with
SrMnOs.5 identical peaks, some impurity peaks of SrCO3 and Mn3O4 were also observed in
Ni-substituted catalysts[22]. Although, for activity comparison purposes, wt.% of Ni was
kept similar in all catalysts. Lanthanide-substituted catalysts also crystallized in hexagonal
phase with impurity peaks of SrCO3z and Mn3O4 and no peak corresponding to lanthanide
oxides were observed in lanthanide-substituted catalysts. Moreover, peak corresponding to

Mn3O4 was observed after the doping of Ni in the B site of the catalysts confirming the
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metals added were tabulated in Table 3.1. Due to the high calcination temperature, surface
area of SrMnOz.; is very less but substituted catalysts have little high surface area than parent
catalyst.

Table 3.1: Textural property of Lno.2Sr1-xMno.sNio203 (Ln= Nd, Sm, Eu)

Catalyst Name Ni wt% RE wt% Surface
added added area(m?/g)
SrMnOs.5 - 4.5
SrMnogNio.203.5 (SMN2) 5.8 6.1

Ndo.2Sro.8sMnogNio203.5 (NASMN2) 5.8 11.2 10.2
SMo.2Sro.8Mnp.eNio.203-5 (SMSMN2) 5.8 11.0 9.5
EU0.2Sr0.8sMnogNio.203-5 (EUSMNZ2) 5.8 11.5 13

«-StMnO; B

+-SrCO,

o-Mn;0,

Intensity (a.u.)

10 20 30 40 50 60 70 80
26(°)

Figure 3.1: XRD pattern of Lng2Sr1-xMnogNio203 (Lh= Nd, Sm, Eu) catalysts

3.3.2 Temperature programmed reduction of Lno.2Sr1-xMno.sNio2O3 (Lnh= Nd, Sm, Eu):
It was reported that Mn enhances the reducibility of Ni in catalysts by stabilizing it in the
metallic form. Moreover, rare earth metal substitution enhances the reducibility of Ni-based
catalysts because of their electron transfer capacity. To check the reducibility of all

substituted catalysts, H> - TPR analysis has been employed. Figure 3.2 illustrates that
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hydrogen consumption was observed at 200-210 °C in NdSMN2 and SmSMN2 catalysts
which is due to the reduction of surface NiO. In all substituted catalysts, a second reduction
peak was observed at 400-450 °C owing to the reduction of NiO which is present in sub-
layers of support. In Nd and Sm based catalysts high-temperature reduction peaks were
observed because of the reduction of bulk NiO and Ni*? into metallic Ni. Low-temperature
reduction peaks confirmed the presence of nicely dispersed NiO over the catalysts was also
corroborated by XRD data as at 43.2° 260 position peak corresponding to NiO is observed.
Moreover, the high-temperature reduction peaks in Sm substituted SMN2 catalyst disclose
that the doping of rare earth in the catalysts strengthens the metal support interaction leading

to the reduction of bulk Ni*? into metallic Ni [23].

a-SMN2

b - EUSMN2
c - NdSMN2
d - SmSMN2

TCD Signal(a.u.)

a

100 200 300 400 500 600 700 800
Temperature(°C)

Figure 3.2: TPR Analysis of Lno2Sr1-xMnogNio20s (Ln= Nd, Sm, Eu) catalysts
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3.3.3 X- Ray photoelectron spectroscopy of Lno2Sri1-xMnosNio203 (Ln=Nd, Sm, Eu):
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\ + OH species
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Figure 3.3: XPS spectra of Mn2p and O1s of SMN2, EuSMN2, NdSMN2 and SmSMN2
catalysts
XPS spectra of Mn 2p shown in Figure 3.3 illustrate the presence of Mn in a mixed valence

state that is +3 and +4 in all substituted SrMnQOz.; catalysts. In O1s spectrum, all catalysts
have peaks corresponding to lattice oxygen and chemisorbed oxygen at 529.6 eV, and 531.4
eV respectively. However, in SmSMNZ2 catalysts along with these species the extra peak was
observed at 532.6 eV binding energy is attributed to surface hydroxyl species. These species
are formed due to defect originated oxygen vacancies. The Ni 2p spectrum showed the core

level Ni2ps/2 at 855.6 eV and satellite peak at 861.2 eV and Ni2p1. at 873.5 eV and 879.6

Ph.D. Thesis AcSIR 120




Chapter 3: Perovskite catalysts in DRM

eV (satellite) confirming the +2 oxidation state Ni and presences of of nickel oxide and
hydroxide in substituted SrMnOs.s catalysts[24][25][26][27].

3.4 Catalytic activity of Lno2Sri1-xMnogNio.2Os (Ln=Nd, Sm, Eu):
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Figure 3.4: Activity analysis of SMN2, EUSMN2, NdSMN2 and SmSMN2 catalysts in DRM
conditions: CH4: CO2: N2 = 80:80:80 mL/min, 28,800 h"t GHSV at 800 °C for 24 h time on
stream. Conversions and H2/CO ratios are plotted against time on stream

The catalytic activity of substituted SrMnOs3_s catalysts has been checked for 24 h and results
are plotted in figure 3.4. The rare earth metals substitution has shown a positive impact on
the catalytic activity as the conversion of rare earth metal doped catalysts is higher than
parent catalyst. For the parent catalyst SMN2 H>/CO ratio is around 0.6 for 24 h which has

been steadily increasing for rare earth doped catalysts. Among all catalysts, SmMSMN2
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catalysts have shown excellent activity towards DRM with around 70% of CHa and 85% of
COg., and H2/CO ratio was near unity which is 0.75. The low H,/CQO ratio is may be due to
the ascendency of side reactions like reverse water gas shift reaction (4) and reverse
Boudouard reaction (5). After evaluation of all catalysts, SMSMN2 catalyst has been chosen
for durability test in DRM conditions.

3.4.1 Durability test of Lno.2Sr1-xMno.sNio203 (Ln= Nd, Sm, Eu):

Since SMSMN2 showed stable and superior activity in optimum Dry reforming reaction
conditions at 800 °C for 24 h, its activity was monitored for 100 h to check its durability.
The conversion of CH4 and CO: are stable at 70 and 85%. The H,/CO ratio is also observed
at 0.7. The stable activity may be due to continuous carbon gasification over the surface of
the catalyst during the reaction and formed carbon is unable to block the active sites of the
catalyst and keep the conversion stable. Probably, Sm substitution generates the hydroxyl
species and enhanced the metal support interactions in the catalyst and helps in carbon

removal, and kept the catalyst active for the long run.
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Figure 3.5: Durability analysis of SmMSMN2 catalyst for 100h in DRM conditions: CH4: COz:
N2 = 80:80:80 mL/min, 28,800 h"t GHSV at 800 °C.

3.5 Spent catalysts characterization:

3.5.1 XRD analysis of spent catalysts:
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To check the structure modifications after 24 h of DRM run, spent catalysts were analyzed
by XRD and results are shown in figure 3.6. After the reaction, hexagonal structure was
retained in all substituted catalysts. Apart from SrMnOs.s phase, additional peak of SrCO3
was observed and a peak positioned at 26.4 ° 20 corresponding to graphitic carbon was
observed. From the data, it can be seen that peaks attributed to SrCO3 are more intense than
fresh catalysts, and the carbon which formed in the interlayer of support and metal was
moulded in different carbon species observed in XRD data. Apart from that in parent SMN2
catalyst, a shoulder peak is also observed which may be due to the presence of amorphous
carbon species on the catalyst surface[28][29]. The quantification of carbon species was

carried out by TGA analysis.

e -SrMnO,
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Figure 3.6: XRD analysis of spent catalysts screened for DRM.

3.5.2 TGA analysis of spent catalysts:

To calculate the amount of carbon formed after DRM screening, TGA analysis was
employed in air atmosphere from a temperature range of 40-1000 °C and results were shown
in figure 3.7. The plot indicates that the rare earth substitution has a positive impact on
carbon suppression. The coke was formed more in the parent SMNZ2 catalyst. Among all rare

earth substituted catalysts, Sm based catalyst has the lowest amount of carbon species.
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Figure 3.7: TGA analysis of spent catalysts screened for DRM.

3.6 Conclusion:

Perovskite-based SrMnO3 was synthesized by citrate gel method and characterized by XRD,
H>-TPR, BET surface area technique, and XPS analysis. XRD analysis confirmed the
formation of a hexagonal phase with P63/mmc space group.H>-TPR studies confirmed the
better reducibility of SmMSMN2 catalyst compared to other catalysts as the catalyst has high
reduction temperature peak along with lower reduction temperature peaks confirming the
presence of surface NiO and the presence of Ni in sub-layers of support and in bulk as well
with high metal support interaction. XPS data elucidate the presence of mixed valency of
Mn in the +4 and +3 oxidation states. The O 1s spectrum showed the formation of hydroxyl
species in SMSMN2 catalyst providing better and stable activity in DRM for 100 h time on
stream with less carbon formation. Spent catalyst characterization like XRD and TGA
analysis confirm the retention of parent phase and carbon formation. A higher amount of
carbon was seen in SMN2, NdSMNZ2, and EuSMNZ2 catalysts while SmMSMN2 has a lower
quantity of carbon species elucidating the simultaneous carbon gasification and strong metal

support interaction for longer hours of DRM.
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4.1 Introduction:

Layered metal oxides are a category of heterogeneous catalysts with stacks of metal oxide
layers interleaved by cations and anions. This class of metal oxides covers several
interlayered catalytic systems with different metals, structures, properties, and various
arrangements of composite elements. For example, layered perovskites formulated as ABX3,
where A cations are arranged in cuboctahedral cavity of oxygen ions, whereas B is present
in octahedra of 6 oxygen ions, are further sub-categorized in Ruddlesden Popper phase and
Dion Jacobson phase [1][2][3]. Another class of oxygen-deficient layered perovskite is
brownmillerites with different arrangements of constituent metals with formula A2B20s
having alternate layers of oxygen octahedra and tetrahedra, extensively been utilized in
electrochemical applications [4][5]. Additionally, another class of layered metal oxides is
double-layered hydroxides (LDHSs) with metal oxides sheets separated by anions. The LDHs
can be represented by the general formula: [Ma+1:xM3x(OH)2]x+(An-) xin.mH20, where M?*
and M3* are the divalent and trivalent cations, An- is the interlayer anion with n- charge. In
these types of structures when divalent cations are replaced by trivalent cations for different
applications, the charge compensation and structure stability are achieved by insertion of
negatively charged hydrated anions[6].

