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Chapter 1. Introduction
1.1.Syngas production and utilization

Synthesis gas (syngas) is a generic term for raw gas mixtures, primarily
consisting of carbon monoxide (CO) and hydrogen (H>) in various ratios. It is the key
building block and intermediate to be further synthesized and upgraded to various
value-added chemicals and fuels!?. The composition of syngas is highly dependent
upon the inputs to the reactor (e.g., feedstock, feed gas ratio, reaction conditions,
catalyst), affecting the H»/CO ratio and components in the final gas mixture.
Theoretically, as shown in Fig. 1.1, the syngas can be generated from any
hydrocarbon feedstock, such as coal, natural gas, crude oil, petroleum coke, biomass
and waste, carbon dioxide (CO>), and so on’. The existing technology for syngas
production includes gasification or pyrolysis of coal, biomass, and waste, reforming
of natural gas, partial oxidation of heavy hydrocarbons, electrochemical reduction of
CO, etc.*® The choice of the technology to produce syngas depends on the cost and
availability of the feedstock and the downstream desired product production.
Furthermore, the product gas inevitably contains a certain amount of other
components, for example, CO,, H,O, CH4, and sometimes SO». Therefore, the
produced raw syngas usually needs to be cleaned and purified, e.g., desulfurization,
soot removal, acid gas removal, to remove the impurities and contaminants, and
conditioning, e.g., Water—Gas Shift Reaction, Methanation, and introduction N2, to

adjust the H»/CO ratio to the desired composition.?
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Figure 1.1. The production and utilization of syngas ’

As shown in Table 1.1 and Fig. 1.2, the syngas with different compositions can be
utilized in a variety of fields. Typically, the syngas can be used directly as fuel to
generate electricity and heat®. Apart from this, as mentioned above, syngas is the
flexible intermediate used for the production of valuable chemicals. Reportedly, the
primary syngas chemically derived products are ammonia and its derivatives (urea,
nitric acid, and ammonium nitrate).>® Besides, syngas is also applied as a hydrogen
source in the refinery, providing hydrogen for refining heavy crude by hydrotreating
and hydrocracking processes.!®!! Additionally, syngas is the raw material in producing
clean synthetic fuels, such as synthetic natural gas, oxo alcohol, and methanol, which

has a crucial role in the manufacturing of olefins, gasoline, acetic acid, formaldehyde,



methyl methacrylate, and methyl tertiary-butyl ether.!>'* In addition to these
applications, the Gas-to-liquids (GTL), which can convert natural gas via syngas into
transportation fuels based on Fischer-Tropsch (F-T) process, are now drawing
considerable attention as well.*!°

Allin all, syngas is the crucial and prominent hub that connects upstream resources,
such as natural gas, coal, crude oil, and biomass, with downstream desired liquid fuels

and chemical products.

Table 1.1. Composition and utilization of syngas

Composition Utilization
flexible Heat and electricity production
Pure H» Ammonia synthesis, Refinery hydrotreating and

hydrocracking, Fuel cell

H:CO=2:1 Methanol, alkenes, and alcohols synthesis
H,:CO=1:1 Aldehydes and long-chain hydrocarbons synthesis
CO Acids (formic and acetic)

B Ammonia (H,)
23% [ Refineries (H,)
0 Bl Methanol
11% [ | Electricity
4% [ Gas-to-liquids
[ |other

8%
1%
53%

Figure 1.2. The world syngas market in 2019, totally ~6 EJ/y. 2



1.2. Introduction of methane reforming

It is reported that syngas production accounts for about 50-60% of the overall cost
of the GTL process'®, so it is of great significance to manufacture syngas from the cheap
and abundant feedstock. Thanks to the shale gas revolution and the discovery of large
reserves of natural gas, coalbed methane, and combustible ice, methane as the main
component of these resources has come to the fore as a primary source to produce
syngas' 1720,

The methane is converted to syngas through a reforming process. In general, the
most common reforming of methane to syngas can be divided into four main types!®2!:
(i) steam reforming (SRM), (ii) partial oxidation (POM), (iii) dry (CO2) reforming
(DRM), (iv) combined reforming, a combination of any two or all the three processes,
e.g., autothermal reforming (ATR: SRM + POM or DRM + POM) , combined steam
and dry reforming (CSDRM: SRM + DRM), and tri-reforming (SRM+POM+DRM).
The differences between the processes are based on the oxidant used (H>O, Oz, CO,,
and their mixtures), thus leading to the different energetics and kinetics of the reaction

and the produced syngas with different H»/CO ratios. The main characteristics of each

process are described in the following text and summarized in Table 1.2.

1.2.1. Steam reforming of methane (SRM)

CHs+H,O «<—> 3H,+CO A H,og¢=+206 kJ/mol  Equation 1

Steam reforming of methane (SRM) is a well-established and industrially applied
process in which methane is reacted with steam in the presence of a catalyst to

produce syngas.?>>* As shown in Equation 1, theoretically, SRM can produce syngas



with an H>/CO ratio of 3. Since it can provide H»-rich product gas, currently, SRM is
the most widely used process to generate hydrogen. The manufactured hydrogen is
generally utilized in ammonia synthesis, fuel cells, and petroleum refining. On the
other hand, because this technology yields syngas with a high hydrogen
concentration, the produced gas is unsuitable for other synthesis applications, for
example, methanol synthesis (typically requiring syngas with an H»/CO ratio of 2.)
Consequently, in industry, a specified amount of carbon dioxide is often introduced
into the feed gas to increase the proportion of carbon monoxide in the product to meet
the diverse needs of downstream utilization.

SRM is a strongly endothermic reaction, it was commonly carried out at high
temperatures of 700~1000 °C, so it requires a large amount of energy input and is
therefore highly energy intensive and very expensive. Furthermore, owing to the
presence of steam and ultra-high operation temperature, the catalyst's degradation and
collapse always occur.!?* Developing a catalyst with outstanding hydrothermal

stability is indispensable under high-temperature steaming conditions.
1.2.2. Partial oxidation of methane (POM)

CHs+ 120, <— 2H, + CO A H,ogr=-36 kl/mol  Equation 2
Another attractive process for syngas generation is the partial oxidation of
methane (POM, Equation 2), which utilizes oxygen as the oxidant in a highly
exothermic reaction to stoichiometrically produce syngas with an Hz/CO ratio of 2.
This ratio is desired for downstream methanol and 3262 (F-T) synthesis to

manufacture heavier hydrocarbons and naphtha. Additionally, compared to the SRM
5



process, the POM process exhibits several advantages, such as high energy
effectiveness, very short residence time, and high conversion rates.

However, despite its exothermicity, high temperatures (800—1000 °C) are
required to obtain a high yield of H> and CO.?*° Combined with the exothermic
nature, it would induce hot spots in the reactor, which makes this reaction difficult to
control. Moreover, there also is a risk of explosion due to direct contact of methane
with oxygen at elevated temperatures. Furthermore, it is also difficult to keep the
catalyst in a reducing state and thus to lead to the rapid deactivation of the catalyst.>!~
33 Apart from these, the POM process usually needs the construction of an
accompanying oxygen plant to provide pure oxygen, which also imposes substantial

investment. All these challenges hinder this process from being industrialized.

1.2.3. Dry reforming of methane (DRM)

CHs+CO, «—»2H,+2CO A H,ogx=+247 kl/mol  Equation 3

With the increasing concerns on climate change, carbon neutrality, a concept
dedicated to reducing and removing greenhouse gases (GHGs) emissions, has become
the common goal of the international community. Dry reforming of methane (DRM)
has aroused intensive attention since it provides a promising means of converting and
offsetting two leading greenhouse gases, CO2 and CHa, as feedstock to produce
syngas.>*3¢ Typically, DRM was conducted at high temperatures, 600-900 °C,
because of the strong endothermic nature to achieve high conversion levels and high
syngas yields.?”*® The DRM is a cheaper route compared to the SRM and POM

processes due to the simpler separation of end products. Furthermore, as presented in
6



Equation 3, the H»/CO ratio from DRM is near unity, which is suitable for producing
oxygenated chemicals and long-chain hydrocarbons, considering that the high H>/CO
ratio would limit the carbon chain growth in F-T synthesis.**

However, this process is not commercially available due to the following
limitations: (i) the high operating temperature of DRM would trigger the sintering of
active metal of the employed catalyst, and thus fast catalyst deactivation; (ii) the
ability of carbon dioxide to remove deposited carbon on the catalyst is weaker than

steam and oxygen; therefore, the DRM reaction is also more likely to have severe

coke content; (3) the requirement for pure CO> increases the investment.
1.2.4 Combined reforming of methane

In view of disadvantages and limitations of the separate methane reforming
process, the combined reforming, which operates at various combinations of two or
three processes and varying ratios of H20, Oz, and CO2 to overcome the drawbacks of
the single process and to regulate the H2/CO ratio in the product gas, has attracted
academic and industrial interests.

The most popular combined reforming is autothermal reforming (ATR), in which
the endothermic process, SRM or DRM, is coupled with the exothermic POM process
into one compact reactor’®*'*>, In other words, the exothermic POM process could
provide the heat for the endothermic process, resulting in a net reaction enthalpy of
zero. The ATR shows some synergistic benefits. It can effectively improve heat
transfer and energy efficiency, thus reducing the total energy input and cost, but also

avoiding the hot spot of the reactor and operating more safely. Moreover, coke
7
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deposition can be mitigated because of the oxidation of carbon species, hence
increasing the catalyst's lifetime. Furthermore, it can provide a flexible H2/CO molar
ratio to meet diverse applications by changing the feed's H>O/O; or CO»/O; ratio.
However, combining several processes often also means more reactions and
parameters are involved, indicating a more complex control system and more
complicated operating conditions required.

Another attractive combined technology is the coupling of SRM and DRM
(CSDRM).% As discussed earlier, the independent SRM or DRM process cannot
produce syngas to meet different demands. Given this, in industry, carbon dioxide is
sometimes co-fed to the SRM system to flexibly adjust the composition of the outlet
gas. Additionally, combining dry reforming with steam reforming can alleviate the
significant carbon formation problem for dry reforming. Unfavorably, CSDRM is an
endothermic process and requires high energy input to sustain the reaction.

As for the tri-reforming technology“y15

, 1t integrates the synergetic effects of the
great environmental value of DRM, the high economic benefit of SRM, and the high

energy efficiency of POM, while it also encounters challenges of the combined

reforming techniques mentioned above.



Table 1.2. The advantages and disadvantages of different methane reforming techniques

Technology Advantages Disadvantages
B High heat suppl
v Mature industrial technology s . PPy
SRM ) ) B Degradation of catalyst
v Production of Hx-rich gas . . .
B Hy/CO ratio often higher than required
v High energy efficienc
8 &y o Y B Hot spot
v Low carbon deposition _ ‘
POM . i B Hard to keep the catalyst in a reducing state
v' Product gas is suitable for methanol and olefins _ ] )
‘ B Require a costly air separation plant
synthesis
v Convert two leading greenhouse gases )
. . B High heat supply
v Simpler separation of product gas . } .
DRM . . ' B Relatively high coke deposition
v' Product gas is suitable for producing oxygenated )
. ) B Require pure CO2
chemicals and long chain hydrocarbons
v Lower energy input '
_ _ B More difficult control system
ATR v" Thermodynamical neutrality ' . .
_ B More complicated operating conditions
v Avoid the hot spot
B High heat suppl
v Flexible Hy/CO ratio Shedt SUPPYY
CSDRM ) B More difficult control system
v Suppress coke formation . . -
B More complicated operating conditions
] . v Flexible H»/CO ratio B More difficult control system
Tri-reforming ) ) . .
v Lower energy input B More complicated operating conditions
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1.3. Brief on thermodynamics, kinetics, and mechanism of DRM

Last year, almost 200 countries came together in Glasgow, UK, to commit to
taking action on climate change and forged the Glasgow Climate Pact. To deliver on
the Pact, the world needs to halve emissions of greenhouse gases over the next decade
and reach net zero carbon emissions by the middle of the century. In this sense*’, the
DRM process is of great significance to achieving the carbon peaking and carbon
neutrality goals. Therefore, in this research, the DRM is the target reaction. To overview
the DRM reaction, the fundamental aspects of DRM reaction, including the

thermodynamics, kinetics, and reaction mechanisms, will be discussed.
1.3.1. Thermodynamics

It is common knowledge that thermodynamics determines the extent to which
reactions occur to achieve high conversion of CH4 and COz, produce a high yield of
syngas, and calculate the equilibrium composition.

Several researchers have systematically studied the thermodynamics of DRM
reactions.’®*" Based on their results and the actual situation of our lab, the
thermodynamic analysis was performed using Gibbs free energy minimization method
under a feed gas composition of CH4/CO/Ar/He = 2/2/4/1 and pressure of 1 bar.

Generally, in parallel with the primary DRM reaction (Equation 3), various side
reactions listed in Table 1.3 can concurrently occur during the DRM process, such as
reverse water-gas shift reaction (RWGS, Equation 4), coke formation reactions, e.g.,
CH4 decomposition (Equation 5) and CO disproportionation (Boudouard reaction,
Equation 6), and coke removal reactions, e.g., CO; gasification (Equation 7) and

10



Carbon-water reaction (Equation 8). Therefore, all these possible reactions are taken
into account for thermodynamic calculation.
Reverse water-gas shift

CO,+H, <> Hi0+CO A Hjqee= +41 kI/mol Equation 4

CHas decomposition:

CHy; «<— (C(s)+2H: A Hyogi=+75 kI/mol Equation 5

CO disproportionation (Boudouard reaction):

2CO «—> (C(s)+CO ArHog1= -173 kJ/mol Equation 6

CO; gasification

C(s) + CO, «—» 2CO A H,ggx= +173 kJ/mol Equation 7

Carbon-water reaction
C(s) +H,0 <> Hy:CO  A;Hjggx=+131 ki/mol Equation 8

As shown in Table 1.3 and Fig. 1.3, the DRM reaction is highly endothermic. It
takes place spontaneously at temperature, denoted as 75, above 640 °C. The conversions
of methane and carbon dioxide increase with reaction temperature. In other words,
because CO» and CH4 molecules have high stability and need high activation energy to
dissociate, DRM process requires high temperature to realize the equilibrium
conversion. However, the sintering of the catalyst's active site would be more severe at
a higher temperature.®'>? Additionally, for the DRM process, the coke deposition on the
catalyst is another obstacle to hinder DRM commercialization.>*~ It is widely accepted
that coke is formed mainly from the CH4 decomposition (75>546 °C) and CO

disproportionation (75<703 °C). Whereas CO> gasification (7:>703 °C) and carbon-

11



water reaction (75 >670 °C), which consume accumulated carbon, would spontaneously
occur at high temperatures. Overall, the maximum coke deposition is favorable in the
temperature range of 550—700°C. The coke formation could be suppressed dramatically
with the development of advanced catalysts. If without coke formation, as depicted in
Fig. 1.3b, the Hy/CO ratio is generally lower than 1 due to the concurrent RWGS
reaction, which results in a higher CO; conversion than CH4 conversion and a higher
amount of CO compared to H» in the product.’® On the other hand, the H»/CO ratio
gradually increases as the reaction temperature increases. Given all results, the DRM
reaction should be operated at a temperature above 700 °C to achieve a high yield of

syngas and low carbon deposition.

Table 1.3. Thermodynamic analysis of the DRM process***’
ArHoggx T AGr<0
Reaction Effect
(kJ/mol) (°0)
DRM +247 >643 /
RWGS +41 >827 H>/CO <1
CH4 decomposition +75 >546 Coke formation
CO disproportionation -173 <703 Coke formation
CO3 gasification +173 >703 Coke removal
Carbon-water reaction +131 >670 Coke removal

12
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Figure 1.3. Thermodynamic equilibrium analysis of DRM reaction as a function of
temperature: (a) with coke formation, (b) without coke formation.

(The reaction conditions: CH4/CO2/Ar/He = 2/2/4/1, 1 bar)
1.3.2 Kinetics and mechanism

Kinetic studies describe the reaction rate and how factors such as temperature, the
concentration of the reactants, and catalysts affect it. Determining the reaction rate also
helps to determine the reaction mechanism and thus can understand the dominant
reaction pathways and rate-determining steps (RDS). Therefore, the kinetics and
mechanism are always analyzed together. Based on the kinetics and mechanism results,
researchers can further optimize catalyst and reactor design and improve overall DRM
development.

The DRM reaction process is complex. The reaction mechanism is affected by
many factors, such as catalyst property (acidity, promoter, and support) and reaction
conditions. Although there is still some controversy about the kinetics and mechanism
of the DRM reaction, as shown in Fig. 1.4 and Table 1.4, it is generally accepted that

the DRM reaction is composed of four parts: methane adsorption and dissociation,

13



carbon dioxide adsorption and dissociation, formation of surface hydroxyls and water,
and CH, oxidation and formation and desorption of CO and H,.>""%

i. Methane adsorption and dissociation:

The primary elementary step of the DRM reaction is the adsorption of CH4 on the
metallic surface. This step is fast and always at equilibrium. Then, the adsorbed CHa4
will be successively dissociated to form chemisorbed hydro-carbonate radicals S;-CHx
(0 <x <4), liberating hydrogen or forming chemisorbed S;-H radicals. The intermediate
S1-CH; can be further dissociated to form S;-C and S;-H radicals. The S;-C radical is a
significant source of coke formation. In consideration of that methane is very stable, so
the initial C—H bond activation of methane needs to overcome a high energy barrier.
Therefore, some researchers thought CH4 dissociation is the rate-determining step
(RSD) and determines the overall reaction rate.

i1. Carbon dioxide adsorption and dissociation:

CO:2 is preferentially adsorbed on the metal surface or metal-support interface to
form either carbonate or bicarbonate species. Then, the activation and dissociation of
CO» proceed. Commonly there are two possible routes for CO> activation and
dissociation. First, the direct dissociation of CO2 will occur to form adsorbed S>-CO
and S»>-O or to produce CO directly and leave an adsorbed oxygen atom, S>-O. The
second way is that the radical H* from the dissociation of CH4 can activate the CO; to
produce S>-CO and S>-OH.

i1ii. Formation of surface hydroxyls and water

Most kinetic models predict that the surface hydroxy groups can form in two ways:
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the formed S»-O will release the oxygen by oxygen spillover from the support to the
metal surface, on which the oxygen will react with the Si-H to generate the surface
hydroxyls on the metal surface, denoted as S;-OH; or the hydrogen will transfer from
Si-H on the metal surface to S>-O on the support by hydrogen spillover to form S>-OH;
thus the occupied active site on the metallic surface will be free. Once the Si-OH is
formed, it will react with adjacent Si-H to produce water, clearing two active sites.

iv. CH, oxidation and formation and desorption of CO and H»

The surface Si-CHy, including S;-C, can react with the formed surface hydroxyls,
S1-OH, and oxygen from the CO> to form S;-CHxO or S;-CO. Then, the decomposition
of S1-CH,O will occur to yield CO and H». Considering that the desorption of CO and
H> to the gas phase is very fast, some researchers considered that the decomposition of

S1-CH,O to yield CO and H, would be the rate-determining steps.

a - b
CH, 2
H/ T \Vmmm
Support ‘ F Support 1
c d H2
CH, CO, CH,

c,\m/\OH \{ c,\—\‘ k/

Figure 1.4. Reaction steps for the dry reforming of methane. (a) Adsorption and
dissociation of CH4 and CO> on the metal and the metal-support interface, respectively.
(b) CO and H. desorption are fast steps. (c) Surface hydroxyls are formed from
hydrogen and oxygen spillover. (d) Surface oxygen species or hydroxyls oxidize the

hydrogen-depleted surface methyl-like species (S1—CHy), forming S:—CHxO species

and finally CO and H2.’
15



Table 1.4. Elementary DRM reaction steps occur on the catalysts’ surface.