A new class of layered titanates with the general formula A2TinO2n+1 (n=3 or 8, and A=Na,
K, Li) crystalizes in a monoclinic crystal structure. This class of titanium based layered
oxides has various compounds like NaxTiOs, a-NarTiO3z, B- NaxTiOs, y- NaxTiOs,
NasTisO12, Na2TigO13, and Na TizO7 based on their metal arrangement [7]. Na,TiO3 has Ti
atoms that are bounded to oxygen atoms in trigonal bipyramidal coordination, arranged in ¢
axis while sodium atoms are surrounded by five oxygen atoms and form a 3-dimensional

structure[8]. NasTisO12 crystallizes in trigonal and monoclinic phase with edge-sharing TiOs
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octahedron with two-dimensional sodium ion pathway. Moreover, in monoclinic phase 2D
channels have partially occupied four sodium sites with more space for intercalation wherein
trigonal phase has fully occupied sodium sites [9]. Na>TisO13, another class of titanates have
tunnel like structure crystalize in monoclinic phase. Na ion in this category of layered oxides
bonded to six oxygen atoms in the range of 2.46-2.89 A bond length, while Ti +4 bonded to
six oxygen atoms form edge and corner sharing octahedra in which corner sharing octahedra
titled with different angles arranged in a way to form a tunnel with interstitial space having
Na ions in it. The typical structure of Na>TizO7 consists of distorted octahedra of Ti ion
surrounded by anions distanced around 1.98-1.99 A. Three edge-sharing octahedra form a
ribbon like structure extending towards the b-axis. These ribbons connected through the
adjacent ribbons with oxygen ions of octahedra located in the edges give the step-like layers
which are parallel to the ab axis linked by Na+ cations in the ¢ axis [10]. The layer-like
structure of Na,TizO7 have good ion exchange capacity with a wide range of applications in
different areas like photocatalysis, sensors, and in electrochemistry as energy storage
devices, etc [11][12][13][14][15]. Sodium based layered titanates are widely utilized in
sodium-ion batteries as low-voltage oxide anode material and as a matrix. In this chapter, Ni
substituted Na Ti3O- layered titanates were synthesized and screened in DRM. Moreover,
the effect of transition metal substitution in Na,Ti2.sNio.207 catalysts on DRM activity was

also examined.
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Part 1
Optimization of Ni concentration in Na;Ti3O7
catalyst for Dry Reforming of Methane
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In DRM, at high temperatures, carbon formation is prominent due to side reactions like
methane decomposition and the Boudouard reaction. Several studies are documented with
Ti-based materials in catalytic reforming reactions because of their stability, strong metal
support interactions, and acid-base properties [14][15]. Hence Na>TizO7-based materials can
be envisaged to be good candidates for DRM due to higher stability and coke removal
capacity providing higher conversions and prolonged activity. Moreover, Na as an alkali
promoter, provides basic strength to the support and increases the CO: activation into CO
dissociation resulting in high conversions towards DRM [16][17][18].

To consider this, we decided to study the Na>Ti3O7 catalyst in the dry reforming of methane
reaction. In this part of the chapter, we have studied the effect of active metal species, i.e.,
Ni, concentration in Na.TizO7on DRM activity.

4.2 Experimental Section:

4.2.1 Synthesis of NazTizOr:

NaTizO7 catalyst was synthesized by the sol-gel method by the addition of Ti isopropoxide
(18 mmoles), NaOH (12.6 mmol), and H202 (30%) (18 ml) in 100 ml of distilled water. The
solution is stirred at 85 °C till complete evaporation of water. Afterward, the residue was
kept in the oven at 150 °C overnight for complete drying. The dried material was crushed in
powder form and kept for calcination in the furnace at 800 °C for 6h in an air atmosphere
[19].

4.2.2 Synthesis of Na2Tisx NixO7 (X= 0.02, 0.05,0.1,0.2)

Optimization of Ni concentration in NaxTisO7 catalyst is done by synthesizing the catalysts
by adding the calculated amount of Ni nitrate in the reaction mixture and other precursors
by sol-gel route. In this context, four catalysts with different amounts of Ni wt. % (0.38,
0.97, 1.94, and 3.80) named NTNO002, NTNO05, NTNO1, and NTNO2 respectively were
synthesized by the above-mentioned steps like the parent catalyst. All the substituted
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catalysts were calcined at 800 °C for 6h in an air atmosphere.
4.3 Catalyst evaluation:

Before performing the DRM experiment in the reactor tube NTNOQO2 catalyst was subjected
to all pre-treatment and DRM reaction conditions to evaluate its structural stability; this was
done in a programmable ceramic tube furnace. 0.5 cc catalyst was kept in the ceramic tube
(ID = 2.5 cm, OD = 3.5 cm) furnace and pre-treatment like calcination and reduction was
carried out at 750 °C for 6 h. Then a mixture of CO2 and CHs (CO2 =20 CH4 = 20 ml/min)
was passed for 2 h at different temperatures 500 °C, 600 °C, and 800 °C and the spent catalyst
was further characterized. After this, the DRM experiment was carried out as mentioned
before.

4.4 Result and discussion:

4.4.1 X-Ray Diffraction Analysis and textural properties of Naz2TisxNixO7 (X= 0.02,
0.05,0.1,0.2):
X-ray diffraction pattern of Ni substituted NazTizO7 (NTO) are shown in figure 4.1. NTO

catalyst crystallized in monoclinic phase with P21/m space group with JCPDS No. 31-
1329[19]. Characteristic peaks at around 20 = 11°, 26° and 30° corresponding to 001, 011
and 300 respectively, confirmed the monoclinic phase of Na TizO-. Substitution of Ni (0.38
wt.%) does not change the structure of the parent catalyst as no impurity peaks were observed

in the NTNOO2 diffraction pattern.
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Figure: 4.1 XRD of NTO and NTNOO2 catalysts.

After confirming the structure stability of the catalyst on Ni substitution, NTN002 was
subjected to pre-treatment (calcination and reduction) and DRM conditions at different
temperatures in the tube furnace. After this, structural modifications were analysed by XRD
(Figure 4.2). The calcined and reduced catalysts retained the parent structure at 750 °C.
After passing reactant gases CH4 and CO> at different temperatures for 2 h, no impurity peaks
or phase change was observed in the NTNOO2 catalyst. Although in XRD of catalyst treated
at 600 °C in DRM conditions have some extra peaks and amorphous background were

observed due to structural modifications and corresponding to NazTi12O2s phase.
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Figure: 4.2 XRD of NTNO0O2 catalysts after different pre-treatment and DRM conditions.

Furthermore, catalysts with different amounts of Ni in the NTO parent catalyst, namely
NTNO002, NTNO05, NTNOZ1, and NTNO2 with 2,5,10 and 20 wt.% respectively was analysed
by XRD (Figure 4.3). It can be clearly observed that all catalysts were indexed in monoclinic
phase, identical with standard JCPDS No. 31-1329 without any impurity peaks. All peaks
are very sharp confirming the high-order crystallinity for all catalysts. The retention in
structure confirmed the insertion of Ni into the lattice without any impurity of NiO over the
surface of the catalysts. In Table 4.1, the textural properties of Ni-substituted catalysts were
tabulated. The specific surface area of all catalysts is analysed by the N2 physisorption
method. The surface area of all catalysts is low because of the high calcination temperature
to get the desired structure. After Ni substitution there is a slight increase in specific surface

area was observed.
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Table 4.1: Textural properties of Na2TisxNixO7 (X= 0.02, 0.05,0.1,0.2)

Catalyst Ni wt. % Surface Pore volume
area(m2/qg) (cclg)
NTO - 8.2 0.032
NTNO002 0.38 10.65 0.044
NTNOO05 0.97 9.56 0.042
NTNO1 1.94 4.53 0.024
NTNO02 3.80 8.18 0.011
3
s
2
2
£ |t
Medal
NTNOO0S
Neh )
1I0 2|0 3'0 4|0 5I0 6I0 7|0 8'0 90
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Figure 4.3: XRD of NTN002, NTNOO5, NTNO1 and NTNO2 catalysts

4.4.2 Raman Analysis of Na2TizxNixO7 (X=0.02, 0.05,0.1,0.2):

XRD of all synthesized catalysts showed the formation of a monoclinic structure which has
been further confirmed by Raman analysis, demonstrated in figure 4.4. Typically, Na>TizO7
has 36 vibrational modes which are Raman active. The spectra of NTO, NTN002, NTNOO5,
NTNO1, and NTNO2 reveal all identical Raman modes which confirmed the monoclinic
phase of synthesized samples [20][21]. Some modes are not observed may be due to low
polarizability in Ni-substituted catalysts. In the spectra high-intensity peaks were observed
at 301, 850, and 885 cm™* corresponding to the different stretching and vibrational modes of
Ti-O bond confirming the formation of layered stepped NaxTisO catalyst of monoclinic

system. The Raman modes and their assignments were tabulated in Table 4.2.
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Table 4.2: Assignment of Raman modes observed in all fresh catalysts

Our work Silva (cm?1) et | Bamber et
(cm™) al. al.
(cm™)

117 Ag 117 118
139 Ag 140

157 Ag 155

180 Bg 179

202 Bg 201 202
230 Ag 230 230
258 Bg 260 261
283 Bg 283 286
301 Bg 302 304
344 Ag 346 345
386 Ag 386 386
399 Ag 400 399
449 Ag 449 450
487 Bg 488 489
588 Bg 587 589
656 Bg 655 658
684 Ag 684 684
740 Ag 742 742
849 Ag 849 852
883 Ag 884 884
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Figure 4.4: Raman spectrum of NTN002, NTN0O05, NTNO1 and NTNO2 catalysts