57,60

Methane adsorption and dissociation

CH4 + S1+— S|-CH4 Adsorption

Si1-CHy4 + (4-x)S1 — S1-CH, + (4-x)S1-H Dissociation
S1-CH4 + Si— S1-CH3 + S1-H Dissociation
Si1-CH3 + Si— Si-CHz + S1-H Dissociation
S1-CHz + S1— S;-CH + Si-H Dissociation
Si-CH + Si—» S;-C + S1-H Dissociation
2S-He+—> H, + 28 Dissociation

RDS

Carbon dioxide adsorption and dissociation

CO; + S, «—»S,-CO, Adsorption

S2-CO2 + So ¢ S,-CO + S,-CO Dissociation
S2-CO; —»S2-0 + CO Dissociation
S2-CO2 + Si-He— S,-CO + S;-OH Dissociation

First route

Second route

Formation of surface hydroxyls and water

S2-O + S;-He— S;-OH + S,
Si-H + S2-O<«—» S;-OH + S
Si-H + S1-OH<«—» H,0O + 2S;

First route

Second route

CH. oxidation and formation and desorption of CO and H»

S1-CH; + S1-OHe—S;-CHO + S;-H
S1-C + S1-OH «—»§,-CO + Si-H
S1-CH + S2-O«— S1-CH O + S
S1-C + S$2-O«— S1-CO + S»
S1-CH,O +Si;-H<+— §;-CO + x/2H>
S1-CO+— S, + CO

Si-H<+— H; + 25,

RDS

Siand S; denote active sites on the metal and metal-support interface, respectively. In

CHyx, 0<x<4.
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1.4. Discussion of DRM catalyst

As described above, the dissociation of CH4 and CO: requires high activation
energy and temperature to function, so using an efficient catalyst in the DRM process
can remarkably reduce the reaction temperature, increase the reaction rate, and achieve

high activity, selectivity, and stability.
1.4.1. Catalyst type

Numerous scientific publications reported that most group VIII transition metals,
except osmium (Os), exhibited some activity in the DRM reaction.’!> Generally, DRM
catalysts' main active components are grouped into noble and non-noble metals.

Noble metal-based catalysts (Rh, Ru, Ir, Pt, and Pd) are very active for DRM
reaction owing to their high dispersion and small particle size. Among these noble
metals, the order of catalytic activity has been reported as follows: Rh~Ru> Ir > Pt >
Pd.6%%4 On the other hand, the noble metal-based catalysts also showed high resistance
to coke deposition due to small equilibrium constants for methane decomposition and
low dissolution of carbon into their lattices. Nevertheless, the precious metals' low
availability and high price restrict their application in large-scale industrial processes.

With an eye to this, developing stably available and cheap alternatives has caught
researchers’ eyes, especially Nickel (Ni) and Cobalt (Co). It has been revealed that the
supported Co catalyst, especially over silica and alumina supports, showed considerable
activity and stability for the DRM process.>*%-¢ However, the reducibility of Co-based
catalysts is usually poor, e.g., the maximum reduction was only achieved at 50%

reduction on Co/Al>Oj catalyst at temperature as high as 900 °C.%*7° Hence, the activity
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of Co-supported catalysts is neither superior to noble metals nor nickel catalysts. Ni-
based catalysts have been the only transition metal that exhibited catalytic activity
comparable to precious metals, so Ni-based catalysts are the most promising candidate
for the DRM process. However, Ni-based catalysts suffered from fast deactivation due
to the heavy carbon deposition and metal sintering.’%”-"! Therefore, significant efforts
have been made to understand the mechanism and pathways of Ni-based catalyst
deactivation in the DRM reaction. Plenty of studies have been devoted to finding the

solution to overcome the obstacles.
1.4.2. Improving suppression of coke formation

As stated in the thermodynamics section, in parallel with the primary DRM
reaction, two carbon deposition reactions, methane cracking and Boudouard reaction,
can also occur. As cartoon in Fig. 1.5, coke accumulation would lead to the deactivation
of the Ni catalyst via different mechanisms.’®’>"* Firstly, coke deposited on and
covered the surface of Ni particles and metal-support interface, thus deactivating their
CHg4 and/or COz activation and dissociation activity. Second, coke accumulated inside
or on the mouth of the support pores and grew until sufficiently large to block the pores
and inhibit both the reactants diffusing into the inner active sites and the formed
products diffusing out of them into the gas phase. Additionally, filamentous carbon can
form and grow on Ni catalyst during the DRM process as well. This strong filamentous
carbon may build up in pores to the extent of ultimately causing the breakage of the
catalyst, potentially with catastrophic consequences ranging from increased pressure

drop and loss of activity to reactor blockage in reactors and hot spots that can lead to
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reactor failure. On the other hand, it has been confirmed that the growth of carbon
filaments follows the tip-growth mechanism, whereby the Ni particles detached from
its support during the growth process, which then migrated to the tip of the carbon
nanotubes. As a result, the loss of Ni active sites would become unavoidable after

catalyst regeneration.

LOCATION

on metal - support

interface
on metal on support

metal particle

". encapsulatlon
y \) blockage
W =)
‘\ )

)

Figure 1.5. Chemical and mechanical mechanisms of catalyst deactivation owing to
coke deposition.”*”

Different kinds of carbon species that vary in morphology and reactivity would
form during the DRM process’* (see Fig. 1.6 and Table 1.5). For example, CH4 and
CO dissociation would directly form atomic carbon, Ca, adsorbed and dispersed on the
surface of Ni particle as surface carbide. Typically, the Ca is highly reactive, which can
be further converted to other carbon. For instance, vermicular, polymeric amorphous

whisker or fibrous carbon, Cv; bulk Ni carbide, Cy; polymeric amorphous carbon films

and filaments, CB, that again react to give a fully grown, highly ordered, crystalline,
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highly stable graphitic carbon platelets and layers, Cc.

It should also be emphasized that not all forms of carbon can form or affect catalytic
activity. The carbon formation and accumulation depend greatly on reaction
conditions—especially temperature.”> For instance, the surface carbide (Ca) and
polymeric carbon films (CB) are prone to form at low reaction temperatures (<500 °C).
In comparison, graphitic carbon films (Cc) accumulate in the intermediate temperature
range of 500-550 °C. As described in the deactivation mechanism owing to carbon
deposition, if the carbon species encapsulate the surface of Ni, they can block active
sites for adsorption and reaction. At high temperatures above 600 °C, the most notorious
type of carbon on nickel catalysts for DRM reaction, the filamentous carbon or whisker
carbon, Cv, could form and accumulate. Therefore, in practice, regions of carbon-
forming potential during the DRM process must be carefully avoided. Operating the
DRM process at temperatures above 700 °C can greatly inhibit carbon formation from
the thermodynamic point of view. However, the DRM is a strongly endothermic
reaction, if the same large vertical fixed-bed reactor for commercial SRM reformer is
employed to constitute a DRM reactor system, the temperature of the catalyst bed in
the center and downstream may be well below 700 °C. In other words, forming carbon
deposits is still possible in these areas. In light of this, preparing a catalyst with superior

coking suppression is essential.
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A. Methane (hydrocarbon) decomposition

CpHpm (@ —> C,(a)+H (a) + CH, (a) + CoH, (a) + -+ C,H,

—> C in Ni (carbon in solid soln.) —— C,, (vermicular cabon)
—> C, (s) (metal carbide)

C, (a)

—> Cg(s) — C¢ (s) (amorphous and graphitic carbons)

4H—(a)). CH4 (@) —> CHy (9)

2H(@) — Hy(@) — H;(9)

+(4-x)H(a)
CH, (a) > CHy (9)
CH,
condensed high mol. wt. HC (a) — C,, Cg, Cc+Hz (9)
CoHy+ - +CyH, (Enka) (carbon)
B. Carbon monoxide dissociation
CO (a) C,(a)+0(a)
CinNi C,
NisC (s)
C.(a) Cs (9 C. ()
C,(a) + H (a) + CH2 (a) or CH3 (a)
CinNi __, G,
By — NisC (s)
4H
\ or C, (a) Cp(s) — C.(9)
CHa (g) Cy(®)

2H CH4 (a) — CHa4 (g)

Figure 1.6. Mechanism of formation of various coke species on Ni particle surface by:

(A) methane (hydrocarbon) decomposition, and (B) carbon monoxide dissociation.

States of coke: a= adsorbed, g = gas, s= solid.”*”

Table 1.5. Formation of different carbon species on Ni catalyst surface!!74,

Carbon structure Notation Formation temperature (<C)
Surface-adsorbed, atomic carbon Ca 200 — 400
Polymeric amorphous films Cp 250 — 500
Vermicular filaments or whiskers Cv 300 — 1000
Bulk Ni carbide Cy 150 - 250
Crystalline, graphitic platelets film layers Cc 500 - 550
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Evidently, the coke accumulation rate is determined by the difference in rates of
formation and gasification of coke precursors. If the gasification rate is equal to or
greater than that of formation, coke is not accumulated. Thus, improving the carbon
gasification and/or decreasing the coke formation of the Ni catalyst are effective ways
to reduce coke deposition. It is well known that the coke formation and gasification
rate under given conditions can vary significantly with catalyst structure, including
promoter, catalyst support, and Ni particle size.

As mentioned earlier, noble metals can drastically inhibit coke formation and
improve catalyst performance. A common and financially feasible way to prevent
coke formation is the addition of small amounts of noble metals to Ni catalysts. Both
experimental studies and DFT calculation have verified the benefits of Ni-promoted
catalysts with noble metals (Rh, Ru, Ir, Pt, Pd, and Au) in terms of their higher
activity and coke resistance compared to the non-promoted Ni catalysts. 76 Notably,
the loading of noble metals is very critical. The optimal concentrations are typically
below 0.5wt% as promoters.

Another vastly chosen strategy is incorporating Co onto the Ni catalyst to reduce
methane dissociation and enhance the surface reaction of carbon removal.””"®
Combining Ni and Co could increase metal dispersion, enhance the hydrogenation of
atomic carbon and/or inhibit the formation of carbide species in the metal crystal
compared to the Ni and Co monometallic catalysts.

Many methods have been investigated to increase the rate of carbon gasification.

As illustrated in the earlier reaction mechanism, the reaction between surface oxygen
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species and coke precursor is vital to remove the carbon on the catalyst. Since the
surface oxygen species are derived from the CO> dissociation, one prevalent approach
is the use of the alkaline metal (Na>O and K»O) and alkaline earth metal (MgO and
Ca0) as a modifier in Ni catalyst to increase the catalyst’s basicity for improved
adsorption and dissociation of CO,. This approach contributes further to providing
oxygen species that can react with coke intermediates such as CH, ”*-®'and Ni carbide,
strengthening the resistance to carbon formation. However, it is worth noting that
adding alkaline or earth-alkaline metals to the Ni catalyst can cut down carbon
formation. However, this advantage could be compensated with the low conversion of
CHa.

Noticeably, the catalyst with high oxygen mobility, vacancy, and storage capacities
can increase the number and availability of mobile surface oxygen species on the
catalyst.”> These mobile oxygen species aid in the oxidation of accumulated carbon,
promoting the carbon gasification process and lowering the deactivation rate during the
DRM reaction. Cerium oxide (CeO2) has been demonstrated to be a good support or
promoter of Ni catalyst because of its remarkable oxygen storage capacities and unique
redox properties.’>®3 It can store and deliver active oxygen with the Ce*"/Ce*" redox
cycles by filling the oxygen vacancy defects. As a result, it can enhance catalytic
stability in terms of reducing carbon deposition.®*% In addition to CeO,, ZrO; is
reportedly a good candidate with high oxygen storage support for Ni catalysts in like
manner,>3-86-88

Interestingly, several authors stressed that the nucleation and growth process of
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the carbon was greatly affected by the Ni particles size. Generally, a decrease in the
particle size of nickel could increase the DRM activity and limit coke formation. It was
observed by TEM that the Ni particle size on the Ni-alumina aerogel catalyst
significantly influenced the formation of filamentous carbon. Most whisker carbons
were formed over metal particles larger than 7 nm.®® This phenomenon was also verified
on Ni-Co bimetallic catalyst. Ni-Co catalysts with active metal particles smaller than 6
nm generated negligible carbon and showed superior resistance to coking.”® DFT
calculations’’ endorse the experimental conclusion. The theoretical studies indicated
that if the surfaces or step edges of Ni clusters are too small, the nucleation of
filamentous carbon cannot proceed, thus inhibiting coke formation. Based on these
investigations, high suppression of carbon formation could be achieved by preparing a
catalyst with ultrafine Ni particles (< 6~7 nm) that maintain their particle size during

the DRM reaction.
1.4.3. Increasing Ni sintering resistance and thermal stability

In industry, high single-pass conversion of CH4 and COx is necessary. According
to the thermodynamic equilibrium result in Fig. 1.3b, the DRM reaction temperature
should be above 750 °C to achieve 90% conversion of CH4 and CO.. However, the Ni
metal is also favorable of thermal sintering due to its low Tammann temperature
(~590 °C).”>*> Such sintering would diminish the catalytic performance due to the
decrease in Ni active sites and irreversibly deactivate the catalyst. On the other hand,
sintering of originally ultrafine Ni particles to large aggregates would aggravate coke

deposition. Therefore, improvement of resistance to Ni sintering is crucial in
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developing commercially viable Ni catalysts for the DRM process to achieve long-term
operation.

Preparing a Ni-based catalyst with strong metal-support interaction (SMSI) can
effectively restrain the migration and aggregation of Ni particles. Perovskite, a series
of complexes with the formula ABX3, has been widely applied in catalysis due to its
easy preparation, tunable composition, good oxygen mobility, and high stability.®

LaNiOs perovskite®?+ %

can be the precursor to prepare a highly dispersed Ni/La,03
catalyst. This catalyst showed high activity and stability for DRM reaction. The good
anti-sintering performance is attributed to the fact that Ni can be partially reduced and
remain within the crystal structure. Therefore, Ni/La>Oj3 catalysts from the reduction of
LaNiOs; perovskite have strong interaction between Ni and the perovskite structure,
suppressing the sintering of Ni. Spinel materials have also been intensively explored
for DRM reaction due to their high-temperature stability and strong metal-support
interaction. For instance, the MgAl,O4-supported Ni catalyst®’, which led to the partial
insertion of Ni into MgAl,Os, showed good sintering-resistance compared to Ni/y-
Al,Os3. The Ni-containing NiAlLOs spinel”® %! also exhibited good resistance to Ni
sintering owing to the SMSI. Notably, the reduction of NiAl2Oj is not easy. That is to
say, NiAl,Os-derived catalysts showed low DRM activity. The SMSI was detected over
the catalysts with sandwich structures, in which active metals were firstly supported on
a substrate and then coated by another layer of the support substrate, which can

effectively inhibit the aggregation of active nanoparticles due to the confinement effect

of support. For example, the sandwich-structured Ni/kaolinite catalyst maintains its
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high DRM catalytic stability at 800 °C for 300 h.”!

Recently, the encapsulation of Ni particles in rigid support materials to efficiently
restrict Ni sintering has drawn much concern. It has been confirmed that the porous
support-encapsulated Ni catalyst showed excellent sintering resistance attributed to the
spatial confinement effect of the support to the metal nanoparticles to suppress their
migration and coalescence and/or strong metal-support interaction.>*>*”-192 On this basis,
immobilization of ultrafine Ni nanoparticles (NPs) inside various porous materials,
such as Si0, Al>O3, TiO2, ZrO», CeO», carbon, zeolite, etc., with core-shell and yolk-
shell structure have significantly been explored.'® These catalysts showed high DRM
activity and good coking-/ sintering-resistant abilities. However, as mentioned above,
considering the strong endothermicity nature of the DRM reaction, it generally
proceeds at relatively high temperatures (>750 °C) to achieve high efficiency. However,
most encapsulated Ni catalysts reported to date suffered from the partial structure
collapse or phase transformation of the porous support at temperatures higher than
800 °C. This side effect may lead to decreased support surface area, exposure of Ni
particles, and thus gradual Ni sintering. Apart from this, such a high temperature would
induce chemical transformations of catalytic phases to noncatalytic phases, e.g., the
formation of low-active NiAl,O4 in Ni@ALO3!*. Therefore, encapsulation of Ni NPs

inside thermally stable support is fundamental for application at high temperatures.
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1.5. Zeolite-encapsulated Ni catalyst (Ni@Zeolite)

Featured by the high thermal stability (especially siliceous zeolites such as
Silicalite-1), rigid framework, regular channels, and high specific surface area, zeolite
has been a better candidate to confine Ni NPs.!% In the last two decades, the fixation
of the metal particles inside the zeolite crystals to form metal@zeolite structure has
been significantly developed in designing a new generation of catalysts.!%110 As a
result, a new class of catalysts with remarkable catalytic performances has been
successfully prepared.

Recently, the preparation of metal@zeolite catalysts with more advantages has
been intensively investigated. The ion-exchange method is frequently applied and
introduces the metal sites into the zeolites. This strategy is based on the existence of
guest extra-framework cations (Na*, NH4", and H") located in zeolite channels for
charge balancing with negatively charged frameworks of aluminosilicate zeolites.
These charge-balancing cations could be exchanged with other metal cations in
aqueous solutions. Halliche et al.!'! successfully prepared a series of Ni-exchanged
zeolites by ion-exchange method. Among these catalysts, the catalytic performance
for DRM reaction was found to vary in the following sequence at 650 °C: NiUSY >
NiZSM-5 > NiMOR. However, this method is only applicable to the zeolite with
exchangeable extra-framework cations zeolites. For the zeolites with a neutral
framework, this method is infeasible. Moreover, the exchanged metal sites may locate
inside zeolite channels, and on the external surface, so the distribution of the metal
sites is uncontrollable.

Due to capillary force, metal precursors can fill the micropore system by
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capillary action and thus be distributed within the zeolite matrix. Therefore, the
impregnation method, especially the incipient wetness impregnation method, has
gained much popularity in preparing Ni@zeolite catalysts. In the early research, Ni
NPs were successfully confined within HZSM-5 zeolite via the incipient wetness
impregnation method.!!'>!!* The as-synthesized HZSM-5-encapsulated Ni catalyst
(Ni@HZSM-5) exhibited superior catalytic activity in various reactions.
Unfortunately, like the ion-exchange method, the incipient wetness impregnation
method also cannot control the location of metal species. The random distribution of
the metal may lead to metal agglomeration after heat treatment.

Some post-treatment strategies were designed to solve the metal particles on the
outer surface of zeolite by the impregnation method. Rasmussen et al.!'* designed an
effective two-step dry-gel-conversion synthesis route to prepare Ni@ZSM-5 catalyst
with almost Ni NPs enveloped inside the zeolites. Firstly, the as-synthesized meso-
ZSM-5 was impregnated with an aqueous solution of Ni(NOz3),. Then, a nickel-
containing ZSM-5 sample (NiOx/meso-ZSM-5) was collected after drying and
calcination. The NiO,/meso-ZSM-5 sample was then subjected to steam-assisted
recrystallization to grow a shell around the NiO./meso-ZSM-5 to obtain a Ni@ZSM-5
catalyst. When the material was applied in catalysis, the Ni@ZSM-5 was a highly active,
selective, and stable catalyst for CO> methanation.

Xiao and coworkers **!1> developed the seed-directed growth method. As a typical
run, the nickel nanoparticles were loaded onto ZSM-5 seeds through a conventional

impregnation method. Next, the resultant NiI/HZSM-5 seed was introduced to the
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zeolite synthetic gel. The mixture was then transferred into an autoclave and thermally
treated at 180 °C for 3 days. After post-synthesis treatments, the Ni@HZSM-5 sample
was synthesized. This Ni@HZSM-5 sample showed amazing utilization of CO; relative
to DRM. In addition, the rigid zeolite framework could minimize coke formation and
prevent Ni sintering, outperforming conventional supported metal catalysts prepared by
the impregnation method.

The redissolution-recrystallization method is another technique that started from
the impregnation method. Ma and coworkers!!® began with impregnating the parent S-
1 zeolites into aqueous solutions of Ni(NO3)2.6H,0O, followed by dissolution-
recrystallization with TPAOH solution. Finally, the Ni@S-1 catalyst with high Ni
loading (3%-20%) and hollow structure was synthesized. The sizes of Ni NPs
maintained at ca. 4-5 nm and its embedded structure also endowed an excellent activity
and stability for DRM reaction.

Hydrothermal synthesis (HTS) is a convenient and universal method for preparing
metal-containing zeolites. The more desirable method of constructing a metal@zeolite
catalyst is the one-pot HTS method, say, direct addition of metal species into the zeolite
synthesis mixture. Nonetheless, the one-pot method has presented several problems.
Because the hydrothermal synthesis of zeolite generally needs the basic reagent as the
mineralizer, the zeolite mother liquor pH is usually greater than 11. In addition, the high
temperature (>100 °C) was performed to facilitate the crystallization of zeolite. Most
of the metal ions would agglomerate and precipitate very fast under harsh zeolite

synthesis conditions because of metal species' high surface free energy. In contrast, the
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crystallization of zeolites typically takes a much longer time. Therefore, the loss of
metal species due to premature precipitation is hard to overcome.!'” To this end, one

strategy is to stabilize the metal species with organic ligands''®

, €.g., mercapto silane
ligands, polyvinyl pyrrolidone (PVP), 3-aminopropyl-trimethoxysilane (APTMS), and
ethylenediamine (EN) which strongly coordinate with the metal species to reduce the

1.""° mixed nickel nitrate solution and

surface free energy. Spurred by this, Wang et a
excessive ethylenediamine (>99 %, EN) to acquire [Ni(EN)3](NO3)2 mixture in the first
step. After that, these ligand-stabilized Ni-containing complexes were added to zeolite
mother liquor and subjected to HTS. Finally, the Silicalite-2-encapsulated Ni (Ni@S-2)
catalyst was obtained with ultrafine Ni NPs (~2.7 nm). This Ni@S-2 catalyst presented
superior DRM activity and stability with no carbon deposition under 650 °C for 50 h.
After long-term evaluation, the spent Ni@S-2 catalyst maintained its ultrafine Ni NPs
in size, indicating its strong anti-sintering performance. However, Xu et al.>* observed
that the Silicalite-1-encapsulated Ni catalyst (Ni@S-1) prepared by ethylenediamine-
protected method showed the incomplete encapsulation of Ni, being prone to
deactivation due to the presence of Ni phases on their external surface for DRM reaction.
Furthermore, the use of organic ligands would increase the cost.

Another effective way to protect metal species without precipitation during the
zeolite formation process is the formation of an amorphous silica sheath around the
metal nanoparticles (metal@SiO2)!?*!?!. Then, the metal@SiO, was added to the

zeolite mother liquor, and the amorphous silica sheath would be crystallized into S-1

zeolite under hydrothermal conditions. Sparked by this, our group successfully
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developed Pt@S-1'?2 and Ni@S-1'? catalysts from Pt@SiO,and Ni@SiO> as the
precursor, respectively. These two catalysts showed much better performance than the
conventional impregnated Ni catalyst regarding the activity and anti-coking ability for
DRM reaction due to the ultrafine metal NPs fixed and maintained within the rigid
zeolite framework. Although preparation of Ni@S-1 from Ni@SiO> was feasible and
active for DRM, it must note that the synthesis of Ni@SiO: involves several steps and
needs careful control of the synthesis conditions such as the concentration of Ni

precursor, organic solvents, ligands, and surfactants as well as temperature, etc.
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1.6. Research motivation and objective

It is clear from the above-background review and discussion that dry reforming of
methane to produce syngas is of great significance and potential owing to its remarkable
environmental and economic value. However, DRM process has yet to be commercially
available because of the lack of highly active and long-lived catalysts that can be used
on a wide scale. Ni-based catalyst is the most promising candidate for the DRM process
due to its high activity and availability. Nevertheless, the major obstacles of Ni catalysts
are coking and metal sintering under harsh DRM conditions, which cause the quick and
irreversible deactivation of the catalysts.

Researchers have made a great effort and considerable progress in overcoming
these limitations. Reportedly, the coke is significantly suppressed on the ultrafine Ni
NPs with a size smaller than 7 nm. At the same time, encapsulation of Ni NPs within
porous support can achieve high resistance to Ni sintering. Thanks to excellent thermal
stability, high surface area, and regular channel, siliceous Silicalite-1 zeolite is an
appropriate and widely used support for high-temperature reactions in the presence of
steam. Accordingly, fixation of ultrafine Ni NPs (< 7 nm) inside Silicalite-1 zeolite
should be a feasible route to realize high DRM activity, good suppression of coke
formation, and outstanding resistance to Ni sintering. This strategy provides a viable
method for designing a highly active and stable catalyst for DRM reaction. Besides, as
mentioned above, our group synthesized a Silicalite-1-encapsulated Ni nanoparticle
catalyst using amorphous silica-coated Ni as the precursor. Interestingly, after

hydrothermal synthesis, it was confirmed that the needle-like Ni phyllosilicate (Ni-PS)
32



was observed in Fig. 1.7a on the primary crystal grain boundary of Silicalite-1 particles
(Ni-PS@S-1) and that it was converted to Ni NPs by the reduction process. In other

words, Ni-PS was formed and served as the intermediate during the synthesis process.

Figure 1.7. TEM images of the prepared Ni-loaded catalysts (a)—(c) before H» reduction
and (d)—(f) after H» reduction at 850 °C for 1 h. ((a) and (d) Ni@§Silicalite-1, (b) and ()
Ni/Silicalite-1, and (c) and (f) Ni@SiO»).!?

Ni phyllosilicate contains continuous tetrahedral sheets (Si coordinated to four
oxygen atoms) and octahedral sheets (Ni coordinated to six oxygen atoms or hydroxyl
groups).1?41% As shown in Fig. 1.8a, the tetrahedral sheet is based on interconnected
six-member rings of SiO4* tetrahedra extending outward in infinite sheets. Each
tetrahedra shared three out of the four oxygens with other neighboring tetrahedra. In
the octahedral sheet, as illustrated in Fig. 1.8b, each octahedron consists of a central
nickel cation coordinated with six anions which can be O or OH and connects to

adjacent octahedrons by sharing edges. The free corner oxygen atoms of all tetrahedra
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point to the same side of the sheet and connect to the octahedral sheet to form a common

plane in Fig. 1.8C.

¢ ¥+ ¢ ¥ 1

."\_ "'.\ _.l".\_ ,t’"\_ _f'

I S S

I % % F 3

'“\_.,r'\_.r"n_'x‘\‘r’

BB

e o tortevtel " “'A ‘ "’, .
a b C
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NiOg sheet, (C) tetrahedral SiOs4 sheet connected with octahedron NiOg sheet.2*
Ni-PS was reportedly synthesized under hydrothermal conditions in an alkaline
solution.'?1?” More importantly, the formation of needle-like Ni-PS was observed
within Silicailte-1 after HTS in our previous work. To bring DRM to a stage where the
development of a commercial process can be considered, in this work, we developed
Silicalite-1-encapsulated ultrafine Ni NPs catalyst (Ni@S-1) by a new method. In this
method, the Ni-PS was synthesized and direct used as Ni source into the zeolite mother
liquid, followed by hydrothermal synthesis. The Ni-PS was riveted within the S-1
zeolite, and ultrafine Ni particles were formed in the inter-crystalline pore of the S-1
particle after reduction (Ni@S-1). In addition, the answers of how Ni-PS is converted
to Ni@S-1 and what the critical factors in the transformation process are vital for
clarifying the formation mechanism and achieving controllable synthesis. Therefore,

the investigation of the formation mechanism was also carried out in this thesis. Then,
34



the as-synthesized Ni@S-1 was applied to DRM reaction to evaluate its DRM activity,
suppression of coke formation, and resistance to Ni sintering and thermal stability.
Furthermore, considering that higher Ni loading is crucial to ensure a higher mass-
specific reaction rate in practical DRM process, the attempt to get a Ni@S-1 catalyst

with high Ni loading was also done.
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1.7. Scope of this thesis

In this thesis, we developed a new method to prepare Ni@S-1 catalyst with
encapsulation structure and ultrafine Ni nanoparticles. Firstly, the Ni-PS was
synthesized by a simple hydrothermal synthesis method. Then, for the first time, the
as-prepared Ni-PS powder was directly used as the Ni source and added into zeolite
mother liquor, followed by second hydrothermal treatment. The Ni-PS species were
encapsulated within the zeolite particles. After the Ha reduction, the ultrafine Ni
nanoparticles were successfully immobilized in the Silicalite-1 zeolite. We
demonstrated the high suppression of coke deposition, good resistance to Ni sintering,
and excellent durability of the resulting Ni@S-1 catalyst for DRM reaction. Thus, this
work provides a wealth of scientific information on catalyst design to achieve a
commercially feasible DRM process.

In Chapter 2, the Silicalite-1-encapsulated Ni catalyst (Ni@S-1) with
encapsulation structure and ultrafine Ni NPs was prepared using Ni-PS as a Ni source,
and its formation mechanism was clarified. Firstly, the 3 wt% Ni-PS was synthesized
by the HTS method. Then, the as-prepared 3 wt% Ni-PS was added to the zeolite
mother liquor. The resulting mixture was transferred to the autoclave reactor and
subjected to different temperatures (100, 150, and 180 <C) and time (1-5 days)
treatment. The obtained samples were characterized by different techniques and DRM
reaction to detect the morphology, Ni particle size, and Ni location. Accordingly, the
formation mechanism and model were proposed.

Chapter 3 compared the optimal Ni@S-1 catalyst with Ni/S-1 prepared by

impregnation method and Ni-PS without further transformation to zeolite for DRM
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reaction. Different characterizations unraveled the structure of these catalysts. Then,
the coking suppression for DRM was evaluated at 600 <C, and the sintering resistance
and thermal stability were estimated at 850 <C. According to the characterization
results and DRM test data, the superiority of Ni@S-1 in terms of suppression of coke
formation and resistance to Ni sintering was confirmed.

Chapter 4 focused on preparing Ni@S-1 from Ni-PS with high Ni loading.
Firstly, a series of Ni@S-1 samples with Ni loadings of 1, 1.5, 2.0, 2.5, and 3.0 wt%
were synthesized, and the preparation conditions were further optimized.
Consequently, Ni loading could be increased to 2 wt% without degradation of the
catalytic performance. In addition, the poor performance of Ni@S-1 with higher Ni
loading, say, > 2 wt.%, was illuminated.

Finally, Chapter 5 summarized the work of the previous parts and shed light on
the tremendous potential of Ni@S-1 from Ni-PS. In addition, it also discussed the

possible improvements and prospects for the Ni@S-1 catalyst.
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Chapter 2. Preparation of Ni@S-1 catalyst from Ni-PS and

investigation of the formation mechanism

2.1. Introduction

Dry (CO.) reforming of methane (DRM) provides an efficient way to consume
and convert two leading greenhouse gases, CHs + CO,, into syngas (CO and H)."
Therefore, the industrial application of DRM reaction possesses excellent
environmental and economic potential.

The Nickel (Ni) based catalysts are believed to be the most promising for DRM
reaction. #® However, the Ni-loaded catalyst prepared by the conventional
impregnation method cannot meet the commercial requirement because of the severe
Ni sintering and coke deposition under harsh DRM conditions, which would lead to the
fast deactivation of the catalyst.”

It has been confirmed that encapsulation of ultrafine Ni NPs (< 7 nm) within
porous support could effectively suppress coke formation and be resistant to Ni
sintering during the DRM process.'*"® Accordingly, our group successfully prepared
Silicalite-1-encapsulated Ni catalyst (Ni@S-1) using amorphous silica-encapsulated
Ni-oxide (NiOx@SiO) as the Ni precursor.'* This NiOx@SiO- was first formed in the
microemulsion solution, followed by adding the powdery NiOx@SiO: into zeolite
mother liquor. After hydrothermal synthesis (HTS), it was confirmed that the needle-
like Ni phyllosilicate (Ni-PS) was formed on the primary crystal grain boundary of
Silicalite-1 particles (Ni-PS@S-1) and that it was converted to Ni NPs by the reduction
process. Thus, the Ni@S-1 catalyst exhibited high DRM activity with excellent

inhibition of carbon deposition and high thermal stability due to the immobilization of
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ultrafine Ni particles within the thermally stable Silicalite-1. Ni-PS was reportedly
synthesized under hydrothermal conditions in an alkaline solution.*'™"

Hence, this chapter explored and developed a new preparation method for
encapsulating ultrafine Ni nanoparticles in Silicalite-1 zeolite using Ni-PS as the Ni
source. Furthermore, transforming Ni-PS into Ni@S-1 by hydrothermal synthesis is a
rather complicated process involving a variety of possible mechanisms. It can be
described in briefest terms as follows: the hydrolysis and condensation of the raw
materials, nucleation, and crystal growth steps. Therefore, clarification of the formation
mechanism of Ni@S-1 catalyst from Ni-PS plays a significant role in the controllable
synthesis of Ni@S-1 with desired structure and catalytic performances. Many variables
affect the zeolite morphology, crystal size distribution, and heteroatom location. These
parameters include composition-dependent parameters (reactant mixture concentration,
pH, and the ratio between framework-forming elements), the crystallization time, and
synthesis temperature.'8%° Thus, this chapter also studied the appropriate preparation
conditions and formation mechanism by varying different synthesis parameters, such

as the water-to-silica ratio (reactant mixture concentration), crystallization time, and

crystallization temperature.
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2.2. Experimental

2.2.1. Chemicals

Nickel (I1) nitrate hexahydrate (Ni(NOz)2.6H20 , > 99%), ammonia solution (>
28 wt.%), tetraethyl orthosilicate (TEOS, > 95.0%),), tetrapropylammonium hydroxide
aqueous solution (TPAOH, 10% in H20), and distilled water were purchased from

FUJIFILM Wako Pure Chemical Industries, Ltd., Japan. In this study, all
chemicals were purchased commercially without further purification. Distilled water

was used throughout the experiment.

2.2.2. Catalyst Preparation

The Ni@S-1 catalysts with theoretical Ni loading of 1 wt% were prepared by a
two-step method. Firstly, as shown in Fig. 2.1, 3 wt% Ni-PS/SiO; was prepared by
hydrothermal synthesis. Then, the 1 wt% Ni@S-1 catalyst was prepared using the as-
synthesized 3 wt.% Ni-PS/SiO- as the precursor by second hydrothermal treatment.

Step 1. Preparation of 3 wt% Ni-PS/SiO; by HTS method

Table 2.1. Preparation conditions of 3wt% Ni-PS/SiO>

Parameter Theoretical value
Ni loading 3 wt%
H>O/S1 34 mol/mol
NHs/Ni 60 mol/mol
HTS temperature 100 °C
HTS time 3d
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1) added calculated amounts of 1M of Ni(NO3)2 aqueous solution to diluted 3.0
M of ammonia solution to form the nickel ammonia complex solution.

2) Si source, TEOS, was added to the above nickel ammonia complex solution
and stirring for 2 h.

3) transferred the mixture into Teflon-lined autoclave reactor and hydrothermal
treated at 100 °C for three days.

4) washed samples with distilled water three times and recovered the samples by
centrifugation.

5) dried at 110 °C overnight.

Ni(NO, ) .0H,0 aq. TEOS

‘\‘ urce) (Si nmwl Ni-PS

A
*tmmg Stirring HTS Washing Drying Y, S0
> T > > > 1
R T., 10 min RT.2h 100 °C, 72h  Centrifugation 110 °C
overnight - 3 114 o4 Ni-PS/SiO,

NH t

3 watet Ni[NH;]s)*" aq.

(Alkaline agent)

Figure 2.1. Preparation procedures of 3 wt.% Ni-PS/SiO>

Step 2. Preparation of 1 wt% Ni@S-1 catalyst using the as-prepared 3 wt% Ni-
PS/Si0O> as the Ni source by HTS method

Then, the Silicalite-1-encapsulated Ni nanoparticle catalysts were prepared under
different hydrothermal conditions to determine the appropriate synthesis conditions
and investigate the formation mechanism. The preparation procedures and conditions
are shown in the below and Fig. 2.2.

1) preparation of zeolite mother liquor by mixing calculated amounts of TEOS,

TPAOH, and distilled water at room temperature for 24 h to form a homogenous gel.
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2) added designated amount of the 3 wt.% Ni-PS/SiO; precursor to the zeolite
mother liquor and stirring for 2 h.

3) transferred into a Teflon-sealed autoclave and hydrothermally treated at
100 °C for different time in a tumbling oven.

4) washed samples with distilled water three times and recovered the samples by
centrifugation.

5) drying at 110 °C overnight and calcined at 550 °C for 12 h.

6) reduced in 50 vol% H at 850 °C for 1 h.

Table 2.2. Preparation conditions of study on effect of H>O/SiO; ratio

Parameter Theoretical value

Ni loading 1 wt%

Si/TPAOH 3 mol/mol

Sips/SiTEOS 0.49 mol/mol

H20/Si 34, 50, and 100 mol/mol
Volume of zeolite mother liquor 75 mL (100 mL of autoclave reactor)

HTS temperature 100 °C

HTS time 3d
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Table 2.3. Preparation conditions of study on effect of HTS time

Parameter Theoretical value
Ni loading 1 wt%
Si/TPAOH 3 mol/mol
Sips/Siteos 0.49 mol/mol

H>0O/Si 50 mol/mol

Volume of zeolite mother liquor 75 mL (100 mL of autoclave reactor)

HTS temperature 100 °C

HTS time 1d, 2d, 3d, 5d, and 7d

Table 2.4. Preparation conditions of study on effect of HTS temperature

Parameter Theoretical value
Ni loading 1 wt%
Si/TPAOH 3 mol/mol
Sips/SiTEOS 0.49 mol/mol

H>O/Si1 50 mol/mol

Zeolite mother liquor volume 75 mL (100 mL of autoclave reactor)

o
HTS temperature 100, 150, and 180 °C
HTS time 3d
o Ni-PS/8i0,
/‘f/ § (Ni source + Si source) -
FL ps ¥ NiNPs !
irri - . SN 2\
E Stirring - HTS Washing Drying Calcination o ~ g\ H, reduction /"/\ <
I ’ ’ ’ ’ / ﬁ I /
RT.2h 100/150/180°C Centrifugation  110°C  §50°C, 12h | ssoeC,1h | | |
1/2/3/5/7d ovemight \ Y -\ g
TEOS (additional Si source)

TPAOII agq. (OSDA)

NIPS@S-1

Ni@S-1

Figure 2.2. Preparation procedures of Ni@S-1
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2.2.3 Catalyst Characterization

The characterization methods and corresponding acquired information are listed
in Table 2.5. The detailed measurement conditions are shown below.