4.4.3 XPS Analysis of NazTiz-xNixO7 (X= 0.02, 0.05,0.1,0.2):

To investigate the electronic composition and surface environment of Ni-substituted NTO
catalysts; x-ray photoelectron spectroscopy was employed. Figure 4.5 showed the Ti 2p
spectrum of the NTO catalyst having peaks at 464.0 eV and 458.3 eV corresponding to Ti
2p3/2 and Ti 2p1/2 of Ti™. All Ni-substituted catalysts have Ti in +4 oxidation state.
Interestingly, the NTNO2 catalyst has an additional peak at around 459.9 eV corresponding
to Ti*3[22] along with Ti** peaks at 464.0 eV and 458.3 eV. Furthermore, a slight increase
in the binding energy of Ti ™ peaks (464.3 eV and 458.44 eV) is also observed in the NTN02
catalyst, which may be due to the formation of surface oxygen species in the lattice [23]. In
the NTNO2 catalyst, higher Ni doping ascribed to a partial reduction of Ti** to Ti*3, initiates
defect formation and active oxygen species generation which is further corroborated by O
1s spectrum of NTNO2 catalyst. The intensity of peak at 532. 2 eV corresponding to surface
Ti-OH species is higher than other catalysts (Figure 4.5) [24]. The Ni 2p spectra reveal that
all Ni-substituted catalysts have Ni in a +2 oxidation state. NTN002 and NTNO1 catalysts

have small peaks at around 857 eV and 867 eV corresponding to Ni hydroxide and satellite
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peak respectively [25].
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Figure 4.5: XPS spectrum of Ti 2p, Ols and Ni 2p of NTN002, NTN0O5, NTNO1 and
NTNO2 catalysts
4.4.4 FESEM Analysis of Na2Tiz-xNixO7 (X=0.02, 0.05,0.1,0.2):

The morphology of the catalysts was investigated by FESEM analysis. In the micrograph of
Na>TizO7 parent catalyst (Figure 4.6 (E)), rod and whiskers-like structure were observed
which is similar to the reports by Y. Zhang et al where Na>TizO7 was synthesized by sol-gel
method [26]. Ni substituted catalysts showed similar morphology as of parent catalysts
having rod-like structures sized in the range of 400-500nm length and 200-300 nm width

(Figure 4.6 A-D).
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Figure 4.6: FESEM analysis of A) NTN002 B) NTNOO5 C) NTNO1 D) NTNO2 E) NTO
catalysts

4.5 Catalytic activity of NaxTisxNixO7 (X=0.02, 0.05,0.1,0.2):

4.5.1 Dry reforming activity of Na2TisxNixO7 (X=0.02, 0.05,0.1,0.2):

All the above characterized catalysts were screened for dry reforming of methane. In a
typical DRM run, pre-treatment steps comprising in situ calcination at 750 °C in air
atmosphere for 6h and in situ reduction in the Ha stream for 6h at 750 °C were carried out.
After pre-treatment, a 1:1:1 ratio of CHs: CO2: N2 with 80:80:80 ml/min gas mixture was
sent in the reactor tube at 800 °C with 28800 h™* GHSV at atmospheric pressure. Figure 4.7
shows that the NTNO2 catalyst was superiorly active for DRM with 60% CHa4 conversion

and 75 % CO; conversion among all the catalysts. The theoretical value of the H2/CO ratio
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is 1 but, in the case of the NTNO1 catalyst slightly higher H2/CO ratio was observed at the
initial hours of reaction. During DRM, side reactions like RWGS reaction (5), are
responsible for high CO2 conversion resulting in more amount of CO. Apart from that partial
oxidation of methane (3) also possible to occurs due to the presence of nascent O in the
reaction stream. Moreover, phase changes of Na,TizO7 to Na2TisO13is also can be the source
of oxygen in the DRM conditions resulting in increased H2/CO ratio for initial hours. After

some time of reaction DRM is dominating over the side reactions and H2/CO stabilizes near

unity.
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Figure 4.7: Dry reforming of methane activity of NTN002, NTN005, NTNO1 and NTNO02
catalyst

Ph.D. Thesis AcSIR 142




Chapter 4: Layered Metal Oxide catalysts in DRM

4.5.2 Durability Test of NTNO2 catalyst:

After the screening of all Ni-substituted catalysts for 12 h, the NTNO2 catalyst showed higher
conversion in DRM. To check the prolonged activity and stability of this catalyst, a DRM
run has been performed for 100 h time on stream. The conversion of methane was around ~
56 % and CO: conversion was ~ 78% stable for 100 h and H2/CO ratio is ~ 0.7 observed.
Initially, the conversion was a little high but it got steady after 10-15 h of reaction. The
stability in conversions confirmed the effect of OH™ species in simultaneous coke gasification

and provided the superior activity of NTNO2 catalysts for DRM.
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Figure 4.8: Durability test of NTNO2 catalyst in DRM reaction
4.6 Spent Catalysts Characterization:

Dry reforming of methane reaction has major drawbacks like coke formation and dominance
of side reactions at high reaction temperatures. Carbon formation occurs on metal surfaces
during CHg activation. High temperature causes sintering of Ni resulting in agglomeration
of carbon species over the metal surface. Side reactions like Boudouard (6) and methane
decomposition (4) reactions are also having high possibilities of carbon formation.

To understand the quantity and morphology of carbon species formed after DRM, spent
catalyst characterization is much needed. Apart from that, the structure stability of the parent

catalyst after DRM is also an important part of the study. To consider this, spent catalysts
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were evaluated by several analytical techniques like XRD, Raman, TGA, and FESEM.
4.6.1 XRD analysis of spent catalysts:

All Ni-substituted Na,Ti3O7 catalysts screened in dry reforming conditions for 12 h are
analyzed by XRD analysis shown in Figure 4.9. The diffraction pattern reveals that NTN002
and 005 have completely changed to NazTieO13 phase and in NTNO1 and NTNO2, parent
structure is retained but presence of NaxTisO13 phase is also observed (JCPDS
No0.15463)[27][28]. This impurity phase seems to arise only after long duration of exposure
to reaction conditions. Apart from these peaks, a peak at around 26.4° 20 position was also
detected attributed to graphitic carbon. The intensity of the graphitic carbon peak and
secondary phase is much higher in low-loading Ni catalysts that are NTN002, NTN0O5, and
NTNO1. In the NTNO2 catalyst, the peaks of the Na>TisO13 phase are less than in other
catalysts. Moreover, the catalysts screened for 100 h also has a small peak of graphitic carbon
and a secondary phase. From XRD, it can be concluded that the higher loading of Ni, is

stabilizing the Na>TizO7 structure and providing higher activity in DRM with less carbon

formation.
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Figure 4.9: XRD pattern of Ni substituted spent catalysts
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Figure 4.10: Structural representation of phase transformation Na;TizO7 to NazTisO13

4.6.2 Raman analysis of spent catalysts:

To further understand the structural modifications in spent catalysts, Raman analysis has
been performed. In figure 4.11 it is observed that the catalysts with a low concentration of
Ni, like NTN0O2 and NTNOO5 have more vibrational modes representing the Na;TisO13
phase [29]. It is well reported that at higher temperatures Na,TizO7 tends to transform to
Na TieO13 (Figure 4.10). Transformation can be observed by shifting Raman modes to higher
wavenumber as well as some modes tend to disappear. During the transformation, modes at
around 305, 769, and 883 cm™ which correspond to stretching Ti-O and Na-O vibrations
with terminal oxygen atoms of NaxTisO7 structure, Ti-O-Ti and stretching vibration of Ti-O
bond respectively, start disappearing. In NTN002 and NTNOO5 these modes are very weak
and disappeared. In NTNO1 and NTNO2 catalysts modes representing the Na TizO7 structure
are retained. This may be due to the increased amount of Ni in the B site of the structure,
stabilizing the TiOs octahedron with a terminal oxygen atom and avoiding the condensation

of terminal oxygen into two octahedra sharing linear oxygen atoms corresponding to the
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Na2TieO13 phase.
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Figure 4.11: Raman Analysis of Ni substituted spent catalysts

4.6.3 Thermogravimetric analysis of spent catalysts:

TGA in the air atmosphere provides the quantitative extent of carbon formed over the surface
of the catalyst during dry reforming of methane. In the particular experiment, the temperature
was increased at a fixed rate in the air atmosphere, the carbon on the catalyst oxidized and
weight loss was observed. The amount of carbon was calculated in moles of carbon per gram
catalysts. Figure 4.12 showed the results of the TGA experiment done on all Ni-substituted
catalysts. With the increased amount of Ni in the Na,TizO- catalyst, the trend of carbon
accumulation is decreasing in an order of NTNO002> NTNOO5>NTNO01> NTNO2. The

NTNO2 catalysts have a negligible amount of carbon formation in DRM for 12 h.