The Ni loading of the as-synthesized samples was detected by X-ray fluorescence
(XRF, Supermini, Rigaku Co., Ltd., Japan). The crystallinity and phase identification
were evaluated using X-ray diffraction (XRD, SmartLab, Rigaku Co., Ltd., Japan) with
Cu Ka radiation (A =0.154 nm), operating at 30 kV and 10 mA, a scanning rate of
49min, and a step size of 0.02< Diffraction peaks were recorded in a 26 range of 5—
60<

The morphology of the samples was observed by a field-emission scanning
electron microscope (FE-SEM, S-5200, Hitachi Ltd., Japan) with an acceleration
voltage of 1 kV. The shape and size of the Ni species in the prepared samples were
observed using a field-emission transmission electron microscope (FE-TEM, H-7650
Zero A, Hitachi Ltd., Japan) operated at an acceleration voltage of 120 kV.

The porosity of the catalysts was studied via the nitrogen adsorption-desorption
isotherms (BELSORP mini X, Microtrac MRB, USA) at 77 K. The specific surface
area was analyzed using Brunauer-Emmett-Teller (BET) method. The micropore
volume and mesopore volume were calculated by the t-plot method and BJH method,
respectively.

The redox property of the samples was measured by Ho-temperature programmed
reduction (H>-TPR). The measurement was carried out using a fixed-bed reactor
equipped with a mass spectrometer (BELMASS, MicrotracBEL, Inc., Japan). Typically,
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0.4 g of the shaped sample was pre-calcined in the air at 400 <C for 1 h and then cooled
down in Ar stream to 100 <C. After the temperature was maintained for 90 min, the gas
stream was switched to 5% Ho/Ar gas. Subsequently, the sample was heated from 100
to 900 <C at a ramping rate of 10<C/min and then held there for 1 h. The hydrogen
consumption and reduction temperature of the Ni species were estimated by the
decrease in the intensity of m/z =2 of the mass spectrometer.

Finally, the amount of carbon deposition on the spent catalysts was analyzed by
the Thermogravimetric analysis (TG-DTA, TG 8120, Rigaku Co., Ltd., Japan). The
spent catalyst sample was heated in the air (100 mL/min) at a ramp rate of 10 <C/min
to 900 <C and kept for 1 h.

Table 2.5. Characterization techniques and corresponding acquired information

Characterization Acquired information
XRF Ni loading
XRD Crystallographic information
SEM Catalyst morphology
TEM Ni NPs location and size, and carbon formation
N2-sorption Porosity, surface area, and pore volume
H2-TPR The reducibility of Ni
TG-DTA Coke content
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2.2.4 Catalytic Performance Evaluation

The catalytic performances and Ni location of the prepared catalysts were
evaluated by DRM reaction at 600 <T in a down-flow fixed bed reactor. The
schematic diagram of the DRM apparatus is cartooned in Fig. 2.3. The evaluation
conditions are listed in Table 2.6.

Typically, 270 mg of the pelleted Ni@S-1 catalyst with the size of 300-600pum
(or 90 mg of 3 wt% Ni-PS mixed with quartz sand) was packed into a quartz tube
reactor and then reduced in 60 mL/min of 50 vol.% H2/N> at 850 <C for 1 h.
Subsequently, adjusting the system to 600 <T in the N2 stream and then subject to 80
mL/min of the reaction gas (CHs: CO2: Ar = 20: 20:40 mL/min) and 10 mL/min of He
gas (functioned as internal standard gas) into the reactor. The gas hourly space
velocity (GHSV) was calculated on the mass basis of nickel contained in the catalysts
and was fixed at 2,000 L/g-Ni/h for each evaluation.

The effluent gases analysis was carried out using online gas chromatographs
(GC-8A, Shimadzu Co., Ltd., Japan) equipped with an active carbon column
connected to a thermal conductivity detector (TCD). The CH4, CO2, H2, CO, and He
gases were detected in all the experiments. The conversion of methane (XcHa), CO2
(Xco2), the H2/CO molar ratio, and carbon balance were defined as follows:

Xcra (%) = (1 - Feha,out! Ferain)X 100%

Xco2 (%) = (1 - Fcoz,out! Fcozin) X 100%

H2/CO = Frz-out/ Fco-out

Fro_ + Frya_ + Frpoo
Gaseous carbon recovery (%) = co-out CHA—out CO2=0Ut  100%

Feha—in + Feoz—in
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Table 2.6. Catalytic evaluation conditions for the DRM reaction

Pressure 1 bar
H> reduction 60 mL/min of 50 vol.% H2/N», 850°C, 1h
DRM temperature 600 °C
Reactant gas CHas: CO2: Ar: He = 20: 20: 40: 10 mL/min
GHSV 2,000 L/g-Ni/h.

MEC _& {5% MFC

L1

Mass Flow Controller

MFC

Preheating

Catalyst bed Thermocouple

Electric R
furnace Catalystfezcfnces Quartz wool
S
| e
Ar gas I OO0
GC-TCD

Figure 2.3. Schematic of DRM apparatus
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2.3. Effect of H20/SiO: ratio

It is apparent that the water content alters and determines the concentration and
supersaturation of the reactant mixture and alkalinity of the zeolite mother liquor. Thus,
it significantly affects the hydrolysis, nucleation, and crystallization processes,

resulting in zeolite formation with different morphologies and properties.
2.3.1. Catalyst characterization

As first, the collected Ni phyllosilicate was measured by various characterization
techniques to verify the feasibility of the preparation method and the state and structure
of the obtained sample. As shown in Fig. 2.4a, the needle-like Ni-PS species with a
length of ca. 10 nm and a width of ca. 2nm were observed by TEM. Additionally, the
H»-TPR profile in Fig. 2.4b shows that the H> reduction peak at 650 <C was ascribed
to the reduction of 1:1 Ni-PS to Ni®.!®2% This reduction temperature was higher than
550 < of reduction of NiO to Ni° due to formation of strong -Ni-O-Si- chemical bond
in the Ni-PS structure.??2 The actual N1 loading measured by XRF listed in the Table
2.7 was 3.01 wt%, which is equal to the theoretical value, suggesting no nickel loss
during the preparation. The XRD and Nz-physisorption results verify that the obtained
sample was the non-porous amorphous silica with high dispersion of Ni species. These
characterization results verified that the Ni-PS was successfully formed by the simple
HTS method. Then, the obtained 3 wt.% Ni-PS/SiO, powder was added to zeolite
mother liquor with different H>O/SiO; ratios and hydrothermally treated at 100 °C for

three days to prepare 1 wt% Ni@S-1 catalyst.
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Figure 2.4. The characterization results of the as-prepared 3 wt.% Ni-PS/S102: (a) TEM

image, (b) H>-TPR profile, (c) XRD pattern, and (d) N>-physisorption isotherms.

Table 2.7. Properties of the as-prepared samples after Ho-reduction at 850 <C for 1 h.

Samole Ni loading® SBET® Vicro®
P (Wi%) (m?/g) (cm’/g)
3 wt% Ni-PS/SiO> 3.01 93 0.002

? Measured by XRF

b, Calculated by BET equation.

¢. Calculated by t-plot method.
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The compositions of zeolite mother liquor to prepare Ni@S-1 catalyst were listed
in Table 2.8. As can be seen, the zeolite synthesis with lower water content had a higher
alkalinity and reactant concentration. As measured by XRF, compared to the samples
from the higher H,O/Si0; ratios, the Ni loading was 0.93 wt% for the sample prepared
with H>O/Si0; ratio of 34. This value was lower than the nominal value, 1 wt%. The Ni
loss may be because the higher alkalinity of the synthetic mixture in the case of low
water content increased the solubility of the reactants, which leads to more nickel
species dissolved in water.

The XRD patterns in Fig. 2.5 confirmed that the high crystalline Silicalite-1
zeolites were synthesized in all the cases after hydrothermal treatment. The relative
crystallinities of the as-prepared samples were 92.4%, 105.3, and 117.4 for Ni@S-1-34,
Ni@S-1-50, and Ni@S-1-100, respectively, indicating the higher water content was
favorable to the formation of crystals with higher crystallinity. The SEM images in Fig.
2.6 supported the observation in XRD. The crystal length increased with the increase
in H,O/S10; ratio. In general, the dilution of the synthetic mixture causes lower
supersaturation, which leads to a low nucleation frequency. Consequently, fewer nuclei
can be formed, and larger crystals can be obtained.”*>?* In addition, quite a few
unconverted amorphous silica was observed over the Ni@S-1-34 sample, suggesting

the crystallization was not fully completed.
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Table 2.8. The compositions of zeolite mother liquor and properties of the as-prepared

Ni@S-1 samples.

Catalyst Ni@S-1-34  Ni@S-1-50  Ni@S-1-100
H>O/Si1 34 50 100
Composition of
pH 12.5 12.1 11.7
zeolite mother liquor
[Si] (mol/L) 1.21 0.89 0.49
Ni loading (wt%)? 0.93 0.99 0.98
Relative crystallinity (%)° 92.4 105.3 117.4
Crystal length (nm)® 220 230 330
Sger (m*/g) 4493 459.5 428.4
Vinicro (cm*/g)° 0.129 0.132 0.125
Vineso (cm?/g)’ 0.351 0.316 0.2934

. Measured by XRF.

® Measured by XRD, the relative crystallinity was calculated on the basis of the height

of the peak at around 23.1° and assumed that the crystallinity of Silicalite-1 prepared at

100°C for three days was 100%.
¢. Measured by SEM.

4. Calculated by BET equation.
¢. Calculated by t-plot method.

f. Calculated by BJH method.
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Figure 2.5. (a) XRD patterns of the as-prepared Ni@S-1 samples after calcination at

550 <T for 12 h.

Intensity (a.u.)

Ni@S-1-100

Ni@S-1-50

Ni@S-1-34

|,

Silicalite-1 (reference)

10 20 30

40
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Figure 2.6. SEM images of the as-prepared Ni@S-1 samples after calcination at 550 C

for 12 h.
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As shown in Fig. 2.7, all the Ni@S-1 samples showed remarkable N> uptake at the
relative pressure of 0.0, revealing that significant micropores were developed during
the transformation. More importantly, the adsorption of Ny still increased between the
relative pressure of 0.3 and 0.8, implying all the synthesized Ni@S-1 catalysts
possessed mesopores to some extent. As listed in Table 2.8, the mesopore volumes of
the resulting catalysts decreased with increasing H>O/SiO; ratio. It has been confirmed
in Fig. 2.4 that the size of Ni-PS was 2 nm x 10nm. In other words, the Ni-PS with such
size should be immobilized within the inter-crystalline mesopores between the primary
Silicalite-1 crystals. Given the reduction of mesopore volume of the samples in the
cases of higher H>O/SiO> ratio, less Ni-PS should be encapsulated in the Silicalite-1

zeolite in the Ni@S-1-100 compared to the other two.

600
R 500 | i
R —s— Ni@S-1-34

400 + )
T —+— Ni@5-1-50
P 300l —— Ni@S-1-100
=
S 200
> |

100 r“’:“——
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Figure 2.7. Na>-physisorption isotherms of the as-prepared samples after H> reduction

at 850 °C for 1h.
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It is evident that the zeolite morphology of Ni@S-1-34 observed by TEM was worse
than that of the other two samples; the amorphous silica was easily found around the
zeolite particles. This observation of amorphous silica was consistent with the XRD
and SEM results revealing that the Ni@S-1-34 was not fully crystallized. The statistical
results of nickel particle size in Fig. 2.8 show that some Ni particles were located on
the amorphous silica in the Ni@S-1-34, and the Ni sintering to generate larger particles
was more accessible than that of encapsulating inside zeolite. Accordingly, some Ni
particles with a diameter larger than 7 nm were produced in this catalyst after H»
reduction at 850 °C for 1 h. On the contrary, most Ni particles were highly dispersed
and encapsulated within Silicalite-1 zeolite for the Ni@S-1-50 catalyst due to the
formation of total crystalline zeolite. Therefore, the Ni@S-1 catalyst with encapsulation
structure and ultrafine Ni particles, 2.9 nm in mean size, was obtained. On the other
hand, the aggregation of Ni particles was detected over the Ni@S-1-100 sample.
Combined with the above characterization results, we inferred that the larger crystal
with fewer mesopores could lead to more Ni species not immobilized within the

Silicalite-1 zeolite. Therefore, the larger Ni particles were produced after H> reduction.
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2.3.2. Confirmation of catalytic performance and Ni location by the DRM
reaction at 600 <C

According to the overview in Chapter 1, if the Ni NPs were fixed inside Silicalite-
1 zeolite, the internal space of zeolite would be very limited for the coke deposition.
Hence, the coke content of the Ni@S-1 with encapsulation structure should be low after
the DRM reaction. On the contrary, a large amount of carbon could form on nickel
particles (>7 nm) without spatial constraints on the external surface of the zeolite
support during the DRM process. If so, evaluation of the catalyst under a reaction
temperature favorable for carbon buildup would confirm the location of nickel particles
by its activity and the coke content after the reaction. From a thermodynamic point of
view, carbon could accumulate favorably at temperatures less than 700 °C. Accordingly,
all the samples were evaluated by DRM reaction at 600 °C.

Fig.2.9 shows the DRM reaction results, in which the dashed lines represent the
thermodynamic equilibrium values estimated by the assumption that the DRM and
concurrent RWGS reached equilibrium without coke formation. All three catalysts
could reach equilibrium activity for DRM reaction, demonstrating the excellent
catalytic performances of the Ni@S-1 catalyst using the Ni-PS as the Ni source. Notably,
the Ni@S-1-34 and Ni@S-1-100 catalysts could not achieve 100% gaseous carbon
recovery, implying that some solid coke was deposited during the DRM reaction. The
coke content results measured by TG were listed in the inset of Fig.2.9d. As expected,
the Ni@S-1-34 and Ni@S-1-100 had some deposited coke, while negligible carbon was
accumulated on the Ni@S-1-50 catalyst. Accordingly, for Ni@S-1-34 and Ni@S-1-100

catalysts, some Ni NPs were not fixed inside Silicalite-1. In contrast, most Ni NPs were
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immobilized within Silicalite-1 in the case of the Ni@S-1-50 catalyst.
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Figure 2.9. Catalytic performances of the as-prepared catalysts for DRM reaction at
600°C as function of time on stream: (a) CHs conversion, (b) CO2 conversion, (c)
H»/CO ratio, and (d) gaseous carbon recovery (reaction conditions: T= 600 °C, 1 bar,
CH4/COz/Ar/ He= 20/20/40/10mL/min, GHSV= 2,000 L/g-Ni/h)

Then, the TEM characterized the spent catalyst after the DRM reaction. As can be
seen in Fig.2.10, the filamentous carbon was observed over the spent Ni@S-1-34 and
Ni@S-1-100 samples, whereas no discernible carbon could be detected on the spent
Ni@S-1-50 catalyst. This phenomenon verifies the encapsulation structure and good
suppression of coke formation in the Ni@S-1-50 catalyst. An increase in Ni size was

found for Ni@S-1-34 and Ni@S-1-100 samples after the DRM reaction. This Ni
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sintering affirmed again that some Ni particles were not anchored in the Silicalite-1 in
these two catalysts. By contrast, no noticeable increase in the size of Ni particles was
monitored for Ni@S-1-50 after the reaction. That is to say, encapsulating ultrafine Ni
NPs in thermally stable Silicalite-1 zeolite using the Ni-PS as the Ni source was

achievable with a H,O/Si0; ratio of 50.
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Figure 2.10. TEM images and corresponding Ni particle size distribution of the samples

after the DRM reaction at 600 °C for 5 h.
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In short, H2O/Si0; ratio directly determines the reactants concentration, which had
an important impact on the Ni@S-1 morphology and structure. For the low H>0/Si0-
ratio of 34, the higher reactants concentration would lead to higher supersaturation, thus
forming more nuclei. Then, after crystallization, smaller crystals with unconverted
amorphous silica were observed after crystallization under the employed hydrothermal
treatment conditions. As a result, some Ni-PS species were loaded on the amorphous
silica. So, the larger Ni NPs would be formed on the amorphous silica after H» reduction.
That is the reason why this catalyst showed lower DRM activity and higher coke
content. Comparatively, too high H>O/SiOx ratio of 100, the low reactants concentration
would cause formation of larger crystals with fewer inter-crystalline mesopores for
anchoring Ni-PS. Thereof, some Ni species were located on the external surface of
zeolite instead. Consequently, the as-prepared Ni@S-1 catalyst had the larger Ni NPs
in size after H» reduction and exhibited some activity loss and coke accumulation. On
the contrary, the zeolite mother liquor with a water-to-silica ratio of 50 was the
appropriate condition to prepare Ni@S-1 with most Ni NPs encapsulated within the

zeolite. Consequently, it showed good DRM activity as well as high coking suppression.
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2.4. Effect of hydrothermal synthesis time and study on the formation mechanism

It is widely accepted that the hydrothermal synthesis time is of significance
for the zeolite transformation. The product may be amorphous or not fully
crystalline with too short a crystallization time. At the same time, impurities (low-
porosity zeolite or non-porous dense phases) may begin to form at too long a
crystallization time.’#2> In addition, the structure of the resulting catalyst
dynamically changes with the synthesis time. Consequently, preparation of Ni@S-
1 from Ni-PS under H20/SiO ratios of 50 and 100 <T for different hydrothermal
synthesis time can obtain an insight into the Ni@S-1 structural evolution and thus

clarify the formation mechanism.

2.4.1. Catalyst characterization

The as-synthesized 1 wt% Ni@S-1 catalysts were measured by several
characterization methods and compared to the precursor, 3 wt% Ni-PS/SiO,. As shown
in Table 2.9, all the prepared samples presented actual nickel loadings very close to the
theoretical values. The product yield was also almost equal to the nominal yield (not
listed here). It represented that almost all the nickel species were taken from the 3 wt%
Ni-PS/SiO2 to 1 wt% Ni@S-1.

XRD patterns of the obtained samples are displayed in Fig. 2.11a. There was only
one broad and weak peak at 26 of 15~30° for 3 wt% Ni-PS/SiO2, which was attributed
to the amorphous silica. No Ni-PS characteristic peaks could be seen due to the Ni
species' high dispersion and low content. Notably, strong characteristic XRD peaks
corresponding to MFI zeolite were observed for all the Ni@S-1 catalysts, suggesting

the MFI zeolite was formed after hydrothermal treatment. It can be seen from Fig. 2.11b
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and Table 2.3 that the relative crystallinity increased from 58.1% for Ni@S-1-100<C-
1d to 94.0% for Ni@S-1-100C-2d and 100.0% for Ni@S-1-100<C-3d. Then the
relative crystallinity did not further improve with the HTS time extending to five and
seven days, which confirmed that highly crystalline Silicalite-1 zeolite could be
prepared at 100 <C for three days.

Table 2.9. Properties of the as-prepared samples after Hz-reduction at 850 <C for 1 h.

Ni loading® RC®  Crystal length®  Sgger? Vinicro® Vineso.
Sample ) 3 3

Wi%) (%) (nm) (m¥Yg)  (cm¥g)  (cm'/g)
Ni-PS/

3.01 / / 9.3 0.002 /
Si0,
Ni@S-1-

1.00 58.1 180 307.5 0.082 0.377
100°C-1d
Ni@S-1-

1.03 94.0 230 429.5 0.127 0.322
100°C-2d
Ni@S-1-

0.99 100.0 230 459.5 0.132 0.316
100°C-3d
Ni@S-1-

1.01 99.8 270 465.4 0.135 0.310
100°C-5d
Ni@S-1-

1.02 100.8 320 473.3 0.140 0.302
100°C-7d

. Measured by XRF.

b Relative crystallinity was calculated on the basis of the height of the peak at around
23.1° and assumed that the crystallinity of Ni@S-1 prepared at 100°C for three days
was 100%.

¢. Measured by SEM

4. Calculated by BET equation.

¢. Calculated by t-plot method.

f. Calculated by BJH method.
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Figure 2.11. (a) XRD patterns and (b) relative crystallinity of the as-prepared samples

after calcination at 550 <C for 12 h

SEM measured the morphology of all the samples in Fig.2.12. The 3 wt% Ni-
PS/S10; showed the morphology of the non-porous amorphous matter with viable
size. In contrast, the ellipsoid-shaped particles were detected for all the Ni@S-1
samples after crystallization, which were ascribed to the formation of Silicalite-1
zeolite. It is noteworthy that many amorphous lumps with irregular shapes were
found in the Ni@S-1-100°C-1d catalyst. These amorphous species decreased with
HTS time, while the zeolite particles gradually increased, verifying that zeolite
growth comes at the expense of the amorphous matter. Furthermore, the zeolite
crystal length increased as the HTS time increased. It is commonly accepted that
zeolite crystals are in metastable state in high temperatures and strong alkaline
solution, so they could be redissolved in the solution. In addition, according to the
Ostwald ripening theory, the small crystals have a higher solubility and lower
stability than the larger ones. Therefore, the small crystals formed initially
gradually were redissolved into the solution, and act as the nutrient and redeposit
onto larger crystals. After the secondary nucleation and recrystallization, the

crystals with larger diameter and higher purity would form.?¢?” Overall, the SEM
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findings were consistent with the XRD results; the total transformation of 3 wt% Ni-
PS/Si0O; into Ni@S-1 needed time to finish. In the case of insufficient crystallization
time, one day and two days, the resulting samples still contained unconverted
amorphous matter. Then, the fully crystalline zeolite could be obtained when the
crystallization time was enough, namely, three days. After that, the redissolution-
recrystallization proceeded resulting in formation of bigger crystals in the cases of

excessive crystallization time.
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[ Ni@$-1-100°C-5d

T

Figure 2.12. SEM images of the as-prepared 3 wt% Ni-PS and 1 wt% Ni@S-1 samples
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after calcination at 550 <C for 12 h

The nitrogen-physisorption isotherms of the samples after H>-reduction are
presented in Fig. 2.13, and the relevant BET surface area and micropore volume results
are summarized in Table 2.9. The 3 wt% Ni-PS/SiO, exhibited almost flat isotherms
and no adsorbed nitrogen during the measurement. Its Sger was 9.3 m%/g, and Viicro Was
only 0.002 cm®/g, saying that the 3 wt% Ni-PS/SiO, was the non-porous material.
Compared to 3 wt% Ni-PS/SiO3, all the Ni@S-1 showed remarkable nitrogen uptake at
a relative pressure of 0.0, representing that significant micropores were formed after
the second HTS treatment. In addition, the nitrogen adsorption volume at the micropore
filling stage of Ni@S-1 grew as the HTS time increased from one day to three days. As
can be seen, the BET surface area and micropore volume increased from 307.5 m?/g
and 0.082 cm®/g for Ni@S-1-100°C-1d to 429.5 m*/g and 0.127 cm®/g for Ni@S-1-
100°C-2d, and further rose to 459.5 m?/g and 0.132 cm?/g for Ni@$S-1-100°C-3d. These
results elucidated that the amorphous species was increasingly converted into porous
Silicalite-1 zeolite with the proceeding of hydrothermal treatment. Additionally, the
nitrogen uptake and the calculated BET surface area and micropore volume of did not
significantly increase when the hydrothermal treatment time increased from three days
to seven days. Once again, verifying that the fully crystalline zeolite could be
synthesized after hydrothermal treatment at 100 °C for three days. Notably, as listed in
Table 2.9, the mesopore volume decreased with the increase of HTS time. This
reduction in mesopore volume might be because the redissolution-recrystallization of

small crystals resulted in the formation of larger crystals with fewer mesopores and
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higher purity. This may also lead to the migration of the impurity, Ni-PS, immobilized

in the mesopores within the zeolite crystal to the outer surface of the zeolite.
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Figure 2.13. N>-physisorption isotherms of the as-prepared samples after H> reduction
at 850 °C for 1h.

The reducibility of the resulting samples was measured by H>-TPR and depicted
in Fig.2.14. As explained in the last section, the 3 wt% Ni-PS/SiO2 showed one
reduction peak at 450-800 °C corresponded to reduction of 1:1 Ni-PS to Ni’. After
crystallization, the reduction temperature of all the Ni@S-1 samples shifted to the
higher temperature region, 600-900 °C. It was owing to the formation of more thermally
stable 2:1 Ni-PS in Ni@S-1.!%?® In comparison with 3 wt% Ni-PS/SiO», the Ni@S-1

catalysts possessed stronger metal-support interaction.
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Figure 2.14. H>-TPR profiles of the as-prepared samples

Then, the TEM characterization was performed to observe the size and
distribution of Ni particles after H> reduction at 850 °C for 1 h. As shown in
Fig.2.15, Ni NPs in the 3 wt% Ni-PS/SiO2 were randomly distributed over the
silica support and had an average diameter of 5.6 nm and broad size distribution
of 1 to 30 nm. Evidently, various aggregated Ni NPs with sizes larger than 10 nm
were observed over 3 wt% Ni-PS/SiO; after Hz reduction, revealing the poor
thermal stability of amorphous silica, and thus showing poor resistance to Ni
sintering. In contrast, after transformation, the mean size of Ni NPs for Ni@S-1-
100C-1d decreased to 4.0 nm with a size distribution of 1 to 14 nm. Increasing
HTS time from one day to three days, the average diameter of Ni NPs further
decreased, and the size distribution tended to concentrate in the smaller region.
Remarkably, for the Ni@S-1-100<C-3d catalyst, the average Ni NPs in size were
2.9 nm and highly dispersed in the Silicalite-1 host, and no Ni NPs greater than 7
nm were detected. Such discrepancy gives clear evidence that growing number of
Ni NPs were confined into the matrix of Silicate-1 zeolite with the increase of
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crystallinity and were protected from sintering into larger particles. Interestingly, the
agglomerated Ni NPs larger than 10 nm were generated at the edge of the Silicalite-1
support in Ni@S-1 catalysts with excessive crystallization time. To be more specific,
the average sizes of Ni NPs were 4.6 nm for Ni@S-1-100<C-5d and 4.9 nm for Ni@S-
1-100<C-7d. As discussed earlier, the metastable state of the crystals and Ostwald
ripening process would lead to the redissolution-recrystallization of the small zeolite
crystals to form the larger crystals with fewer inter-crystalline mesopores and higher
purity. Consequently, the Ni-PS initially embedded in the mesopores of small crystals
would be released into the solution due to the destruction of zeolite shell. Then, the free
Ni-PS would be redeposited onto the surface of the larger crystals. Therefore, the Ni-
PS located on the external surface of Silicalite-1 would sinter and aggregate into large
Ni particles after Ho-reduction at 850 °C for 1 h.2%2 Thus, Ni NPs size increased over
Ni@S-1-100<C-5d and Ni@S-1-100<C-7d after H2 reduction.

Based on the characterization results, preparation of Siliclaite-1-encapsulated
ultrafine Ni nanoparticles catalyst using 3 wt% Ni-PS/SiO, as the Ni source was
achievable. Most Ni NPs could be immobilized inside the support after hydrothermal
treatment at 100 <C for three days, and thereof the obtained Ni@S-1 catalyst exhibited
a strong metal-support interaction and good resistance to Ni sintering into larger

particles.
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Figure 2.15. TEM images and corresponding Ni particle size distribution of the as-

prepared samples after H» reduction at 850 °C for 1 h.
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2.4.2. Confirmation of Ni location by DRM at 600 <C

To confirm the Ni location, all the samples were evaluated by the DRM reaction
at 600 °C for 5h. As decribed in Fig.2.16, the 3 wt% Ni-PS/SiO; exhibited the lowest
DRM activity. Its poorer catalytic performance is because larger nickel particles
generated result in fewer active sites. On the contrary, all the Ni@S-1 catalysts showed
the better DRM activity than that of the 3 wt% Ni-PS/SiO.. Not surprisingly, as
mentioned above, more Ni NPs were encapsulated inside the Silicalite-1 zeolite with
the increase of zeolite crystallinity, and the resulting catalysts could control Ni NPs in
smaller size, so CHsand COz conversion over Ni@S-1 catalysts improved with the HTS
time from one day to three days. Remarkably, the Ni@S-1-100°C-3d could reach the
equilibrium activity. Considering the redissolution-recrystallization occurred and
caused the relocation and aggregation of Ni NPs on the exterior of Silicalite-1 when the
HTS time is excessive. Consequently, the following order of catalytic activity was
found Ni@S-1-100°C-3d > Ni@S-1-100°C-5d > Ni@S-1-100°C-7d. In addition, as
shown in Fig. 2.16d, except the Ni@S-1-100°C-3d, all the rest of the samples employed
were not able to achieve 100% recovery of carbon in the gas products, implying that

solid carbon deposited on the catalysts.
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Figure 2.16. Catalytic performances of the as-prepared catalysts for DRM reaction at
600°C as function of time on stream: (a) CHs conversion, (b) CO2 conversion, (c)
H»/CO ratio, and (d) gaseous carbon recovery (reaction conditions: T= 600 °C, 1 bar,
CH4/COz/Ar/ He= 20/20/40/10mL/min, GHSV= 2,000 L/g-Ni/h)

Then, the TG test was carried out to measure the amount of accumulated coke after
the DRM reaction. As listed in Table. 2.10, 3 wt% Ni-PS/SiO> had coke content of 2.9
wt%. Then, coke content over Ni@S-1 catalysts decreased as the crystallinity and
encapsulation degree improved. Notably, the accumulated carbon was only 0.5 wt.%
for Ni@S-1-100°C-3d, verifying its excellent suppression of coke formation due to the
encapsulation structure. The anti-coking behavior became deteriorated over the Ni@S-

1 prepared by excessive HTS time. To be specific , the coke contents were 1.5 wt% and
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1.7 wt% for Ni@S-1-100°C-5d and Ni@S-1-100°C-7d, respectively. The SEM images
in Fig. 2.17 of the spent catalysts agrees with the TG results. Among all the catalysts
employed, only Ni@S-1-100°C-3d no filamentous carbon was observed, indicating that
most Ni NPs in this catalyst should be encapsulated inside the Silicalite-1 zeolite, and
therefore it exhibited a good suppression of carbon accumulation.

Table 2.10. Properties of the evaluated catalysts after the DRM reaction.

Coke content? SgET’ Vmicro®
Sample
(Wt%) (m?/g) (cm®/g)
3 wt% Ni-PS/SiO2 2.9¢ 4.7 0.001
Ni@S-1-100°C-1d 2.0 295.4 0.075
Ni@S-1-100°C-2d 1.5 408.5 0.115
Ni@S-1-100°C-3d 0.5 454.8 0.133
Ni@S-1-100°C-5d 1.5 460.9 0.132
Ni@S-1-100°C-7d 1.7 471.7 0.137

. Measured by TG

(o

. Calculated by BET equation.

o

. Calculated by t-plot method.
4. The coke content was estimated on the net weight of Ni-PS/SiO, without including

the weight of quartz sand for dilution.
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Figure 2.17. SEM images of spent catalysts after the DRM reaction.

Fig. 2.18 shows the TEM images of the catalysts after the DRM reaction. In
agreement with the TG and SEM results, carbon nanotubes were discovered in all spent
catalysts with carbon content greater than 1.0 wt%, whilst the morphology of Ni@S-1-
100°C-3d was same as that before the reaction. More importantly, for spent 3 wt% Ni-
PS/SiO2, Ni@S-1-100°C-1d, and Ni@S-1-100°C-2d, the average size of the nickel
particles became larger after the reaction, and the proportion of particles larger than 7
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nm increased. This variation may be attributed to the presence of amorphous silica in
these samples and the collapse of the amorphous species when subjected to high-
temperature treatment. The Ni@S-1-100°C-3d maintained its ultrafine Ni NPs, proving
that most Ni NPs were enveloped in the matrix of zeolite. Noticeably, big Ni particles
larger than 20 nm were detected over Ni@S-1-100°C-5d and Ni@S-1-100°C-7d after
the reaction. It suggested that some nickel particles were loaded on the external surface
of the support, and their sintering caused the particles to become larger, which leads to

carbon generation.
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Figure 2.18. TEM images and corresponding Ni particle size distribution of spent
catalysts after the DRM reaction.

The N»-physisorption measurement was performed to confirm whether the
collapse of support took place during the DRM reaction. Fig. 2.19 and Table 2.10 show

that the BET surface area and micropore volume of 3 wt% Ni-PS/Si0,, Ni@S-1-100°C-
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1d, and Ni@S-1-100°C-2d declined after reaction, verifying that structure collapse of
amorphous silica coexisted in these samples occurred and thus giving rise to the Ni
sintering during DRM reaction. In contrast, the Ni@S-1-3d, Ni@S-1-5d, and Ni@S-1-
7d catalysts without amorphous matter exhibited no significant change in the BET
surface area and micropore volume after DRM reaction, unveiling the good thermal

stability of Silicalite-1 zeolite.
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Figure 2.19. N>-physisorption isotherms of the spent samples after the DRM reaction
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According to the characterization and DRM results, the formation mechanism can
be assumed and illustrated in Fig. 2.20. Generally, the transformation process can be
described as follows: the reactants were firstly hydrolyzed and condensed. Considering
that the unique layered structure of Ni-PS, characterized by the presence of nickel and
silicon atoms interconnected by strong -Ni-O-Si- chemical bonds, grants Ni-PS
exceptional structure stability during the transformation. After the hydrolysis and

condensation, the autoclave reactor was heating to a high temperature (=100<C).

Following that, the process of zeolite crystal nucleation ensued. It has been documented
that nucleation can either occur homogeneously, in the absence of foreign particles in
the solution, or heterogeneously, with the influence of foreign particles. These two
mechanisms of nucleation are collectively referred to as primary nucleation. Typically,
heterogeneous nucleation occurs more rapidly as foreign particles serve as a platform
for the growth of crystals, thus eliminating the need to establish a new surface and
reducing the surface energy requirements.® This implies that the formation of zeolite
nuclei is favored on the Ni-PS surface. After that, zeolite crystals grew, leading to the
formation of Ni species within inter-crystalline mesopores between primary zeolite
crystals.

However, if the hydrothermal time was insufficient, some Ni-PS remained on the
unconverted amorphous silica and sintered to form large Ni NPs during H»-reduction,
resulting in lower DRM activity and higher coke content. Comparatively, most Ni-PS
were immobilized in the zeolite matrix if the crystallization time was appropriate,
forming ultrafine Ni NPs after Hz-reduction and maintaining their size during the DRM
reaction. Accordingly, this catalyst showed high DRM activity and good suppression
of coke formation. However, in the case of excessive time, the metastable state of
zeolite crystals in high temperatures and strong alkaline solution would lead to the
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redissolution of the as-formed crystals. Furthermore, as per the Ostwald ripening

law, larger crystals exhibit greater thermodynamic and energetic stability
compared to smaller crystals. This means that the spontaneous process of
dissolution of small crystals, followed by the redeposition of the dissolved species
onto the surfaces of larger crystals, leading to the formation of even larger ones,
is driven by thermodynamic forces.?’34% Accordingly, the redissolution-
recrystallization of zeolite proceeded. During this process, small crystals were
redissolved, freeing the Ni-PS previously immobilized within small crystals back
into the solution. Then, secondary nucleation occurred, facilitated by the presence
of zeolite crystals. This process took place on the surface of the existing crystals,
leading to a lower energy barrier for crystal formation compared to primary
nucleation.®*3> As a result, a greater number of nuclei were generated on the
surface of the remaining crystals. After recrystallization, some Ni-PS were
redeposited onto the external surface of larger crystals with fewer inter-crystalline
mesopores and higher purity. Consequently, these Ni-PS without encapsulation
would be aggregated on the external surface of zeolite after Ho-reduction to
produce the larger Ni NPs, leading to lower DRM activity and higher coke
accumulation in comparison to the catalyst with most Ni NPs immobilized in the

zeolite,
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(c) Excessive crystallization time

Amorphous silica | e :
Ni-PS Hydrolysis & Induction & Ezaﬁ;'a# : gm" i :
y *// -~ Condensation,  / / Nucleation l\ Crystal growth L\ i :::I! k Crystal growth R % :
’ : = o
Si0, TPAOH + TEOS / ,) 100 °C ‘ @ \m 100 °C HEHE 100 °C! e GEpl
/ room temp.  NI-PS S- 1 Tuclei v ‘E#:ﬂs 1 crystal ' it :
Ni-PS/SiO, v ! & .
1
| redissolution !
| i
1 1
1 1
S-1 ! :
Ni N 1
| 1
’ - o~ . | By 1
= Centrifugation i ligati 1
: . I recrystallization & |
J"'; H, reduction & o % \ !
HeH | o it
a8 850 °C Calcination | | ‘ ' 100 *C \E g !
_. H :
e 550 °C ! it '
e R | iing |
.,‘ 1 1
. \ 1
I 1
| 1
i O Ostwald ripening

Figure 2.20. The schematic illustration of formation mechanism of Ni@S-1 from Ni-PS/SiOa.
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2.5. Effect of HT'S temperature

In the last section, the formation mechanism was speculated based on the
experimental results, considering that the differences between each catalyst were not
particularly large. Therefore, the proposed mechanism was further checked in this
section. It is well-known that the higher HTS temperature could cause higher system
pressure in parallel with lower water density and viscosity, thus accelerating the
crystallization speed.?*% Accordingly, the faster redissolution-recrystallization of
zeolite could be achieved under high HTS temperature, leading to form larger crystals
with fewer Ni NPs immobilized within zeolite. As a result, the Ni@S-1 catalyst
prepared at higher HTS temperature should show lower DRM activity and higher
coke content. Accordingly, three Ni@S-1 catalysts were prepared at different HTS
temperatures, e.g., 100 <C, 150 <C, and 180 <T for three days to double-check the

formation mechanism proposed above.
2.5.1. Catalyst characterization

Table 2.11 lists the measured Ni loading in the obtained samples. Ni@S-1
catalysts prepared at 150 <C and 180 <C showed lower Ni loading than the nominal
value. It is a general knowledge that the solubility increased with temperature. So,
more Ni species may be dissolved in the solution during the synthesis under the
higher temperature conditions.