Ph.D. Thesis AcSIR 146




Chapter 4: Layered Metal Oxide catalysts in DRM

0.2 - 100 -
c | 99 -
_§0 15
m 98
o 01 1 =
£ o7
5]
s , . = = 96
Q@' QQ" @@’ ‘@q, 954 [——NTNO05
& & $ S { ——NTN002
> < 94 |——NTNO2
—— NTNO1
Catalyst T
93 T T T T T T T T T T T
0 200 400 600 800 1000

Temperature(° C)

Figure 4.12: TGA Analysis of Ni substituted spent catalysts

4.6.4 FESEM Analysis of NazTisxNixO7 (X=0.02, 0.05,0.1,0.2):

After evaluating the structural modifications and carbon formation by XRD, Raman, and
TGA analysis of all spent catalysts, morphological changes have been studied by FESEM
analysis. Micrographs of spent catalysts were shown in figure 4.13. Before DRM run, all
catalysts were having rod-like structures with cross sections of 200nm x 600nm but in spent
catalysts (A-D), morphological changes were observed. In the micrographs, it can be clearly
observed that the rod-like structure is modified into sheets and agglomerated. While in the
case of the NTNO2 catalyst, still some initial rod-like morphology is retained (D). Figure
4.10 E shows the images of NTNO2 catalysts after 100 h. Catalyst has remained in original

morphology in 200 x 600 nm size with some agglomerates.
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Figure 4.13: FESEM analysis of A) NTN002 B) NTNO0O05 C) NTNO1 D) NTNO2 spent
catalysts and FESEM analysis of E) NTNO2 spent catalysts ran for 100 h DRM conditions
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Part 2
Effect of transition metal substitution
NazTi2.96Ni0.02X0.0207 (X: Fe/ Col/ CU) iIn DRM
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4.7 Introduction:

In the first part of this chapter, a layered metal oxide Na>TizO7 catalyst was synthesized, and
optimization of Ni concentration has been carried out. The effect of Ni concentration on
parent structure and DRM activity was investigated. In dry reforming of methane, Ni has
been used extensively as active metal because of its low cost and abundance. However, Ni
surface is more active for CH4 decomposition and sintering at high reaction temperatures
leading to carbon formation and deactivation of the catalyst. To overcome this, noble metal
promoters like Pd, Pt, Ru, and Rh are studied in DRM with good conversions and activity
with less carbon formation compared to non-promoted catalysts [30],[31],[32],[33],[34].
However, due to their high cost their application is difficult in DRM at industrial scale. Apart
from noble metals, alkaline earth metals, rare earth, and transition metals as promoters are
also studied in DRM as they provide basic strength to the support, which helps in the
activation of CO. and formation of oxygenated species aiding in gasification of coke formed
in DRM [35],[36],[37]. Especially, transition metals like Co, Cu, and Fe are added with Ni
to synthesize bimetallic catalysts. Every transition metal has its own chemical properties
which provide different pathways to gasify the carbon accumulated on the catalyst’s surface
while Ni metal facilitates CHa4 activation and provides superior activity in the dry reforming
of methane; this is called the synergistic effect [38]. For instance, in Ni-Co system, Co has
an affinity towards oxygen species and tends to oxidize by CO; but an appropriate amount
of Co with Ni in the bimetallic system helps in the oxidation of carbon during DRM
[39],[40]. In Ni-Fe bimetallic system, Fe tends to provide an alternate path for dry reforming
by dealloying and alloying with Ni under different reaction conditions. During pre-treatment,
on calcination, Fe tends to get oxidized, oxide species react with carbon formed on Ni metal

by CH4 decomposition to form CO and gets alloyed with Ni again. This redox behaviour of
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mobility to lattice oxygen species over the surface and activates the CO», and enhances the
carbon gasification capacity of catalysts. However, several reports suggested that higher
amount of Cu may not help in resisting the coke formation as it forms copper oxide and
dealloys from Ni, so an appropriate Ni/Cu ratio is helpful in good conversions in DRM
providing coke gasification [42][43]. Hence, in this part of the chapter we have substituted
similar amounts of Co, Cu, and Fe with Ni in NTNOO2 catalyst to check the synergistic effect
of bimetallic system in DRM activity. Since NTNOO2 has the lowest activity among all Ni
substituted catalysts, it chosen for this study to clearly discern the improvement in activity,
if any.

4.8 Experimental Section:

4.8.1 Synthesis of NazTi2.96 Ni0.02X0.0207 (X= Co, Cu, Fe):

The transition metals (Co, Cu, Fe) doping has been done in NazTi2.96 Nio.02X0.0207 catalyst
by adding 0.4, 0.39, 0.39 wt.% of Co, Cu, Fe respectively in NTNOO2 catalyst. The calculated
amount of transition metal nitrate precursors was added to the reaction mixture along with

other precursors. The obtained residue was calcined in air for 6 h at 800 °C. Synthesized
catalysts were designated as NTN002Cu00207, NTN002C000207, and NTNO02Fe00207.
4.9 Result and discussion:

4.9.1 X-Ray Diffraction and textural properties of Naz2Ti2.96Ni0.02X0.0207 (X= Co, Cu,
Fe)

PXRD patterns of transition metal substituted NTNo.02C0002, NTNo.02Cuoo2, and
NTNo.o2Feo.02 catalysts are given in Figure 4.14. The XRD plots display that all substituted
catalysts crystallized in a monoclinic structure with P21/m space group and confirmed with
standard JCPDS No. 31-1329 structure [44]. The transition metal substituted catalysts have

retained their parent structure with single phase monoclinic layered Na,TisOy7 structure. Any
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other peaks corresponding to the transition metal oxides, and carbonates are not seen in the
XRD plot. Textural properties have also been analyzed for all substituted catalysts. It can be
observed that there is not much change in pore volume and surface area on substituting the

Co, Cu, and Fe in the NTNOO2 catalyst.
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Figure 4.14: XRD of NTNO002, NTN002Co0002, NTN002Cu002 and NTNO002Fe002
catalysts

Table 4.3 Textural properties of Na2Ti2.96 Nio.02X0.0207 (X= Co, Cu, Fe)

Catalyst Ni wt.% Transition Surface Pore volume
metal wt.% area(m2/qg) (cclg)
NTO - 8.2 0.032
NTNO002 0.38 - 10.65 0.044
NTN002C0002 0.38 0.39 5.69 0.037
NTN002Cu002 0.38 0.40 4.95 0.023
NTNO002Fe002 0.38 0.38 6.23 0.020

4.9.2 Raman Analysis of NazTi2.96 Ni0.02X0.0207 (X= Co, Cu, Fe):

Co, Cu, and Fe substituted NTNOO2 catalysts have retained their parent structure showed by
XRD analysis and corroborated by the Raman analysis. Figure 4.15 illustrates that all Raman
modes are similar to Ni substituted catalyst NTNOO2 and parent Na;TizO7. The three intense
Raman modes at 301, 849, and 883 cm™ correspond to By, Ay, and Ay modes due to
vibrations of different Ti and O atoms and the modes between 107- 300 cm™ are due to
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stretching and bending between O, sodium and Ti atom. The observed assignments for all

Raman modes are tabulated in Table 4.2[21].
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Figure 4.15: Raman spectrum of NTN002, NTN002Co0002, NTNO002Cu002 and
NTNOO02Fe002 catalysts
4.9.3 XPS Analysis of NazTiz2.96 Nio.02X0.0207 (X= Co, Cu, Fe):

X-ray photoelectron spectroscopy was employed to check the chemical state of elements in
transition metal doped Na2Ti2g96 Nio.02X0.0207 (X= Co, Cu, Fe) catalysts. Figure 4.16 (A)
shows that the Ti 2p spectrum has Ti 2p3/2 and Ti 2p1/2 peaks at 464.0 eV and 458.3 eV
confirming the Ti* oxidation state in all substituted catalysts. In the Cu-based
NTNO0.02Cu0.02 catalyst, apart from peaks corresponding to Ti**, another small peak at
around 458.9 eV attributed to the Ti*® oxidation state. Presence of low valent Ti could lead
to more O vacancies in the catalyst. In figure 4.16 (B), XPS spectrum of O 1s shows the
presence of Ti-OH peak at 532.1 eV [22],[23],[24]. The intensity of the peak is much higher
in Cu-doped catalysts among all catalysts. Confirming the defect formation in the lattice and
more abundance of lattice OH" species in the NTNO0.02Cu0.02 catalyst. Apart from this,
peaks at 529.8 eV and 535.8 eV are due to lattice oxygen species and chemisorbed oxygen
species respectively. Moreover, the transition metal Co 2p, Cu 2p, and Fe 2p spectra confirm

the oxidation state of all three transition metals is +2 [39],[43],[45].
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Figure 4.16: XPS spectrum of A) Ti 2p, B) Ols and dopant 2p spectra of NTN002,
NTNO002C0002, NTN002Cu002 and NTN0O2Fe002 catalysts
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4.9.4 FESEM Analysis of NazTi2.96 Ni0.02X0.0207 (X= Co, Cu, Fe):

FESEM analysis of transition metal substituted NTNOO2 catalysts has been carried out and
micrographs are shown in Figure 4.17. The morphology of Co, Cu, and Fe doped catalysts
was retained in a rod-like structure. Some rods in the NTNO02Fe002 catalyst have increased
width as compared to Cu and Co substituted NTNOO2 catalyst. The cross-section of rods in

NTNO02Fe002 is 300x600 nm [26].

Figure 4.17: FESEM analysis of A) NTN002 B) NTN002Fe002 C) NTN002Co002 D)
NTNO002Cu002 catalysts
4.10 Catalytic activity of NazTiz.9 Ni0.02X0.0207 (X= Co, Cu, Fe):

All the catalysts are then evaluated for dry reforming of methane at 800 °C for 12 h. It has
been observed that transition metal doped catalysts have increased methane conversion than
NTNOO2 catalyst. The CH4 conversion for NTN002 was around 15 % but after transition
metal doping it has been enhanced to 25%. The bimetallic synergistic effect was observed
between two metal systems in all the substituted catalysts, which helped in CHa
decomposition and simultaneous coke gasification over the surface resulting in better

activity for DRM. There is not much increase in CO> conversion observed in transition metal
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substituted catalysts than NTNOO2 catalyst. The H2/CO ratio for NTNOO2 was very low (~
0.5), but in Co and Fe substituted catalysts, the H2/CO ratio was higher around 2.5 -2.8 in
the initial hours of the reaction; after 5 hours of reaction, it stabilized to 1-1.2 for further
hours. This high H2/CO ratio may be due to the dominance of side reactions like partial
oxidation of methane (3) than the main dry reforming of methane initially, which slowly
became predominant. For Cu substituted catalysts the H2/CO ratio was 1.2-1.0 was observed

for 12 h of Dry reforming reaction.
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Figure 4.18: Dry reforming of methane activity of NTN002, NTN002C0002, NTN002Fe002
and NTN002Cu002
4.11 Spent Catalysts Characterization:

Transition metal doping has a positive impact on the DRM in the NTNOO2 catalyst. After
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activation on the metal surface. As methane decomposition increases, hydrogen generation
as well as carbon formation also will increase on the surface. The improved activity also
leads to carbon formation and its simultaneous gasification. So, for all substituted catalysts
used catalysts are thoroughly studied by XRD and TGA analysis.