XRD patterns of the resulting catalysts and their relative crystallinity are
presented in Fig. 2.21 and Table 2.11. As can be seen, the relative crystallinities were
100.0%, 132.6%, and 166.9% for Ni@S-1-100C-3d, Ni@S-1-150C-3d, and Ni@S-
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1-180<C-3d, respectively. That is, the crystallinity increased as the HTS temperature
increased. SEM images in Fig. 2.22 exhibited that the Silicalite-1 zeolite with a bigger
size (Table 2.11) could be synthesized when the higher HTS temperature was used.
This observation coincided well with the XRD measurement, namely, the increase in
HTS temperature accelerates redissolution-recrystallization of zeolite crystal to form
larger crystals. The estimated mesopore volumes from the N2-physisorption
measurement (Fig. 2.23) were listed in Table 2.11. As anticipated, the Ni@S-1
catalysts synthesized at higher temperatures possessed lower mesopore volume.

Table 2.11. Properties of the as-prepared samples after calcination at 550 °C for 12 h.

Ni loading® RC Crystal length®  Vimeso

Catalyst (Wt%) (%) (nm) (cm*/g)
Ni@S-1-100°C-3d 0.99 100.0 230 0.316
Ni@sS-1-150°C-3d 0.90 132.6 330 0.241
Ni@S-1-180°C-3d 0.94 166.9 770 0.082

. Measured by XRF

® Relative crystallinity was calculated on the basis of the height of the peak at around
23.1° and assumed that the crystallinity of Ni@S-1-100°C-3d was 100%.

€. Measured by SEM

d, Calculated by BJH method.
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Figure 2.21. XRD patterns of the as-prepared samples.

Figure 2.22. SEM images of the as-prepared samples after calcination.
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Figure 2.23. N>-physisorption isotherms of the as-prepared samples after calcination at

550 °C for 12 h.
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The TEM characterization was carried out to verify the Ni NPs' size and location.
As shown in Fig. 2.24, compared to Ni@S-1-100°C-3d, some Ni NPs in Ni@S-1-
150°C-3d were observed at the edge of the Silicalite-1 zeolite. The mean Ni NPs size
became larger to 4.5 nm with a broader size distribution of 1 to 13 nm. More Ni NPs
with a rather big size (> 10 nm) were detected in Ni@S-1-180°C-3d. In more detail, the
Ni NPs were 6.5 nm in average size and had a relatively wide distribution from 1 nm
to 28 nm. These bigger Ni particles are attributed to the faster crystallization and
redissolution-recrystallization speeds at higher HTS temperature, leading to formation
of larger crystals with fewer inter-crystalline mesopores and higher purity and causing

more Ni-PS migrated and located on the external surface of Silicalite-1 zeolite.
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Figure 2.24. TEM images and corresponding Ni particle size distributions of the as-

prepared samples after H» reduction at 850 °C for 1 h.
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2.5.2. Confirmation of Ni location by DRM at 600 <C

Fig. 2.25 tells the DRM test results of the as-prepared Ni@S-1 catalysts. The
Ni@S-1-100°C-3d could reach and maintain the equilibrium activity during the DRM
reaction. At the same time, the CH4 and CO» conversion rates of Ni@S-1-150°C-3d
were slightly lower than that of equilibrium values. Notably, the Ni@S-1-180°C-3d
catalyst showed a significant reduction in catalytic activity. Furthermore, Ni@S-1-
150°C-3d and Ni@S-1-180°C-3d catalysts displayed a gaseous carbon recovery lower

than 100%.

70 70
B? ol - — -Equilibrium ;\? 60 [FE=pm =t e — m
< (a) < (b)
§ 50 [E=E=R: T . 1 i g 50 Yy
- - - - --'
Z 40 £ 40t " — Vv
Z 30 Vv TR é v 2 30t
-+ e ) . -1 - - al
= o10f %@‘ o Q 10t
@ —v— Ni@$S-1-180°C-3d @)
%0 1 2 3 4 5 % 4 5
1.0~ .
~ e 100 '),::,_ _____-____. .
g 0.8 :—1—-——- i B L 1 o8 by \
= Y —Y——v———v—y| & “——-A———-:o-——v
S 0.6+ Ic_q 06| v—-——V
E 1 © = [(d)
O 04 ": 04| Coke content
Q _8 Ni@S-1-100°C-3d 0.5 wt.%
EN 0.2r = 92 Ni@S-1-150°C-3d 2.8 wt.%
o9 [Ni@S-1-180°C-3d 6.8 wt.%
o 1 2 3 4 5 0 1 2 3 4 5
Time on stream (h) Time on stream (h)

Figure 2.25. Catalytic performances of the as-prepared catalysts for DRM reaction as
function of time on stream: (a) CH4 conversion, (b) CO; conversion, (c) H,/CO ratio,
and (d) gaseous carbon recovery (reaction conditions: T= 600 °C, 1 bar, CH4+/CO2/Ar/
He=20/20/40/10mL/min, GHSV= 2,000 L/g-Ni/h)

Combined with TG results in inset of Fig. 2.25d and SEM images of spent

catalysts in Fig. 2.26, it is clear that the Ni@S-1 catalyst synthesized at higher HTS
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temperature accumulated more undesired carbon during the DRM reaction. In detail,
the coke contents were 0.5 wt%, 2.8 wt%, and 6.8 wt% for Ni@S-1-100°C-3d, Ni@S-
1-150°C-3d, and Ni@S-1-180°C-3d, respectively. This coke deposition endorsed the
characterization results and verified that more Ni NPs located and aggregated on the

surface of the Ni@S-1 catalysts prepared at higher synthesis temperatures.

Figure 2.26. SEM images of the as-prepared samples after the DRM reaction.

In summary, these results shed light on that high HTS temperature could lead to
high crystallization speed and facilitate the redissolution-recrystallization process.
Therefore, the bigger crystal with fewer inter-crystalline mesopores and more Ni
particles located on the outer surface of Silicalite-1 zeolite could be prepared.
Consequently, the Ni@S-1 catalyst from higher synthesis temperature showed worse
catalytic performances and higher coke content during the DRM reaction. In other

words, the formation mechanism proposed in the last section was verified.
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2.6. Conclusion

In this chapter, a new methodology for encapsulating ultrafine nickel (Ni)
nanoparticles within Silicalite-1 zeolite (Ni@S-1) was developed and demonstrated.
The novel aspect of this method is the utilization of Ni-PS powder as the nickel source,
which has not been previously reported. This approach provides a simple and efficient
means for producing Ni@S-1 with encapsulation structure. The effects of three key
parameters, namely reactant concentration, hydrothermal treatment (HTS) time, and
HTS temperature, on the structure and catalytic activity of Ni@S-1 were investigated.
The optimal synthesis conditions were determined to be 100°C for a three-day HTS
with an H,O/Si0; ratio of 50. The mechanism of Ni@S-1 formation was also explored.
The results showed that the synthesis involved the initial nucleation and growth of the
zeolite, followed by encapsulation of Ni species (Ni-PS) within the inter-crystalline
mesopores. Subsequently, redissolution and recrystallization of the zeolite (Ostwald
ripening process) led to the dissolution of small crystals and growth of larger zeolite
particles, resulting in the migration of Ni species from the inner regions of smaller

zeolite crystals to the outer surface of larger zeolite with fewer mesopores.
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Chapter 3. Evaluation and Comparison of Ni-loaded catalyst

for the DRM reaction

3.1. Introduction

The DRM process has yet to be commercial application due to the absence of
highly active, durable, and cost-effective catalyst'®. According to the
thermodynamics calculation in Fig. 3.1a, the reaction temperature should be higher
than 750 <C to achieve a high single-pass conversion (>90%) of CHs and COz, but the
metal sintering of the employed catalyst was favorable to occur at such high
temperatures®”’. On the other hand, the DRM reaction is a strongly endothermic
reaction, as cartooned in Fig.3.1b, a distinct temperature gradient would be induced
in the catalyst bed after feeding the reactant gas. In other words, the temperature of the
catalyst bed in some regions would be greatly decreased to the temperature that favors
carbon formation (< 700 <C). If so, the coke would accumulate and deactivate the
employed catalyst. Therefore, it is necessary to develop a catalyst with high activity

and excellent sintering and coking resistance for DRM reaction.
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Figure 3.1. (a)the thermodynamic calculation of DRM reaction. (Reaction conditions:

CHas: CO2: Ar=2:2: 5,1 bar) and (b) a cartoon image of a fixed DRM bed.

110



In Chapter 2, we successfully developed Silicalite-1-encapsulated Ni catalyst
(Ni@S-1) by a new method, in which direct addition of Ni-PS as Ni source into the
zeolite mother liquid, followed by hydrothermal synthesis (HTS) at 100 <C for three
days. The Ni-PS was confined within the S-1 particle, and ultrafine Ni particles were
successfully formed in the inter-crystalline pore of the S-1 particle after reduction
(Ni@s-1).

In this chapter, the resulting Ni@S-1 catalyst from Ni-PS was evaluated for DRM
reaction under different conditions to confirm its suppression of coke formation,
resistance to Ni sintering, and longevity. For comparison, the Ni/S-1 catalyst with most
Ni NPs supported on the surface of Silicalite-1 zeolite was prepared by impregnation
method, and the Ni/SiO, catalyst with poor thermal stability was obtained from
reduction of Ni-PS/SiO2. Then, based on the DRM catalytic performances and
characterization results of the as-prepared catalysts, the insights on the structure-

activity relationship was elucidated.
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3.2. Experimental

3.2.1. Chemicals

The details of chemicals used have been described in the Chapter 2.

3.2.2. Catalyst Preparation

Three Ni-loaded catalysts were prepared to compare the catalytic performances
of catalysts with different structures and properties.
(1) Preparation of 1 wt% Ni@S-1 catalyst with most Ni NPs encapsulated inside
Silicalite-1 zeolite by two-step method (Fig. 3.2)

Step 1. Preparation of 3 wt.% Ni-PS/SiO; by HTS method.

Table 3.1. Preparation conditions of 3wt% Ni-PS/SiO2

Parameter Theoretical value
Ni loading 3 wt%
H>O/Si1 34 mol/mol
NH3/Ni 60 mol/mol
HTS temperature 100 °C
HTS time 3 days

1) added calculated amounts of 1M of Ni(NO3)2 aqueous solution to diluted 3.0
M of ammonia solution to form the nickel ammonia complex solution.

2) Si source, TEOS, was added to the above nickel ammonia complex solution
and stirring for 2 h.

3) transferred the mixture into Teflon-lined autoclave reactor and hydrothermal

treated at 100 °C for three days.
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4) washed samples with distilled water three times and recovered the samples by
centrifugation.

5) dried at 110 °C overnight.

Ni(NO, ) .6H, O aq. TEOS

‘\1 ure (Si nmwl Ni-PS
\ ,
*lmmg Stirring HTS Washing Drying v, S0
g > > > {
R T., 10 min RT.2h 100 °C, 72h  Centrifugation 110 °C
overnight 3 14 o4 Ni-PS/SiO,
NH,; water
N Ni[NH;]e)*" aq.

(Alkaline agent)
Figure 3.2. Preparation procedures of 3 wt.% Ni-PS/SiOa.
Step 2. Preparation of 1 wt% Ni@S-1 catalyst using the as-prepared 3 wt% Ni-
PS/S10; as the Ni source by HTS method (Fig. 3.3)

Table 3.2. Preparation conditions of study on effect of reactants concentration

Parameter Theoretical value
Ni loading 1 wt%
Si/TPAOH 3 mol/mol
Sips/SiTEOS 0.49 mol/mol
H>0O/S1 50 mol/mol
Volume of zeolite mother liquor 75 mL (100 mL of autoclave reactor)
HTS temperature 100 °C
HTS time 3 days

1) preparation of zeolite mother liquor by mixing calculated amounts of TEOS,

TPAOH, and distilled water at room temperature for 24 h to form a homogenous gel.
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2) added designated amount of the 3 wt.% Ni-PS/SiO; precursor to the zeolite
mother liquor and stirring for 2 h.

3) transferred into a Teflon-sealed autoclave and hydrothermally treated at
100 °C for three days in a tumbling oven.

4) washed samples with distilled water three times and recovered the samples by
centrifugation.

5) dried at 110 °C overnight and calcined at 550 °C for 12 h.

6) reduced in 50 vol% H at 850 °C for 1 h.

Ni Pi 910

- "-
PS
burrm Washing Drying Calcination T H
\
> > > / i “ (
RT 2h 100/150/180 ° ( Centrifugation ~ 110°C  550°C,12h | Zj i
1/2/3/5/74d overnight \\‘&'

TEOS additic A
TPAOII aq. mqm Ni-PS@s-1 Ni@s-1

Figure 3.3. Preparation procedures of Ni@S-1
(2) Preparation of 1 wt% Ni/S-1 catalyst with most Ni NPs supported on the
external surface of Silicalite-1 zeolite by impregnation method

Table 3.3. Preparation conditions of study on effect of reactants concentration

Parameter Theoretical value
Ni source Ni-PS
Ni loading 1 wt%
Si/TPAOH 3 mol/mol
H>O/S1 50 mol/mol
Volume of zeolite mother liquor 75 mL (100 mL of autoclave reactor)
HTS temperature 180 °C
HTS time 3 days
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1) preparation of zeolite mother liquor by mixing calculated amounts of TEOS,
TPAOH, and distilled water for 24 h to form a homogenous gel.

2) transferred the resulting gel into a Teflon-sealed autoclave and hydrothermally
treated at 180 °C for three days in a tumbling oven

3) washed samples with distilled water three times and recovered the samples by
centrifuge

4) drying at 110 °C overnight and calcined at 550 °C for 12 h.

5) dropwise added calculated concentration and amount of nickel nitrate solution
dissolved in anhydrous ethanol to the obtained Silicalite-1 zeolite.

6) blended for 30 min to uniformly disperse the Ni species.

7) dried at room temperature overnight and then dried at 110 °C for 3 h

8) calcined at 550 °C for 12 h.

9) reduced in 50 vol%H: at 850 °C for 1 h.

Ni particles

'“-—:x./m.__
Rz
i
. |

Ni(NO;),.6H,0 dissolved in Ethanol Silicalite-1

[

omay Blending Drying Calcination Reduction
@ 550°C, 12h 850 °C, 1 h 44
- S
Silicalite-1 )
(HTS: 180°C, 72 h) Ni/S-1

Figure 3.4. Preparation procedures of Ni/S-1 by impregnation method
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(3) Preparation of 1 wt% Ni/SiOzcatalyst with poor thermal stability from 1 wt%

Ni-PS/SiO2 by HTS method

Table 3.4. Preparation conditions of study on effect of reactants concentration

Parameter Theoretical value
Ni source Ni(NO3): aq.
Ni loading 1 wt%
H>O/Si 34 mol/mol
NH3/Ni 120 mol/mol
HTS temperature 100 °C
HTS time 3 days

1) added calculated amounts of 1M of Ni(NO3)2 aqueous solution to diluted 2.0
M of ammonia solution. Next, Si source, TEOS, was added to the above nickel
ammonia complex solution and stirring for 2 h.

2) transferred the mixture into Teflon-lined autoclave reactor and hydrothermally
treated at 100 °C for three days.

3) washed samples with distilled water three times and recovered the samples by
centrifuge. Then, dried at 110 °C overnight and calcined in air at 550 °C for 12 h.

4) reduced in 50 vol% H> at 850 °C for 1 h.

TEOS
D
Ni \PS Ni° nanoparticles
Stirring 'Y

E % HTS > Drying \\ Sjo, Calcination Reduction [ Sio
> > , > PR e
RT.2h 100 °C, 72 h 110 °C 550°C, 12h 850°C, 1h » e w
overnight
Ni-PS/SiO, Ni/SiO,

Ni[NIL],)*" aq.

Figure 3.5. Preparation procedures of Ni/SiO2 by HTS method
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3.2.3 Catalyst Characterization

The characterization methods and corresponding acquired information are listed
in Table 3.5. The measurement conditions were explained in the Chapter 2.

Table 3.5. Characterization techniques and corresponding acquired information

Characterization Acquired information
XRF Ni loading
SEM Catalyst morphology
TEM Ni location, Ni particle size, and carbon formation
XRD Crystallographic information
N2-sorption Porosity, surface area, and pore volume
H2-TPR The reducibility of Ni
TG-DTA Coke content
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3.2.4 Catalytic Performance Evaluation

The catalyst was evaluated in a down-flow fixed bed reactor as illustrated in the
Chapter 2. The evaluation conditions are listed in Table 3.6. The GHSV values were
calculated on the mass basis of nickel and adjusted by diluting the catalyst with blank
Silicalite-1 to change the absolute amount of catalyst loaded into the reactor.

Table 3.6. Catalytic evaluation conditions for the DRM reaction

Pressure 1 bar

H> reduction 60 mL/min of 50 vol.% H2/N», 850°C, 1h

600 °C--- coke resistance
DRM temperature

850 °C--- Ni sintering and thermal stability

Reactant gas CHa: CO2: Ar: He = 20: 20: 40: 10 mL/min

2,000 L/g-Ni/h. or
GHSV

40,000 L/g-Ni/h
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3.3. Results and discussion
3.3.1 Characterization of the as-prepared samples

The as-prepared catalysts were characterized by several characterization
techniques As indicated by the XRD patterns in Fig. 3.6, Ni@S-1 and Ni/S-1 exhibit
characteristic diffraction peaks corresponding to Silicalite-1 zeolite (JCPDS 44-0696),
suggesting the well-crystallized MFI zeolite was synthesized. On the contrary, the
diffraction pattern of reference Ni-PS has only a very broad peak and no peaks
indicative of crystalline phases, indicating the presence of fully amorphous SiO..
Notably, no NiO or other Ni species were detected by XRD observed over all three
samples because of its lower loading content and good dispersion of the very small NiO
particles. As shown in Fig. 3.6b, there were no distinct differences in peak position and
intensity of XRD patterns before and after H> reduction, showing the high thermal
stability of the Silicate-1 zeolite. Besides, the characteristic peaks of metallic Ni or other
Ni species were not found in all the catalysts, identifying the formation of ultrafine and

highly dispersed Ni NPs in each catalyst.

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

Ni-PS@S-1 Ni@s-1

e —— Ni-PS/SiO, r— Ni/SiO,
10 20 3 40 50 60 10 20 30 40 50 60
20(%)

0
20(°)
Figure 3.6. XRD patterns of the as-prepared catalysts: (a) after calcination at 550 °C

for 12 h and (b) after H> reduction at 850 °C for 1 h
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These results were consistent with the SEM observation in Fig. 3.7. The Ni-
PS@S-1 and NiO/S-1 catalysts showed typical morphology of MFI zeolite. For
comparison, the Ni-PS/SiO; exhibited the totally irregular and randomly
distributed shape, which is consistent with that typically observed for amorphous

silica.

Figure 3.7. SEM images of the as-prepared catalysts after calcination: (a) Ni-PS@S-1,
(b) NiO/S-1, and (c¢) Ni-PS/SiO;

Table 3.7 lists the Ni loading of the samples measured by XRF. All the three
samples exhibited comparable Ni loading to the nominal value. Hence, most Ni atoms
were recovered during the preparation. Fig. 3.8 presents the nitrogen adsorption—
desorption isotherms of the samples after H» reduction, and the associated BET surface
area and micropore volume results are summarized in Table 1. Ni@S-1 with Sget =459
m?/g and Vimicro= 0.12 cm®/g and Ni/S-1 with Sger = 441 m%*/g and Vicro= 0.18 cm’/g
exhibited the typical type I isotherms for microporous materials, indicating that the
significant micropores were developed in these catalysts. In addition, compared to Ni/S-
1, Ni@S-1 had an additional hysteresis loop (type H4) at the relative pressure of 0.7-
0.9, which suggests the presence of mesopores in Ni@S-1. These mesopores could
improve molecular diffusion and thus would be beneficial for the DRM reaction. In
contrast, a relatively small N> uptake in the micropore filling stage was observed for
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Ni/Si0,, verifying that the Ni/SiO, sample contained a smaller number of micropore
with a surface area of 137.6 m%*/g and micropore volume of only 0.01 cm?/g. From the
results of XRD and N adsorption measurements, we can conclude that the Ni@S-1
with Silicalite-1 structure using Ni-PS/SiO; as Ni source was successfully prepared.