4.11.1 X-Ray Diffraction Analysis of spent NazTi2.96 Ni0.02X0.0207 (X= Co, Cu, Fe):
XRD of spent catalysts has been taken after 12 h of DRM reaction. The XRD plot in figure
4.19 illustrates the formation of secondary phase Na>TigOq3 in all transition metal substituted
catalysts [27]. Apart from this, peak at 26.4° 20 position observed in all catalysts indicates
formation of graphitic carbon. The intensity of carbon peak is less in Cu and Fe-substituted
catalysts. In Cu substituted catalyst, Na>TigO13 peaks are less as compared to other catalysts,
the parent phase has been retained more in NTN002Cu002 catalyst. The XRD plot also

suggests, there are no peaks corresponding to transition metal oxides were observed.
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Figure 4.19: XRD of spent catalysts NTN002, NTN002Co0002, NTNOO02Fe002 and
NTN002Cu002
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4.11.2 Thermogravimetric analysis of spent NazTi2.96 Nio.02X0.0207 (X= Co, Cu, Fe):

TGA plots of all spent catalysts tested for 12 h in dry reforming of methane are shown in
figure 4.20. Carbon formation was estimated by calculating the weight loss in the catalyst in
air atmosphere up to 1000 °C with a 10 °/min ramp rate. After calculating the weight loss,
moles of carbon per hour per gram of catalyst were estimated. It has been observed that the
substitution of transition metal has an impact on carbon gasification over the surface of the
catalyst. However, NTN002Cu002 catalysts have less amount of carbon than other catalysts.
The less amount of carbon is possibly due to the stability of parent catalysts enhanced by the
Cu substitution. CHg activation is improved in NTN002Cu002 catalysts as well as carbon

gasification is also prone resulting in less carbon formation.
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Figure 4.20: TGA analysis of spent catalysts NTN002, NTN002Co0002, NTN002Fe002 and
NTNO002Cu002

4.12 Conclusions:

In this chapter, a new catalytic system, Na,TizO7 has been studied in the dry reforming of
methane. The chapter deals with the synthesis of Na;TisO; and Ni substituted
Na>Ti296Ni0.0207 catalysts by citrate gel method and characterized by XRD and Raman
confirming the monoclinic phase with p21/m space group The effect of Ni concentration in

DRM and on parent structure was also studied by increasing the Ni dopant concentration
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NTNO2 catalyst, some Ti*3 species is present confirming the defect formation in the lattice.
This has been further confirmed by a higher amount of OH™ species in NTNO2 catalyst
among all catalysts. Structure morphology was analyzed by FESEM studies and the rod-like
structure of Na>Ti3O7 was confirmed with a 200nm x 600 nm cross-section. NTNO2 catalyst
showed superior activity in dry reforming reaction for 12 h among all catalysts. The
durability test performed with NTNO2 catalyst for 100 h, without any drop in the activity
and conversions indicates that NTNO2 is a stable and durable catalyst for DRM. Spent
catalysts were also examined by various characterization techniques. XRD and RAMAN
data confirmed the retention of parent structure after DRM testing. However, carbon
formation was observed in all catalysts by XRD, quantified by TGA analysis. NTNO2
catalyst has a lower amount of coke on the surface revealing the role of increased OH-
species in the catalyst for coke gasification.

Part 2 of this chapter studied the role of transition metals (Co, Cu, Fe) in NTNO002
catalysts. Structure modifications were studied by XRD and RAMAN analysis in substituted
catalysts. The catalytic activity of all catalysts revealed the transition metal substitution
enhanced the CH4 activation and conversion in DRM. NTN002Cu002 catalyst has an H./CO
ratio near to equilibrium than other catalysts due to the dominance of DRM on other side
reactions. Moreover, spent catalysts characterization illustrates the formation of the
Na>TieO13 phase with the parent Na TisO7 catalyst. It has been reported that heat treatment
of NazTizO7 results in a phase change to Na,TieO13 which is observed in all substituted
catalysts. Although, NTN002Cu002 catalysts have fewer XRD peaks for the NaxTisO13
phase confirming the retention of the Na,TizO7 phase. XPS analysis of all catalysts revealed
the formation of Ti * species due to defect-generating oxygen vacancies in NTN002Cu002
catalysts further confirmed by more amount of OH" species than other substituted catalysts.

In Cu-based catalyst, the coke formation was less, quantified by TGA data. Fewer moles of
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carbon in NTN002Cu002 catalyst gives the idea of simultaneous gasification of carbon by
OH- species on the surface, as well as increased CH4 activation, confirming the synergistic
effect of Bimetallic Ni-Cu in NTNOO2 catalyst.
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Summary and Conclusions
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5.1 Summary:

The first chapter concentrates on the negative influence of the greenhouse effect on the
world's atmosphere, despite the fact that it plays a crucial function in keeping the globe warm
for human and aquatic organism existence by trapping the heat of the sun through the
jacketing of greenhouse gases such as CO2, CHa, NOx, and other gases. Population growth
and industrialization have elevated the concentrations of greenhouse gases, particularly CO2,
above their optimum levels. Physical and chemical techniques have been used to convert
CO:- into useful compounds such as methanol, DME, and high chain hydrocarbons, as well
as syngas via various chemical processes. Dry reforming of methane has been widely used
to transform two greenhouse gases, methane and COg, into syngas with an H2/CO ratio close
to unity. Several oxide-related materials, such as supported, structured oxides as catalysts,
were tested for DRM conversion and durability. The effect of the catalyst's various
components, such as active metal, support qualities, basic strength, metal support interaction,
catalyst stability, and, most critically, carbon gasification capability, was thoroughly
examined and explained in this chapter. The second chapter looks into the use of pyrochlore-
based structured oxide catalysts in DRM reactions. Because of their stability and the
existence of an oxygen vacancy in the structure, pyrochlore-related ternary oxide materials
are being studied extensively in various catalytic reactions. Taking this into account, Ni
substituted Gd-based pyrochlores were synthesized using the traditional Pechini process,
characterized using several analytical techniques, and examined in dry reforming of
methane. The first section of this chapter discusses the effect of B site substitution in the Gd-
based ternary metal oxides catalyst Gd2B2.xNixO7-s (B = Zr, Ti) in DRM. XRD and Rietveld
analyses were used to investigate the structure stability and Ni concentrations inside and
outside the lattice. Ti-based catalysts with high basic strength, reducibility, and hydroxyl
species concentrations provide higher conversions of CO, and methane into syngas with high
H>/CO ratio near to equilibrium with carbon gasification capacity than Zr-based catalysts
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providing superior activity and durability for 100 in DRM stream.

The Ni substituted Gd.Zr,Oy7 catalyst was chosen for further examination in the second half
of this chapter because to its lower activity performance in the DRM conditions observed in
the first section. This study concentrated on the effect of Ni concentration in the structure.
Gd2Zr2xNixO7 (0.2, 0.5, 0.75) catalysts named GZN2, GZNS5, and GZN75 with increased Ni
content were synthesized, characterized, and tested in DRM. The results indicated that the
GZN75 contains an optimal quantity of Ni both outside and inside the lattice as NiO.
Furthermore, the greater reducibility of GZN75 catalyst among all catalysts demonstrated
that the strong metal support interaction and higher amount of defect created OH" species
play a significant role in simultaneous gasification of carbon synthesized during DRM,
which promotes methane activation for subsequent reaction. Although Ni in lattice and
nicely dispersed surface NiO has a good impact on high DRM conversions because coke
accumulation is also observed in GZN75 catalyst.

After observing enhanced coke formation in Gd>Zr,O; catalysts with optimized Ni
concentration, the next part of this chapter focused on carbon gasification by substituting Ce
in Gd2Zr18Nio207 catalyst with a series of catalysts as GdaZr1.8-xNio2CexO7-5 (x = 0.1, 0.2,
0.50.75) catalysts and comparing activity with parent GZN2 catalyst. Ce's redox behavior
tends to form defects and active hydroxyl species, which provide a mechanism for oxidizing
carbon into CO and increasing CO: activation. DRIFTS studies indicated that the optimal
quantity of Ce in GZN2C2 catalysts initiates and maintains continuous CO; activation as CO
through the creation of intermediates such as bi and monodentate carbonates, showing the
presence of a basic site on the catalyst surface compared to other substituted catalysts.
Furthermore, the presence of polydentate carbonate species in the parent catalyst
demonstrates that an excess of acidic sites on the catalyst surface limits CO adsorption and
coke gasification. XRD, Raman, and TGA studies all show that the optimized Ce in GZN2C2

catalyst has less carbon on the surface. While the parent catalyst contains multiwalled carbon

Ph.D. Thesis AcSIR 168




nanotubes and excess graphitic carbon, the active sites for the subsequent DRM cycle are
not covered.

Perovskite related oxide Ni substituted SrMnOs catalyst was synthesized and investigated in
chapter 3. SrMn1gNio203 catalysts was screened in DRM condition for 24 hours. Ni
substituted SrMnOs crystalized in hexagonal phase with small impurities of SrCO3 and
Mn,Oz.Furthermore, rare earth metal doping is well-known for improving the basic strength
of the support, and substitution in the B site improves the synergetic effect with Ni and
improves the production of defects, oxygen vacancies, and active OH- species owing to coke
deposition mitigation. To demonstrate that rare earth metals (Nd, Sm, and Eu) doped in
SrMnOs with a constant concentration of Ni were screened for DRM. Furthermore, Rare
earth metal doping are famous for enhancing the basic strength of the support and
substitution in B site enhances the synergetic effect with Ni and improves formation of
defects, oxygen vacancies and active OH" species owing to mitigate the coke deposition. To
demonstrate that rare earth metals (Nd, Sm and Eu) with Ni in constant concentration was
doped in SrMnOs and screened for DRM. Doping of rare earth metals in SrMnO3z has
improved the reducibility of all catalysts, among them Sm based catalysts have Dispersed
NiO and Ni substituted in the bulk which generates hydroxyl species analysed by XPS
analysis. DRM activity of all catalysts was tested for 24 hours, and Sm doped catalyst
demonstrated the highest conversions among all catalysts. A durability test for 100 hours
was also performed in DRM conditions. Catalyst has been shown to be stable and active for
100 hours, with less carbon production activity of all catalysts checked for 24 hours, Sm
doped catalyst shown higher conversions among all catalysts, its durability test for 100 hours
also conducted in DRM conditions. Catalyst has been proven to be stable and active for 100
hours and less carbon formation was observed.

In DRM, a family of stacked Ni substituted sodium titanates Na,TizO7 was studied. The

stability of a Ni substituted Na>TizO- catalyst was tested in DRM conditions in a tube furnace
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the parent structure were identified after 12 hours of running. The first section of this chapter
discusses the influence of Ni concentration in Na,TizO- catalysts on DRM activity and parent
compound stability. A series of Na>TizxNixO7 catalysts (X= 0.02, 0.05,0.1,0.2) were
synthesized and characterized using various approaches. NTN02 with 3.80 wt.% Ni catalyst
was identified as a good catalyst with high conversions. After the reaction, spent catalyst
analysis showed a phase change in all catalysts, with the Na>TisO13 phase emerging as the
secondary phase. However, XRD peaks corresponding to Na>TigO13 catalyst were identified
less frequently in NTNO2 catalysts than in other catalysts. This suggests that the optimum
Ni insertion aids in the retention of parent catalyst in NTNO2 among all for 100 hours of
reaction stream with the least amount of coke accumulation. The second section of this
chapter is concerned with comprehending the effect of transition metals (Co, Cu, Fe) doping
on NTNOO2 catalysts. Substitution of transition metals in the B site with Ni in NTN002
catalysts resulted in a beneficial structural change, as DRM activity rose after doping, and
carbon resistance was also seen in doped catalysts. XRD and Raman studies were also used

to get a look at structural changes in used catalyst.
5.2 Conclusions:

« Ti doping in a Gd-based pyrochlore catalyst shown more activity than the Zr
equivalent in DRM.

¢+ A larger concentration of format and hydroxyl species increases carbon resistance in
the GTNO catalyst for 100 hours on stream in DRM.

¢+ Optimal Ni concentration in GZN75 catalyst boosted reducibility and basic strength,
resulting in high conversion into syngas with an H2/CO ratio close to unity.

% Ce substitution in the parent catalyst Gd2Zr18Nio207 increases coke gasification

during the DRM reaction. GZN2C2 catalyst with an appropriate amount of Ce
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promotes CO: activation and formation of CO while also enhancing hydroxyl
formation to reduce carbon production.

% Sm-doped perovskite type SrMnisNio2Os catalysts demonstrated greater
conversions, increased reducibility, and strong metal-support interaction.

% NaTi3Oy7, the first-ever investigated in DRM has shown better activity with optimum
concentrations of Ni as in NTNO2 catalyst. Because of the synergetic impact of Cu
and Ni with carbon resistance, Cu doping in NTNOO02 catalyst has a beneficial
influence on structural stability and superior activity towards DRM.

5.3 Recommendations for Future Work:

The biggest challenge in front of whole world is to mitigate the emission of greenhouse gases
mainly CO2 and methane. Dry reforming of methane is one of the important reactions among
all chemical reactions in utilizing the greenhouse gases. To achieve that formation of robust
and durable catalyst is must among all aspects. In present work, the various aspects of
structurally ordered catalysts like pyrochlores, perovskite and layered oxide catalysts are
presented. Since the effect of synthesis, structural alterations and different metal
substitutions were thoroughly studied. In the first chapter, by using cost effective metals like
Gd, Zr, Ti was utilized as pyrochlore catalysts and their stability and activity was checked
with most abundant Ni metal. Furthermore, trace amount of Ce in pyrochlore catalysts in
coke gasification process also studied. Perovskite related SrMnOs and rare earth metals (Sm,
Nd, Eu) substitution and their composition also studied and confirmed in activity. In the third
chapter layered oxide catalysts wee first time checked for DRM for 100 hours of stream, role
of transition metal substitution also studied in DRM. These catalysts must be checked with
more different compositions to make them more stable for DRM reaction conditions.

Moreover, their activity must be checked in pilot scale in DRM.
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Dry reforming of methane (DRM), reaction which utilizes two greenhouse
gases CO: and CHy into syngas with H»/CO ratio 1. Harsh reaction
conditions like high operating temperature cause active metal sintering,
agglomeration, coke formation and catalyst deactivation. Present thesis
unveils the application of structured oxides like perovskite, pyrochlores and
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described as follows: Chapter 1 covers the broad introduction of greenhouse
effect, alarmed emission and utilization of CO: by various aspects explained
widely and mainly focused on DRM. In chapter 2 effect of support, active
metal concentration and Ce redox behavior was briefly studied in Gd based
pyrochlore catalyst. Ti based Gd:TiisNip.207.5, Gd:Zr1.25Nip.7507.s and
Gd:Zr1.8Nip.2Ce.207.5 catalysts showed superior activity among all screened
catalysts. Chapter 3 deals with screening of perovskite catalyst SrMnOs and
effect of rare earth metals substitution (Sm, Nd, Eu) in A site of the catalyst
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Rare Earth (La Pr, Nd, Sm and Gd) doped ceria catalysts with 5 wt% Ni were synthesized by co-precipitation
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emissions particularly CO, and CH4 emissions. Numerous initiatives are being taken for the development of
capture and utilization technologies to reduce the level of greenhouse gases. In recent times various research
activities are

proposed to utilize both the greenhouse gases to obtain fuels and chemicals. Dry reforming of methane is one
such programme that utilizes both CO2 and CH, to give valuable syngas. In this concern, Perovskite based
catalysts (ABQs) has been synthesized, in which alkaline earth metal used in A site, ZrO; as a support and
nickel as an active metal. After success in small scale testing, catalyst has been used for scale up purpose. For
large scale synthesis, different methods like sol-gel, paper dip and spray pyrolysis methods were implemented.
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In every method citric acid has been used as a chelating agent. Rare earth substituted catalyst shows superior
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ARTICLE INFO ABSTRACT
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Structured catalysts are emerging as active and durable catalysts in dry reforming of methane due to their
inherent characteristics like lattice insertion of active metals and consequent stability imparted. Here we report
Ti and Zr substituted GdaB2.xNiyO7.5 (B = Ti, Zr) catalysts synthesized by citrate gel method, which are char-
acterized and tested for dry reforming of methane. Structure and Ni substitution has been confirmed by Rietveld
refinement of powder XRD patterns and Raman analysis. TPR and CO2-TPD were performed to analyze the
reducibility and effect of basic sites of catalysts in DRM activity. Ni doped Ti analogue shows stable and superior
activity towards dry reforming of methane for 100 h. The in situ IR studies and XPS analysis confirmed the
presence of surface hydroxyl species in this catalyst, which triggers the activation of CO; and provides higher and
durable activity in dry reforming reaction. Absence of any C formation in this catalyst after durability test in-
dicates the mechanism of C gasification by the surface hydroxyl species enhancing stable activity for long

durations.

1. Introduction

The increase in global average temperature is attributed to an
alarming upsurge in the greenhouse gas emissions, especially CO3. To
address this issue, several reactions converting CO; to useful products
have been reported, viz., hydrogenation, reforming, methanation,
carboxylation etc [1]. Among them, CO, reforming has attracted more
attention since it utilizes two greenhouse gasses, CO5 and methane, to
generate valuable syngas (1). In particular, dry reforming of methane
(DRM) generates syngas with Hy/CO =~ 1 at thermodynamic equilibrium
using COy and CH4 [2]. Generated syngas can be further used for the
synthesis of DME or long chain hydrocarbons by FT synthesis [3,4].

CHy4 + CO, < 2CO +2H; (AH 298 g = +247 kJ/mol) (€))

Most of the catalysts reported for this process are based on Ni sup-
ported on basic oxides, well known for steam reforming. Although, Ni
based catalysts show superior activity at steam reforming conditions,
they are prone to severe coke formation under dry reforming conditions,
caused by two reactions, Boudouard reaction (2) and methane cracking
(3) at temperatures around 550 °C and 700 °C respectively [5,6].

2C0O < C(s) + CO, (AH298 x = —171 kJ/ mol) (2)
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CHy < C (s) + 2Hj (A H%9gx = +75 kJ/ mol) 3)

Another major drawback of supported metal catalysts, especially Ni,
is the sintering of active metal nanoparticles at high temperature
thereby compromising number of active sites in the catalyst [7]. Several
suggestions to minimize these problems are documented and it has been
observed that high dispersion and smaller particles of the active Ni with
good metal support interaction can limit sintering as well as coke for-
mation [8]. Support characteristics like redox property, basicity etc. also
influence the activity and durability of the catalyst. Recently, the
concept of stabilizing active metal sites as ionic lattice sites in stable
structured oxides, to prevent sintering and coke formation has been
attracting attention.

A,B207 ternary oxides form a potential family of compounds for
various reforming reactions due to their high thermal stability and
tolerance to structural variations and lattice site doping. These analo-
gous compounds are known to have various structure types like pyro-
chlores and defect fluorite. Effect of different parameters viz., A and B
site substitutions in these structure types and oxygen vacancies have
been studied for gasification, reforming and coupling reactions etc. Most
of the reports are on lanthanum zirconate pyrochlore and noble metals
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like Rh, Ru and Pt as well as Ni have been studied as active metal [9-14].
Apart from this, the effect of Rh doping in the kinetic parameters of dry
and bi reforming of methane is also analysed [15-18].

In this paper, we report B site substituted Gd based ternary metal
oxides and compared their activity and durability in dry reforming of
methane. Unsubstituted and Ni substituted Gd;B,07 (B = Ti and Zr)
have been synthesized by conventional citrate gel method. Structure-
activity correlation by various characterization techniques and spent
catalyst analysis suggests that structured ternary metal oxide catalyst
with Ti has superior activity and is stable for dry reforming of methane.

2. Experimental
2.1. Synthesis

All structured catalysts were synthesized by conventional Pechini
method. Metal nitrate precursors were dissolved in minimum amount of

distilled water separately, mixed together and then added to citric acid
solution with the ratio of 3:1 (citric acid: nitrate precursors) under
constant stirring at 80 °C. For Gd and Ti, Gd203 and Ti isopropoxide
were dissolved in conc. HNO3 before mixing with citric acid. Gd:B:Ni
molar ratio in the solution was 1:0.96:0.099 for Ti compound whereas
for Zr analogue, it was 1:0.898:0.099. Ethylene glycol was added to the
solution as polymerizing agent with molar ratio of 1:1 (EG:CA). Formed
gel was dried overnight at 180 °C to promote polyesterification and
removal of water. The obtained fluffy material was crushed and calcined
at 800 °C for 6 h in air to get the ternary metal oxides.