Table 3.7. Properties of the prepared catalysts after H, reduction at 850 °C for 1 h

Ni@sS-1 Ni/S-1 Ni/SiO2
Ni loading® (wt.%) 0.99 1.02 0.97
BET surface area® (m?/g) 459.3 440.5 137.6
Micropore volume® (cm?/g) 0.119 0.180 0.01

 Measured by XRF
® Calculated by BET equation

¢, Calculated by t-plot method

900
[ A
800 ?
5 700 i —s— Ni@S-1 A
(600 —e— Ni/S-1 é‘
o 500| —— Ni/sio, £
= o) s
— 400 - z-:
£300 | _ ﬁf
5 - [ 1 A
>’ 200 - o .‘f .
- ﬂl-l:ltl:l:l:l:!_—o':t::-;—._._.. -
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e
0.0 0.2 0.4 0.6 0.8 1.0

P/po ()
Figure 3.8. N> adsorption isotherms of the as-prepared catalysts after H> reduction at
850°C for 1 h

Next, the H>-TPR analysis was performed. Fig. 3.9 depicts the hydrogen
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consumption as a function of temperature during the process of Hz-TPR. As the
temperature increased, for the Ni/S-1 catalyst, a major and broad reduction peak
ranging from 400 °C to 650 °C (peaked at ca. 560 °C) should be attributed to the
reduction of NiO supported on the outer surface of Siliclaite-1 zeolite with weak
interaction. Meanwhile, a minor peak at 700-900 °C was associated with NiO
introduced into the zeolite channels with improved interaction'. In contrast, the large
reduction peak at 600-900 °C for Ni-PS@S-1 and Ni-PS/SiO; was assigned to the
reduction of Ni-PS to metallic Ni 8. This illustrated the formation of Ni-PS in Ni-PS@S-
1. Based on the findings above, the Ni species immobilized in Silicalite-1 showed
strong metal-support interaction in comparison with the NiO deposited on the external

surface of Silicalite-1 zeolite.

- Ni-PS@S-1

H, consumption (a.u.)

" Ni-PS/SiO,

200 | 300 | 400 | 500 | 600 | 700 | 800 | 900
Temperature (°C)
Figure 3.9. H>-TPR profiles of the as-prepared catalysts
Then, after reduction by H> at 850 °C for 1 h, the TEM observations were
undertaken to check the morphology and distribution of Ni particles. As presented in

Fig. 3.10a-b, ultrafine Ni NPs in the Ni@S-1 sample were uniformly and well

distributed over the S-1 host and had a narrow size distribution from 1 to 8 nm and
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average diameter of 2.9 nm, which is the expected size of Ni (< 7nm). This demonstrates
that the Ni NPs should be embedded in the Silicalite-1 crystal, and hence this catalyst
showed good anti-sintering. By contrast, as can be seen from Fig. 3.10¢-d, Ni NPs with
wider size distribution from 2 to 16 nm and with a larger mean size of 4.9 nm were
detected for Ni/S-1, suggesting the agglomeration of Ni particles situated on the surface
of the S-1 zeolite occurred in Hz stream. For the Ni/SiO2 sample from Ni-PS/SiOz, Ni
NPs were 4.3 nm in mean size and moderately distributed over the amorphous silica.
The narrower size distribution of Ni NPs in Ni/SiO> compared to that of Ni/S-1 thanks

to the stronger interaction between Ni species and silica of the phyllosilicate structure.

d

rEne 29 nm
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Figure 3.10. TEM images and corresponding Ni particle size distribution of (a—b)

Ni@S-1, (c—d) Ni/S-1, and (e—f) Ni/S10; after H> reduction at 850 °C for 1 h.
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On the basis of the characterization results, we concluded that adding Ni-
PS/SiO- as the Ni source to zeolite mother liquor, the Ni-PS was successfully
anchored in Silicalite-1 crystal after HTS. Then, ultrafine Ni NPs could be formed

and fixed within Silicalite-1 after H» reduction.

3.3.2. Evaluation of coking suppression for DRM at 600 °C

The anti-coking performance of Ni@S-1, Ni/S-1, and Ni/SiO> samples in DRM
reaction was evaluated at 600 °C, where coke formation was preferable and speedy
according to the calculation of thermodynamics. As shown in Fig. 3.11, Ni@S-1 and
Ni/SiO; catalysts reached the thermodynamic equilibrium for CH4 conversion, CO>
conversion, and H>/CO ratio and maintained their activity for 5 h, and the carbon
balance for them was kept at ca. 100% during the reaction. All these imply that Ni@S-
1 and Ni/Si0; exhibited high DRM activity and excellent ability for suppression of coke
formation. Comparatively, the Ni/S-1 catalyst exhibited comparable CH4 conversion,
but lower CO» conversion, higher H>/CO ratio, and lower carbon recovery in gaseous
products than that of the former two catalysts, indicating that the side coke formation
reactions, e.g., methane decomposition (Equation 1)° and/or the CO disproportionation

reaction (Equation 2)!'°, were promoted over Ni/S-1 catalyst.

CHs; <—> C(coke) +H: A Hog = +75 KJ/mol Equation 1
2CO <« C(coke)+CO2 A H,ggx=-171 KJ/mol Equation 2
Next, TG measurement was employed to calculate the amount of coke deposited
after the DRM reaction. As listed in Fig. 3.12, the accumulated coke contents were 0.5
wt.% for Ni@S-1 and 0.9 wt% for Ni/SiO, whilst it was 40.9 wt.% for Ni/S-1.
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Figure 3.11. Catalytic performances of the as-prepared catalysts for the DRM reaction
at 600°C as function of time on stream: (a) CH4 conversion, (b) CO> conversion, (c)
H»/CO ratio, and (d) carbon balance and corresponding coke content after reaction in
inset (reaction conditions: T= 600 °C, 1 bar, CH4+/CO/Ar/ He= 20/20/40/10mL/min,

GHSV= 2,000 L/g-Ni/h)

0 _
5
= -10f -
[<5)
joy
g
£ 201 .
o
< .
2 30| Amount of coke formation
= Ni@S-1 0.5wt.%
—Ni/S-1  40.9 wt.%
-40 —— Ni/SiO, 0.9 wt.%

200 300 400 500 600 700 800 900
Temperature (<C)

Figure 3.12. TG curves and corresponding coke contents of the spent catalysts after the

DRM reaction at 600 °C for 5 h
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Then, the morphology of the spent catalysts observed by SEM and TEM was
carried out to confirm the coke accumulation. Fig. 3.13 shows that negligible carbon
species were observed on the spent Ni@S-1 and Ni/SiO> catalysts, whereas numerous
filamentous carbons were found on the spent Ni/S-1 catalyst. These results coincide

well with the results from the catalytic performances.

Figure 3.13. SEM (al-c1) and TEM (a2-c2) images of spent catalysts after the DRM

reaction at 600 °C for 5 h: (a) Ni@S-1, (b) Ni/S-1, and (¢) Ni/SiOx.
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From these results, we can conclude that most of the Ni NPs of the Ni@S-1
catalyst should be confined inside the zeolite support, thus resulting in the internal space
around the Ni NPs for coke deposition was limited, preventing the aggregation of the
Ni particles. Therefore, the Ni catalysts with encapsulation structure could effectively
inhibit coke formation. Contrarily, for the Ni/S-1 catalyst, relatively more Ni particles
were located and exposed on the external surface of Silicalite-1with weak interaction,
so the agglomeration of the Ni NPs easily occurred and tended to form larger particles.
Consequently, the large amount of carbon was favorable to grow on its surface,
manifesting the Ni/S-1 prepared by the conventional impregnation method was not
suitable for industrial application. As for Ni/SiO; catalyst from Ni-PS/Si0O., the good
suppression of coke formation may be due to the strong metal-support interaction
(SMSI) of phyllosilicate material. This SMSI could generate good resistance to Ni
sintering and prevent the Ni species from forming large particles at moderate

temperature, thus showing significant suppression towards coking®!!.
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3.3.3. Evaluation of thermal stability for DRM at 850 °C

Then, the Ni@S-1 and Ni/SiO» catalysts were further evaluated at 850 °C to
investigate their resistance to Ni sintering and thermal stability. Not surprisingly, both
catalysts reached thermodynamic equilibrium in Fig. 3.14 due to the high reaction
temperature and low GHSV employed, and hence the active sites and residence time

are enough to achieve equilibrium values.
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Figure 3.14. Catalytic performances of the as-prepared catalysts in the DRM reaction
at 850°C as function of time on stream: (a) CH4 conversion, (b) CO> conversion, (c)
H»/CO ratio, and (d) carbon balance (reaction conditions: T = 850 °C, 1 bar,
CH4/CO2/Ar/ He = 20/20/40/10mL/min, GHSV=2,000 L/g-Ni/h)

More importantly, as shown in Fig. 3.15, the Ni NPs in the spent Ni@S-1 catalyst
after reaction at 850 °C for 5 h were still well dispersed and the average size slightly
increased to 4.3 nm in Fig. 3.15b. In contrast, the Ni/SiO; sample suffered from severe

sintering, the average size of nickel particles dramatically increased to ca. 8.3 nm after
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reaction (Fig. 3.15d), and several nickel particles with diameters greater than 10 nm

were detected.
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Figure 3.15. TEM images and corresponding Ni particle size distribution of (a—b)
Ni@S-1 and (c—d) Ni/Si02 after DRM reaction at 850 °C for 5 h. (reaction conditions:
T =850 °C, 1 bar, CH4/CO2/Ar/ He = 20/20/40/10mL/min, GHSV = 2,000 L/(g-Ni. h))
[Catalysts were diluted with blank support, e.g. blank Silicalite-1 for Ni@S-1 and blank
amorphous silica for Ni-PS/SiO», to decrease the catalyst amount. ]

Combined with the N> adsorption and XRD measurements in Fig. 3.16 and Table
3.4, such discrepancy revealed that Silicalite-1 exhibited high thermal stability and the
Ni nanoparticles confined in Silicalite-1 zeolite possessed good resistance to sintering.

Contrarily, the structure of amorphous silica in Ni/SiO> collapsed and then serious Ni
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sintering occurred.
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Figure 3.16. Characterizations of the reduced catalysts and spent catalysts after the
DRM reaction at 850°C for 5 h (GHSV = 2,000 L/(g-Ni. h)): (a) N> adsorption
isotherms, (b) and (c) XRD patterns

Table 3.8. Change in the BET surface areas (m?/g) of Ni@S-1 and Ni/SiO: before and

after DRM at 850 °C for 5 h (GHSV = 2,000 L/(g-Ni. h))

catalyst reduced spent
Ni@S-1 459.3 448.6
Ni/SiO; 137.6 120.5

Finally, the longevity experiments over Ni@S-1 and Ni/SiO2 catalysts were
conducted at 850°C and GHSV of 40,000 L/g-Ni/h to clearly distinguish and examine
the intrinsic activity, stability, and durability under severe conditions. As displayed in
Fig. 3.17, Ni-PS showed lower initial activity than that of the Ni@S-1 owing to the
larger Ni particle and less active sites in this catalyst. Furthermore, quick deactivation
with the reaction time was detected for Ni/SiO>. The CH4 conversion, CO; conversion,
and H»/CO ratio declined significantly from 81.0%, 88.5%, and 0.89 to 73.8%, 83.6%,

and 0.85, respectively, which verified the poor stability of the Ni-PS/SiO> at the high
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reaction temperature. In contrast, the initial conversions of CH4 and CO; and products
yield over Ni@S-1 catalyst almost reached thermodynamic equilibrium values even at
such high GHSYV, identifying its superior catalytic activity due to the presence of highly
dispersed ultrafine Ni NPs. After running for 24 h, the CH4 and CO; conversions slightly
declined from 93.4% to 85.2% and 97.0% to 92.7%, respectively. As discussed in Fig.
3.16, the structure of Silicalite-1 was stable and almost unchanged after the reaction at
850°C, so the slight decrease in the activity of Ni@S-1 did not stem from the collapse
of zeolite support. However, as depicted in Fig.3.18, the slight Ni sintering, namely,
increased from 2.9 nm to 5.5 nm, of Ni@S-1 was detected after the reaction at 850°C
for 24 h. This Ni sintering should be responsible for the slight decrease of catalytic
activity with the time of Ni@S-1 catalyst at more severe conditions. Nonetheless, the
Ni@S-1 catalyst still exhibited rather stable performance in comparison to the Ni/SiO>
catalyst, it suffered from severe Ni sintering from 4.3 nm to 14.5 nm after the DRM
reaction at 850°C for 5 h . Therefore, the Ni@S-1 could produce and maintain ultrafine
Ni NPs due to the encapsulation structure and high thermal stability of the zeolite

support, thereby showing high and stable DRM activity.
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Figure 3.17. Catalytic performances of the as-prepared catalysts in DRM reaction at
850°C as function of time on stream: (a) CH4 conversion, (b) CO> conversion, (c)
H»/CO ratio, and (d) carbon balance (reaction conditions: T = 850 °C, 1 bar,
CH4/CO»/Ar/ He = 20/20/40/10mL/min, GHSV = 40,000 L/(g-Ni. h)) [Catalysts were
diluted with blank support, e.g. blank Silicalite-1 for Ni@S-1 and blank amorphous

silica for Ni-PS/Si0,, to decrease the catalyst amount. ]
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Figure 3.18. TEM images and corresponding Ni particle size distribution of (a—b)

Ni@S-1 and (c—d) Ni/S10; after DRM reaction at 850 °C (reaction conditions: T = 850

°C, 1 bar, CH4/CO2/Ar/ He = 20/20/40/10mL/min, GHSV = 40,000 L/(g-Ni. h))
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3.4. Conclusion

In this chapter, the catalytic performances of the Ni@S-1 catalyst prepared by
using the Ni-PS as the Ni source for the DRM reaction were evaluated and compared
with other reference Ni-loaded catalysts with different structures. The TEM, H>-TPR,
and XRD measurement results verified that the Ni phyllosilicate was embedded inside
the Silicalite-1 zeolite after hydrothermal synthesis, leading to the formation of highly
dispersed Ni nanoparticles with an average size of 2.9 nm confined in the Silicalite-1
zeolite after H> reduction. This Ni@S-1 catalyst exhibited better catalytic performances
in DRM activity, coking suppression, and sintering resistance than the reference
catalysts. Specifically, the Ni@S-1 catalyst reached thermodynamic equilibrium
activities and showed negligible coke deposition of 0.5 wt.% at 600 °C for 5 h after the
DRM reaction. Moreover, the encapsulation structure and high thermal stability of the
Silicalite-1 support enabled Ni@S-1 to restrict the migration and aggregation of Ni NPs
and thus keeping the ultrafine Ni NPs (< 7 nm) and exhibiting relatively high and stable
catalytic performances at 850 °C for 24 h. Therefore, the Ni@S-1 using Ni-PS as the
Ni source showed high suppression of coke formation and good resistance to Ni
sintering due to the formation and maintenance of ultrafine Ni nanoparticles in
thermally stable Silicalite-1 zeolite support. Accordingly, the Ni@S-1 catalyst from the
Ni-PS was promising and attractive to meet the industrial application needs of the DRM

reaction.
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Chapter 4. Preparation of Ni@S-1 catalyst from Ni-PS with
high Ni loading

4.1. Introduction

It is widely accepted that the number of active sites in catalyst is directly
proportional to the catalytic activity, playing a critical role in the catalyst application.
Normally, there are generally two strategies to increase the number of active sites: (i)
increase the metal loading!™>; (ii) decrease the metal particle size®’. Considering that
the average diameter of nickel particles in the catalyst given in this study was already
ultrafine, increasing Ni loading is the practical pathway to get higher mass-specific
catalytic activity. Consequently, employing Ni@S-1 catalyst with high Ni loading can
reduce the amount of catalyst in use and the size of the reactor, thus leading to higher
catalytic efficiency and lower cost at the industrial level.

However, there is a trade-off between Ni loading and dispersion, say, the higher
Ni loading of Ni@S-1 1s favorable to the agglomeration of N1 NPs to reduce the Ni
dispersion®. Furthermore, the incorporation of high contents of heteroatom, nickel,
would enable the properties of the Ni@S-1 catalyst to change, such as destroying the
Silicalite-1 zeolite structure and lowering the micropore area and volume of the
support, thus leading to the failure of encapsulation of Ni NPs within the zeolite.
Therefore, synthesizing Ni@S-1 catalyst with encapsulation structure and high Ni
loading remains challenging

This chapter focused on preparing Ni@S-1 catalyst with high Ni loading.
Additionally, the reason for the deterioration of the catalyst performance when the

nickel content was higher than 2.5 wt% was also analyzed and proposed.
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4.2. Experimental

4.2.1. Chemicals

The details of the chemicals used have been described in Chapter 2.

4.2.2. Catalyst Preparation

The Ni@S-1 catalyst was prepared by the same method as reported in the
previous chapter. Differently, in the high Ni loading cases, the 10 wt.% Ni-PS/SiO>
was prepared as precursor. In addition, the as-synthesized 10 wt.% Ni-PS/SiO2 was
calcined at first, and then added to the zeolite mother liquor to eliminate the adverse
effect of impurities, e.g., ammonia, from the precursor on the zeolite crystallization.

Step 1. Preparation of 10 wt.% Ni-PS/SiO2 by HTS method.

Table 4.1. Preparation conditions of 3wt% Ni-PS/SiO»

Parameter Theoretical value
Ni loading 10 wt%
H>O/Si1 50 mol/mol
NH3/Ni 60 mol/mol
HTS temperature 100 °C
HTS time 3d

1) added calculated amounts of 1M of Ni(NO3)2 aqueous solution to diluted 7.2
M of ammonia solution.
2) Si source, TEOS, was added to the above nickel ammonia complex solution

and stirring for 2 h.
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3) transferred the mixture into Teflon-lined autoclave reactor and hydrothermal
treated at 100 °C for three days.

4) washed samples with DI water three times and recovered the samples by
centrifuge.

5) dried at 110 °C and then calcined at 550 °C for 12 h.

Ni(NO,),.6H,0 aq. TEOS
(Ni source) (Si source) Ni-PS
Eq\ Stirring %\ Stirring HTS Drying Calcination \‘ SiiO;
ﬁ ﬁ = = ﬁ ﬁ
E R.T, 10 min E RT.2h 100 °C, 72 h’ 110 °C 550°C, 12 h f
1 l {.| overnight 10 wt.%Ni-PS/SiO,
NH; water Ni[NH,],)** aq.

(Alkaline agent)
Figure 4.1. Preparation procedures of 10 wt.% Ni-PS/SiO-

Step 2. Preparation of Ni@S-1 catalyst from Ni-PS by HTS method

Then, the Silicalite-1-encapsulated Ni nanoparticle catalysts with different Ni
loadings were prepared by using the obtained 10 wt.% Ni-PS/SiO> powder as the Ni
source. The preparation conditions and procedures are shown below and in the Fig.
4.2. Notably, considering the poor solubility of the calcined 10 wt.% Ni-PS/S10,, the
precursor was added to zeolite mother liquor and stirred for 18 h.