2.2. Characterizations

Powder x-ray diffraction (XRD) patterns of the parent and Ni
substituted GdyB207 (B = Ti and Zr) catalysts were collected using
PANanalytical X’ pert Pro-dual goniometer diffractometer equipped with
an X’celerator solid-state detector. Nickel filtered Cu Ko (1.5418 10\)
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radiation was used for the data collection using a flat holder in Bragg-
Brentano geometry with 1° slit at the source side. The data were
recorded in 20 range (10-90 °) in step size of 0.008 ° GSAS EXPGUI suit
was used for Rietveld refinements of powder XRD pattern. First,
refinement was carried out by fixing the stoichiometry of B site as in the
synthesis and NiO secondary phase was quantified. Then refinement was
done again by fixing the Ni occupancy based on the difference of Ni
concentration added during synthesis and that present as NiO. The
Brunauer-Emmett-Teller (BET) surface areas of the samples were
measured by Ny sorption at liquid nitrogen temperature (—196.15 °C)
using a Quantachrome Autosorb iQ equipment. Prior to Ny adsorption,
the samples were degassed at 300 °C for 3 h to remove any residual
moisture and other volatiles. Temperature programmed reduction (TPR)
profiles were obtained using a Micromeritics Autochem 2920 catalyst
characterization system, equipped with TCD detector. Freshly calcined
samples were treated in 5% Oz-He gas mixture (30 mL min~ 1) by
ramping the temperature to 400 °C at a heating rate of 5 °C min™..
Following this heat treatment for 1 h, the sample was cooled to 50 °C in
Ar (purity 99.995%) flow. Subsequently, the gas was changed to 30 mL
min~! of 5% Hy in Ar flow and the catalyst was heated to 1000 °C at a
heating rate of 5 °C min~'. The change in H; concentration at the outlet
was monitored by TCD and plotted against temperature to get TPR
profiles. Water produced during the reduction process was condensed
and collected in a cold trap. Temperature programmed desorption of
CO5 (TPD- CO5) was carried out on a Micromeritics Autochem 2920
equipped with a TCD detector. The samples were first degassed at 300 °C
in 40 mL min~! of He flow for 1 hour. Then the sample was cooled to
50 °C in He, and the gas was switched to 30 mL min ™! of 10% CO, in He
for 30 min. Following this, the sample was purged with He for 30 min by
ramping the temperature to 100 °C at 5 °C min ™" in order to remove the
physisorbed CO,. Subsequently, the sample was heated at 10 °C min~!
to 1000 °C under He flow (40 mL min~ 1) while monitoring the TCD
signal for desorbed CO,. Raman spectra were recorded using Horiba JY
Lab RAM HR 800 Czerny-Turner type spectrograph equipped with 800
mm focal length achromatic flat field monochromator and charge-
couple device (CCD) detector. The wavenumber region (200-2000
cm ') was scanned using a He-Ne laser (632.8 nm, 20 mW). The in situ
FTIR spectra were collected using Nicolet iS50 Analytical FTIR Spec-
trometer (Thermo Fisher Scientific) in diffuse reflectance mode (DRIFT)
equipped with MCT detector. X-ray photoelectron spectroscopy (XPS)
was carried out using K-Alpha+ model Thermo Fisher Scientific (UK)
make XPS instrument with an Al Ka source. XPS data of all the com-
pounds were fitted with the Shirley type background subtraction
method using XPSPEAK41 software. Quantitative analysis of coke for-
mation in spent catalysts performed by Thermogravimetric analysis in
Perkin Elmer TGA/DTA model instruments by heating the sample to
1000 °C in air flow at 10 °C min ™, using the weight loss in a defined
region was used to estimate the coke content.

2.3. Catalysis

The dry reforming reactions were carried out in a packed-bed tubular
down flow reactor made of Inconel HT, placing it in a programmable
tubular furnace. All the gasses (CH4, CO2 and N3) used for the reaction
were regulated by mass flow controllers (Brooks Instruments). 0.5 cm?®
(0.6-0.75 g) of 0.3-0.5 mm range catalyst particles were mixed with 0.5
cc of same size quartz pieces and loaded in the reactor tube supported by
ceramic wool plugs. The catalyst bed temperature was measured by
chromel-alumel thermocouple centered in the catalyst bed. Prior to the
reaction, the catalyst was calcined at 700 °C for 5 h and reduced in situ
at 700 °C for 5 h using 20% Hj in N gas mixture. DRM reaction was
carried out using a gas mixture consisting of CH4, CO2 and N in the
volume ratio of 1:1:1; with flow rate 80 mL min~* with total gas hourly
space velocity at 28,800 h ~ *. The product gas mixture was analyzed by
online gas chromatograph (Chemito 8610) equipped with a Spherocarb
packed column (1/8” OD and 8 feet length). CH4 and CO; conversions
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Table 1
Rietveld refinement data A;B NiyO7.5 (A= Gd and B = Zr, Ti).
GdzZr,07 GdyZrq gNi.1307- Gd,Ti07 GdTi;.93Nig.0807-
3 8
[2* 3.09 2.32 3.63 3.22
WRp (%)** 4.91 3.77 4.86 4.80
Rp (%)** 3.67 2.99 3.84 3.58
Space group  Fm3m Fm3m Fd3m Fd3m
a/’A 5.3008 5.2678 10.1861 10.1842
Occupancy Zr= Zr = 0.4500 Ti = Ti = 0.8926
0.5000 Ni = 0.0322 1.0012 Ni = 0.0370
Impurity NiO = 0.68 NiO = 1.34
phase (wt
%)
Crystallite 54.1 33.1 79.8 55.3
Size (nm)
. M . L ) . )
y*= ————— where M is the minimized function during refinement,
Nobs — Nvar

Nobs is the number of observed intensities and Nvar is the number of refined
variables.

Zllo —1I
Rp and wRp are the residual parameters defined as R, = % and
M
WR, == \/ TII:)T where Mp is the minimization powder diffraction function, IO

and IC are observed and calculated intensities.

and the Hy/CO ratio were calculated using the gas composition analyzed
by GC and conversions were calculated by the formulae,
CH4 Conversion:

Xcna% = [(FcHa in - Fcua ou)/Fena in] x 100

CO, Conversion:

Xc02% = [(Fco2 in - Fcoz ou)/Fcoz inl x 100
H,/CO ratio:

Hy/CO = [Fout 12/Fout col

3. Results and discussion

Our strategy was to identify structural frameworks with stable ions
which form the basis for lattice insertion of active metals. A;Bo07
compounds with B site occupied by Zr and Ti were anticipated to pro-
vide stable skeletal framework as well as provide catalytically active
sites through a synergistic interaction of Zr and Ti with Ni ions. The
materials were synthesized by conventional Pechini method and phase
analysis was carried out by PXRD (Fig. 1(A)). GdaZry07 (GZO) crystal-
lized in defect fluorite structure with Fm3m space group (PDF
01-080-0471), while Gd,Ti207 (GTO) crystallized in pyrochlore struc-
ture with Fd3m space group (PDF 01-073-1698). Ni doping (named as
GTNO and GZNO for substitution in Ti and Zr compounds respectively)
seems to have minimal effect on the structure type and parent structures
are retained, with small amount of NiO present as impurity outside the
lattice as indicated by the peak at 43.2° [19,20]. The XRD patterns also
show a small shifting of peaks in Ni doped catalysts towards high 26
values, pointing to a contraction of lattice. This is further confirmed by
full pattern refinement by Rietveld method using GSAS-EXPGUI soft-
ware [21]. For GZO, refinement was done with defect fluorite GdyZr,07
model, with Fm3m space group (ICSD collection code - 068,265).
Refinement went smoothly and resulted in a good fit with cell parameter
a = 5.3008 A, which is in agreement with the literature data [19]. For
GTO, the refinement analysis confirmed a face centered cubic lattice
system with Fd3m space group (ICSD collection code- 024,207) with cell
parameter a = 10.1861 A. With Ni doped catalysts, quantitative analysis
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Fig. 2. (A) Raman spectra (B) TPR Analysis of GTNO and GZNO catalysts.

shows that 1.34 wt% and 0.68 wt% of Ni is present outside the lattice as
NiO, in GTNO and GZNO respectively. Refinement studies were carried
out by substituting appropriate concentrations of Ni (subtracting the Ni
concentration present outside the lattice) in Zr and Ti sites and cell
parameters were refined to be 5.2678 and 10.1842 A for GZNO and
GTNO respectively. The decrease in cell parameters of substituted cat-
alysts confirms the incorporation of Ni in Ti and Zr sites. Lattice site
substitution of Ni in Ti analogue is obviously lower due to the higher
concentration of Ti added, which in turn has led to a higher

concentration of NiO outside the lattice, in a well dispersed manner.
Crystallite size of main phases was calculated by Lorentian broadening
of refined XRD peaks. Refined profiles and parameters are given in
Fig. S1 (A-D) and Table 1 respectively. Atomic parameters are given in
Table S1. In general, surface area of the materials is low as expected due
to the high temperature synthesis (Table S2).

Substitution of lower valent Ni in the lattice is expected to affect the
stoichiometry and hence form and redistribute O occupancy and va-
cancies. Since scattering parameters of O is low in x-ray diffraction
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methods, we have refrained from refining O occupancy in Rietveld
analysis. However, an attempt to understand O occupancy and vacancy
distribution in the catalysts through Raman spectroscopy was carried
out (Fig. 2(A)). Pyrochlore structure is known to have 6 active Raman
modes distributed as A1g+Eg+4F2g irreducible presentations [22-24].
The Alg mode corresponds to Ti-O stretching, at higher frequencies
(515-530 cm 1) and Eg modes are due to O-Ti-O bending motion (330 —
340 cm™ 1), while the F2g modes are due to O-Ti-O bending (300-320
crn’l) and vibration of Gd-O’ lattice (200-250 cm’l). For GTNO cata-
lyst, Raman modes around 215, 310, 449, 519 and 715 cm™! were
observed. Bands around 710-750 cm ™! are attributed to the defect
originated oxygen disorder confirming the occurrence of oxygen va-
cancy in GTNO catalyst [22]. While in GZNO catalyst, broad Raman
bands have been observed in the range of 300-350 cm ™, the broadness
of Raman modes confirm the defect fluorite structure of the catalyst
[25]. According to Glerup et al., the absence of broad peak at 750 cm ™
confirms the lack of disorder generated oxygen vacancies in GZNO
catalyst.

Difference in reducibility of both the catalysts was ascertained by
TPR analysis. It can be seen from Fig. 2(B) that, in GZNO two reduction
peaks were observed at around 459 °C and 559.6 °C. The first peak
corresponds to the reduction of surface NiO particles and the second
peak at 559.6 °C is owing to the lagged reduction of Ni*2 — Ni® present
in the sub surface layers of the support [26,27]. In case of GTNO, the
reduction of NiO particles on the support surface occurs at much lower

temperatures in the range of 350 — 410 °C, possibly due to better
dispersion. The peak in the range of 480 - 500 °C corresponds to the
reduction of NiO, which is strongly interacting with the support. Along
with this, reduction peaks centered at 630 °C and 700 °C suggested the
reduction of lattice Ni%" into metallic Ni [28]. On comparing both the
materials, it can be concluded that GTNO has more reducible Ni species
over the surface as well as in sub layers of support. Surface acidic/basic
nature also plays an important role in DRM, since COs is acidic in nature;
higher the basicity of support, more CO5 is adsorbed activating CO
formation and further dry reforming of methane. This was estimated by
CO2-TPD experiments (Fig. S2) and in GTNO, the desorption peaks are
observed in lower temperatures as well as in higher temperature range
which confirms the presence of weak, medium and strong basic sites
facilitating activation of CO,. While in GZNO catalysts, the broad peaks
observed at around 200 °C indicates the presence of weak basic sites
resulting in less desorption and activation of CO5 [29,30].

To understand the surface composition of metals in the catalysts, XPS
analysis has been carried out (Fig. 3). In GTO (Fig. S3) and GTNO
catalyst, Ti 2p XPS spectrum showed the presence of Ti** through
binding energy peaks at 458.1 and 463.8 eV [31]. Interestingly, we also
observed a small peak at 456.6 eV which can be attributed to reduced Ti
species [32]. The concentration of this reduced Ti species on the surface,
however, decreased on Ni doping. The O 1 s spectrum of GTNO catalyst
displays two peaks at 529.2 eV and 531.9 eV corresponding to the sur-
face adsorbed oxygen (O7) and hydroxyl oxygen (OH™) species
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respectively [31]. The ratio of surface adsorbed oxygen (O7) and the
hydroxyl species (O™: OH™) was estimated from the area under the peaks
and is found to be 9:1 in GTO while in GTNO catalysts it is 7:3. This
confirms the enhanced generation of hydroxyl species by Ni substitution
in Ti site. In case of GZNO catalyst (Fig. 3), the Zr 3d XPS profile showed
peaks at 182.5 eV and 184.9 eV confirming Zr in +4 valence state [33].
The O 1 s spectrum shows the binding energy at 529.1 eV indicating only
loosely bound surface oxygen species and the lower binding energy
peaks correspond to lattice oxygen atoms (Fig. S3). It is noteworthy that
in GZNO, peak corresponding to hydroxyl oxygen species at 531.9 eV is
missing.
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Furthermore, we performed DRIFT experiments to understand the
adsorbed species on the surface of these catalysts upon exposure to CO,.
Before the analysis, the sample was heated inside the DRIFT cell in N5 at
400 °C to clean the surface. Following this, the sample was reduced in Hy
(20 mL min~!) for 2 h and later the cell chamber was purged with N at
400 °C for 30 min. H; is expected to be homolytically dissociated and
adsorbed on the catalytically active sites and Ny purge would sweep
away any Hj not anchored on the surface. Then a mixture of Ny (20 mL
min~!) and CO, (5 mL min~!) was passed over the sample and spectra
were recorded at 400 °C in absorbance mode. The spectra show the
presence of carbonates (symmetric stretching O—C-O and C—0) and
formate species in the range of 1300-1600 em™! (Fig. 4(A)). Formate
species are formed because of interaction between CO, and adsorbed H*
on the surface Fig. 4.(C) shows the absorption bands at 3630 em ! and
3735 cm ™!, which correspond to the hydroxyl species; however, gaseous
CO, also shows absorption in the same range and hence this cannot be
conclusively assigned. The desorbed gaseous CO has been observed at
2143 cm ! in Fig. 4(B) [34,35]. The peak at 2143 cm! is more intense
in GTNO than GZNO catalyst, as the desorption of gaseous CO is more in
GTNO catalyst which triggers the fast activation of CO,. The less
desorption of CO in GZNO shows lesser activation of COs.

The activity for dry reforming of methane of both the Ni substituted
catalysts have been studied at various temperatures (Fig. S4) and
durability was tested at optimized reaction conditions at 800 °C, 28,800
h ~ ! GHSV, COy: CH4: Ny = 80:80:80 mL min~! and atmospheric
pressure for 100 h time on stream (Fig. 5). Among the two catalysts,
GTNO showed superior DRM activity. Initial activity of both the cata-
lysts was poor and reached steady state conversions after 35-40 h. Initial
poor activity was also accompanied by H/CO ratio much less than what
is expected of DRM. It has been reported that, the decrease in Hy/CO
ratio may be because of side reactions like reverse water gas shift re-
action (4) and reverse Boudouard reaction at high reaction temperature
(800 °C) (5) [36]. In case of GTNO, the activity recovers to 94% CO, and
88% CH4 conversion and 0.96 (~1) Hy/CO ratio, whereas, GZNO
exhibited much lower activity at maximum conversion.

CO, + Haes CO + Hy0 (AH 295 x = +40.6 kJ/mol) 4
2C0 < C(s) + CO, (AH%205 x = —171 kJ/ mol) 5)

It is understood that the surface oxygen species play a key role in
gasification of coke formed during the dry reforming reaction by con-
verting it into CO. The XPS and in situ IR studies confirm the presence of
these species, especially hydroxyl in GTNO catalysts. These active
groups prevent blockage of active sites by carbonaceous species and
make the active sites available for further reaction. We can anticipate
this mechanism of coke removal from GTNO catalyst surface. The
absence of hydroxyl species in GZNO catalyst may be the reason for its
decreased activity by accumulation of carbonaceous compounds.

In order to check the structural change and the stability of Ni
substituted catalysts after 100 h of reaction, the x-ray diffraction anal-
ysis of the spent catalysts was carried out. All two spent catalysts
retained their parent structure after 100 h time on stream in DRM
conditions (Fig. 6A). An extra peak in case of GZNO catalyst at 20, 26.2°
(JCPDS No.75-1621) is attributed to graphitic carbon [36]. To further
substantiate the presence of graphitic carbon, Raman analysis of spent
GTNO and GZNO catalysts was done (Fig. 6B). Raman spectrum of
GZNO catalyst showed bands at around 1350 cm ™! and shoulder peak at
1615 cm ™! corresponding to D and G bands of disordered graphitic
carbonaceous species [36]. For the estimation of the amount of carbon
formed during the dry reforming of reaction, thermogravimetric anal-
ysis was also done on the spent catalysts. The experiment was carried out
under air and oxidized carbon was calculated in moles per gm of catalyst
(Fig. 7). It has been observed that the GZNO showed more coke for-
mation in comparison with GTNO.

From the above characterization studies, it can be inferred that
structural and other factors like reducibility assist GTNO to be more



S.R. Ghodke et al.

g

Molecular Catalysis 522 (2022) 112242

1.2

GTNO

% Conversion
= (= 3] [+ -]
= = L =]
'l g i
|
]

Pl
=
L

0 p—

1 30 B0

- 0.8 ©
a=
m
'UB=
"8
.
- 04 T

- 0.2

T Y T - 0

B2 100

Time on stream (h)

3

GZNO

% Conversion
N = an [+ )
= = =

Pt
=

0.6

H,/CO Ratio

04

- 0.2

=

1 30 &0

32 100
Time on stream (h)

EDCH4 ERC02 —+—H2/CO Ratio

Fig. 5. Activity analysis of GTNO and GZNO catalysts in DRM conditions: CH,: CO: N5 = 80:80:80 mL/min, 28,800 h ~ ! GHSV at 800 °C for 100 h time on stream.
Conversions and H,/CO ratios are plotted against time on stream. Full TOS plots are given in Supporting Information Fig. S5.

active and stable in dry reforming conditions. Presence of more hydroxyl
species as well as reduced Ti species possibly play very important roles
in enhanced CO; activation. Presence of well dispersed NiO particles on
the surface of GTNO could have enhanced the reducibility and hence
activity. Surface hydroxyl groups on the surface could also influence
gasification of the C formed resulting in further enhancement of activity
and stability.

4. Conclusions

The Gd based Ni substituted ternary metal Ti and Zr oxide catalysts
have been synthesized and tested for dry reforming of methane. The
XRD analysis and refinement studies confirm the incorporation of Ni in
the lattice as well as presence of reducible NiO over the surface resulting

in enhanced activity of the Ti based Ni doped catalyst. Temperature
programmed reduction confirms that the reducibility of this catalyst is
more than the Zr analogue, which substantiates the presence of well
dispersed NiO particles over the surface and presence of stable active
metal ions in the bulk. Strong basicity of GTNO catalyst also results in
the promotion of CO4 adsorption and activation than in GZNO catalyst
towards DRM. This is corroborated by in situ IR studies which prove
more reductive adsorption and desorption of CO; as CO on GTNO.
Presence of loosely bound surface oxygen and hydroxyl oxygen species
in GTNO catalyst may also be helpful in activation of CO, as well as
simultaneous coke gasification on the GTNO catalyst surface. Amount of
carbon formed in dry reforming of methane is less in GTNO than GZNO
catalyst and absence of graphitic carbon shows the simultaneous
removal of coke from the surface of GTNO catalyst and availability of
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