1) preparation of zeolite mother liquor by mixing calculated amounts of TEOS,
TPAOH, and DI water.

2) stirred the zeolite mother liquor for 6 h to form a homogenous gel.

3) added designated amount of the 10 wt.% Ni-PS/SiO; into the zeolite mother
liquor and stirring for 18 h

4) transferred into a Teflon-sealed autoclave and hydrothermally treated at

100 °C for three days in a tumbling oven
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5) washed samples with DI water three times and recovered the samples by
centrifuge

6) drying at 110 °C overnight and calcined at 550 °C for 12 h.

7) reduced in 50 vol% Haz at 850 °C for 1 h.

Table 4.2. Preparation conditions of study on effect of reactants concentration

Parameter Theoretical value
Ni loading 1.5, 2.0, 2.5, and 3.0 wt%
Si/TPAOH 3 mol/mol

0.20 mol/mol for 1.5 wt% Ni@S-1

0.29 mol/mol for 2.0 wt% Ni@S-1

Sips/SitEOS
0.39 mol/mol for 2.5 wt% Ni@S-1
0.51 mol/mol for 3.0 wt% Ni@S-1
H>O/S1 50 mol/mol
Volume of zeolite mother liquor 75 mL (100 mL of autoclave reactor)
HTS temperature 100 °C
HTS time 3 days

TEUS
\l -PS/SI0,

S
Nebs S
St ) . P . H, reduction
lrmg Stirring TS Washir ing Drying Caleiation /T i \
> » . P
> » | ./ 850°C, Ih
RT, 61 R I8H 100°C, 72h Centifugation  110°C 3502, 12k \_ ety
overnight

Ni-PS@S-1 Nig@$-1

1PAOH aq. (OSDA)

Figure 4.2. Preparation procedures of Ni@S-1.
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4.2.3 Catalyst Characterization

The characterization methods and corresponding acquired information are listed
in Table 4.3. The measurement conditions were explained in the Chapter 2.

Table 4.3. Characterization techniques and corresponding acquired information

Characterization Acquired information
XRF Ni loading
XRD Crystallographic information
SEM Catalyst morphology
TEM Ni location, Ni particle size, and carbon formation
N2-sorption Porosity, surface area, and pore volume
H2-TPR The reducibility of Ni
TG-DTA Coke content
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4.2.4 Catalytic Performance Evaluation

The catalyst was evaluated in a down-flow fixed bed reactor as illustrated in
Chapter 2. The evaluation conditions are listed in Table 4.2. The GHSV values were
calculated on the mass basis of nickel and adjusted by diluting the catalyst with blank
Silicalite-1 to change the absolute amount of catalyst loaded into the reactor.

Table 4.4. Catalytic evaluation conditions for the DRM reaction

Pressure 1 bar
H> reduction 60 mL/min of 50 vol.% Hx/Na, 850°C, 1h
600 °C--- coke resistance
DRM temperature Co .
850 °C--- Ni sintering and thermal stability
Reactant gas CHa: CO2: Ar: He = 20: 20: 40: 10 mL/min
2,000 L/g-Ni/h. or
GHSV

40,000 L/g-Ni/h
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4.3. Results and discussion

4.3.1. Characterization of the 10 wt%o Ni-PS/SiO2

Firstly, several instruments measured and characterized the as-synthesized 10 wt%
Ni-PS/Si0; sample. As shown in Table 4.5 and Fig. 4.3, the actual Ni loading in the
obtained sample is 8.36 wt%, slightly lower than the nominal value, which is attributed
to the Ni loss during the HTS synthesis. Accordingly, this actual value was employed
in the following preparation of the Ni@S-1 catalyst. The Nz-physisorption
measurement in Fig. 4.3a and its corresponding analysis results in Table 4.5 indicate
that the resulting sample had very few pores. The XRD pattern in Fig. 4.3b presented
a broad peak around 26 of 15-30°, which was assigned to amorphous silica. Notably,
two new discernible peaks at 35.8° and 60.7° were detected, which belong to the
characteristic diffraction peaks of 2:1 Ni-PS. In contrast, no peak of crystalline NiO
was detected.

TEM image is consistent with XRD observations. As pointed out by the red arrows
in Fig. 4.3c, the needle-like Ni phyllosilicate was formed in the sample, and no
noticeable NiO particles were observed. The H2-TPR profile in Fig. 4.3¢ confirmed that
only one reduction peak at 500-900 °C was ascribed to the reduction of 2:1 Ni-PS with
a strong Ni-O-Si chemical bond to Ni®-!*, These results verified that most of the nickel

was taken from the raw material and utilized in forming Ni-PS.
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Table 4.5. Properties of the prepared sample

SBETb Vmicroc
Characterization Ni loading® (wt.%)
(m*/g) (cm’/g)
Result 8.36 5.8 0.002
&, Measured by XRF
b Calculated by BET equation
¢. Calculated by t-plot method
20 T T T T T T T
(a) (b) +Si0, #Ni phyllosilicate
2050 r M
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e /| 2
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Figure 4.3. The characterization results of the as-prepared 10 wt% Ni-PS/Si02: (a) N»-

physisorption isotherms, (b) XRD pattern, (¢) TEM image, and (d) H>-TPR profile.
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4.3.2. Characterization of the as-prepared Ni@S-1 samples

The actual Ni loadings measured by XRF are listed in Table 4.6. All the samples
showed a lower Ni loading than the theoretical value. As described in the catalyst
preparation section, the Ni-PS/Si0; was calcined to remove the residual ammonium ion,
then added to the zeolite mother liquor. Considering calcination could decrease the
solubility and surface silanol of Ni-PS/SiO;, both would be adverse to the
transformation of Ni-PS/Si0: into Ni-PS@S-1. Consequently, the Ni loss was detected.

Table 4.6. Properties of the as-prepared Ni-PS@S-1 catalysts

Catalyst 1.5 wt% 2.0 wt% 2.5 wt% 3.0 wt%
Ni loading® (wt.%) 1.29 1.68 2.24 2.67
Sger® (M*/g) 479 474 465 464
Viniero® (cm?*/g) 0.169 0.165 0.164 0.178

. Measured by XRF
b, Calculated by BET equation
¢. Calculated by t-plot method
Fig. 4.4a and Table 4.6 show the Nj-physisorption results. All the samples
exhibited prominent nitrogen adsorption capacity at the p/po of around 0. Compared to
the Ni-PS/SiOz, the as-prepared Ni-PS@S-1 samples provided BET specific surface
area of 460-480 m?*/g and micropore volume of 0.16-0.18 cm?/g. The N»-physisorption
results mean the resulting Ni-PS@S-1 catalysts possess well-developed micropores.
Then, the calcined samples were measured by XRD. As displayed in Fig. 4.4b, all

the Ni-PS@S-1 showed the typical characteristic peaks of MFI-type zeolite, suggesting
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that the high-crystalline Silicalite-1 formed in each preparation run. On the other hand,
no distinguishable peaks of Ni-PS and NiO were detected because of the high dispersion

and low content of nickel species in the Ni-PS@S-1 samples.
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Figure 4.4. N-physisorption isotherms (a) and XRD patterns (b) of Ni-PS@S-1
catalysts after calcination in air at 550 °C for 12 h.

Next, the Ni-PS@S-1 samples were measured by SEM and presented in Fig. 4.5.
All the prepared samples showed a coffin-shaped appearance, which was the typical
morphology of MFI zeolite. The average particle size of Ni-PS@S-1 increased with Ni
loading, namely, 140 nm for 1.5 wt% Ni-PS@S-1, 150 nm for 2.0 wt% Ni-PS@S-1,
165 nm for 2.5 wt% Ni-PS@S-1, and 270 nm for 3.0 wt% Ni-PS@S-1. This difference
was owing to the different amounts of TEOS added to the zeolite mother liquor. It is
widely accepted that the silicon source with high solubility would lead to a higher
supersaturation and faster nucleation in zeolite mother liquor, which might provide
more nucleation sites and favor the formation of small crystals.!* As illustrated in the
catalyst preparation part, the silicon source was provided by Ni-PS/SiO2 and TEOS

together. Undoubtedly, TEOS is better soluble than Ni-PS/SiO>. Therefore, considering
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that more TEOS needed to be added in the case of Ni-PS@S-1 with lower nickel
loading, which eventually resulted in higher supersaturation and more nuclei in the
zeolite mother liquor, and thereof the smaller particle size of the final sample could be

obtained.

Figure 4.5. SEM images of Ni-PS@S-1 catalysts after calcination at 550 °C for 12 h.
The H2-TPR was conducted to check the reducibility of Ni species in Ni-PS@S-1.
As depicted in Fig. 4.6, all the samples exhibited a main and wide reduction peak from
600 °C to 900 °C. This peak should be assigned to the reduction of Ni-PS to Ni’. Only
2.5 wt% Ni-PS@S-1 showed a tiny reduction peak in the range of 450-550 °C, which
was attributed to the reduction of NiO to Ni’. In short, most nickel atoms of Ni-PS@S-

1 were in the form of Ni-PS.
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Figure 4.6. H>-TPR profiles of the as-synthesized Ni-PS@S-1 catalysts

Fig. 4.7 presents the TEM images and the corresponding Ni NPs size distributions
of Ni@S-1 catalysts after reduction in Hz at 850 °C for 1 h. The Ni NPs were highly
and uniformly dispersed over the Silicalite-1 support. Ni NPs were 3.3 nm in an average
size and distributed in a narrow range of 2-7 nm when Ni loading increased from 1.5
wt% to 2 wt%. With increasing Ni loading to 2.5 wt%, the average size of Ni NPs was
maintained at the same level, but some aggregated Ni particles with a diameter larger
than 7 nm were found at the edge of Silicalite-1. This Ni sintering became severer as
the Ni loading increased to 3 wt%. Ni NPs with a larger mean size of 5.4 nm and with
broader size distribution from 1 to 13 nm were detected for 3 wt% Ni@S-1. More
importantly, it is obvious that increasing number of Ni particles with bigger size were
accumulated and situated at the edge of the zeolite, implying the poorer resistance to
Ni sintering of 3 wt% Ni@S-1. In other words, most Ni NPs in Ni@S-1 with Ni
loadings of 1.5 wt% and 2.0 wt% should be enveloped within Silicalite-1 crystal and
thus exhibit excellent sintering-resistant ability. On the contrary, gradual increase in the
number of nickel particles located outside the Silicalite-1 and aggregated into larger

particles upon enhancing Ni loadings to > 2 wt%.
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Figure 4.7. TEM images and the corresponding Ni NPs size distributions of Ni@S-1

catalysts after reduction in H> at 850 °C for 1 h.
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Combined with the characterization results, as cartooned in Fig. 4.8, it can be
assumed that majority of the Ni species were still stabilized and fixed in the structure
of Ni-PS during the dissolution and crystallization processes in the case of low Ni
loading. As a result, the Ni-PS was eventually embedded in the matrix of Silicalite-1.
Contrarily, more Ni-PS/SiO2 powder should be added in the higher Ni loading case.
That is, according to probability theory, there is a higher probability that some Ni-PS
species would be located on the external surface of Silicalite-1 zeolite. If so, after Ha
reduction, these exterior Ni species might aggregate and form larger Ni NPs on the
external surface of the zeolite.

(a) Low Ni loading

Ni-PS/S10,
(\1 source + Si source)

. Dissolution

TPAOH aq. + TEOS

H, Reduction

(OSDA)  (Sisource) Ni-PS@S-1 Ni@s-1
(b) High Ni loading
N1 PS/S10,

(\1 source + Si source

. Dissolution Crystallization

~Ni-PS
TPAOH aq. + TEOS
(OSDA) (Si source)

Figure 4.8. Schematic illustration of Ni@S-1 preparation with different Ni loadings

from Ni-PS: (a) low Ni loading case and (b) high Ni loading case.
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4.3.3. Evaluation of coking resistance for DRM at 600 C

The DRM reaction was performed at 600 °C for 5 h to evaluate the coking
suppression of the as-prepared Ni@S-1 catalysts. Fig. 4.9 displayed the associated
results. It is clear in Fig. 4.9a that 1.5 wt% Ni@S-1 and 2.0 wt% Ni@S-1 could reach
and keep at the equilibrium CH4 conversion rate during the DRM reaction, while the
CH4 conversion rate declined as the Ni loading increased to 2.5 wt% and 3.0 wt%. The
3.0 wt% Ni@S-1 showed the lowest CH4 conversion rate among the four samples.
Similarly, the CO2 conversion rate exhibited the same trend in Fig. 4.9b, say, 1.5 wt%
Ni@S-1 and 2.0 wt% Ni@S-1 achieved the stable equilibrium conversion of CO.. By
contrast, continuous activity reduction was detected when the Ni loadings were 2.5 wt%
and 3.0 wt.%. Fig. 4.9¢ shows the molar ratio of H> to CO in the product gas. Not
surprisingly, 1.5 wt% Ni@S-1 and 2.0 wt% Ni@S-1 realized the equilibrium value.
Interestingly, 2.5 wt% Ni@S-1 could almost reach the equilibrium, but 3.0 wt% Ni@S-
1 showed a slightly higher H2»/CO molar ratio than that of equilibrium. It indicated that
the coke formation from concurrent methane decomposition occurred over the 3 wt%

Ni@S-1 catalyst to generate more H: in the product gas.
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Figure 4.9. Catalytic performances of the as-prepared catalysts for DRM reaction at
600 °C as function of time on stream: (a) CH4 conversion, (b) CO> conversion, and (c)
H>/CO ratio, (reaction conditions: T= 600 °C, 1 bar, CH4/COx/Ar/ He=
20/20/40/10mL/min, GHSV= 2,000 L/g-Ni/h).

The coke content of the Ni@S-1 catalysts after the DRM reaction was estimated
by TG analysis. As listed in Table 4.7, the coke content was 1.1 wt% for both 1.5 wt%
Ni@S-1 and 2.0 wt% Ni@S-1. Comparatively, the amounts of coke were measured to
be 5.4 wt% and 17.3 wt% for 2.5 wt% Ni@S-1 and 3.0 wt% Ni@S-1, respectively. The
coke content coincides well with the DRM evaluation result at 600 °C. The TEM images
of the spent catalysts in Fig. 4.10 supported the DRM and TG observations. There were
no obvious carbon species in the spent 1.5 wt% Ni@S-1 and 2.0 wt% Ni@S-1. In
contrast, carbon nanotubes were observed in the spent 2.5 wt% Ni@S-1 and 3.0 wt%
Ni@S-1.

Table 4.7. Amount of coke formation after DRM evaluation at 600 °C for 5 h

Ni loading in the Ni@S-1 (wt%) 1.5 2.0 2.5 3.0

Coke content (wt.%) 1.1 1.1 54 17.3

The coke content was estimated on the net weight of Ni@S-1 catalyst excluding the

weight of blank Silicalite-1 for dilution.
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1.5 wt%Ni@Si

Figure 4.10. TEM images of spent Ni@S-1 catalysts after the DRM reaction at 600 °C
for 5 h.

In summary, the characterization and DRM results suggested that most of the Ni
NPs in 1.5 wt% Ni@S-1 and 2.0 wt% Ni@S-1 were immobilized in the Silicalite-1
zeolite and thus could effectively inhibit coke formation. On the contrary, 2.5 wt%
Ni@S-1 and 3.0 wt% Ni@S-1, wherein part of Ni NPs were located on the external
surface of the zeolite support. Those Ni particles without encapsulation were more
likely to agglomerate and form relatively large particles. Accordingly, coke formation

was favorable, and a large amount of coke was formed.
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4.3.4. Evaluation of thermal stability for DRM at 850 °C

Then, the 2 wt.% Ni@S-1 was analyzed for DRM reaction at 850 °C for 5 h to
doublecheck its encapsulation structure and thermal stability. The evaluation results
were shown in the Fig. 4.11. As expected, 2 wt.% Ni@S-1 exhibited stable and
equilibrium activity thanks to the relatively ultrafine Ni particles of this catalyst to offer

enough active sites.
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Figure 4.11. Catalytic performances of 2 wt% Ni@S-1 catalyst in the DRM reaction at
850 °C as function of time on stream: (a) CH4 conversion, (b) CO2 conversion, and (c)
H»/CO ratio, (reaction conditions: T = 850 °C, 1 bar, CH4/CO2/Ar/ He =
20/20/40/10mL/min, GHSV=2,000 L/g-Ni/h)

Additionally, as delineated in Fig. 4.12, the highly dispersed and ultrafine Ni
nanoparticles of 2 wt% Ni@S-1 catalyst were sustained after DRM at 850 °C for 5 h.
Once again confirming that the Ni nanoparticles should be fixed within the zeolite and

hence generating the superior resistance to Ni sintering.
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Figure 4.12. TEM images and the corresponding Ni NPs size distributions of spent 2
wt% Ni@S-1 catalyst after the DRM reaction at 850 °C for 5 h.

Finally, the durability of the 2 wt% Ni@S-1 was carried out by varying the GHSV
from 2,000 to 40,000 L/g-Ni/h to check the catalytic performance under more severe
conditions. Remarkably, as shown in Fig. 4.13, three catalytic performance indicators,
namely, CH4 conversion, CO; conversion, and H>/CO ratio, were comparable to those
of the low GHSV case reported in Fig. 4.11. Notably, the activity was maintained after
running for 24 h, demonstrating the excellent DRM activity and thermal stability of the
2 wt.% Ni@S-1. Therefore, the preparation of Ni@S-1 catalyst with ultrafine Ni
nanoparticles and encapsulation structure is achieved when the Ni loading increases

from 1 wt% to around 2 wt%.
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Figure 4.13. Catalytic performances of the as-prepared catalysts in the DRM reaction
at 850 °C as function of time on stream: (a) CH4 conversion, (b) CO2 conversion, and
(¢) H2/CO ratio, (reaction conditions: T = 850 °C, 1 bar, CH4/CO2/Ar/ He =
20/20/40/10mL/min, GHSV = 40,000 L/(g-Ni. h)).
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4.4. Conclusion

In this chapter, efforts were made to prepare a Ni@S-1 catalyst with a higher Ni
loading using Ni-PS as the precursor. The Ni loading was successfully raised from 1
wt% to 2 wt% without any decrease in its catalytic performance, as evidenced by its
high activity, effective suppression of coke formation, and excellent resistance to Ni
sintering during DRM reaction. These outstanding results were attributed to the
presence of ultrafine Ni nanoparticles embedded within the thermally stable zeolite
shell. However, for Ni loading greater than 2.5 wt%, unencapsulated and aggregated Ni
particles with larger sizes on the surface of Silicalite-1 were observed. To achieve
Ni@S-1 with a high Ni loading (greater than 3 wt%), modifications to the preparation
strategy are necessary. Potential approaches include adopting a solvent-free or dry-gel
conversion method, and/or incorporating promoters to enhance Ni dispersion and

resistance to sintering.
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Chapter 5. Conclusions and perspectives

5.1. Conclusions

Given the rising global demand for syngas to produce value-added fuels and
chemicals, a green and cheap route for syngas production is of great importance.
Methane has become abundantly available thanks to technological advancement and
the discovery of large reserves of natural gas resources. Therefore, methane reforming
to produce syngas is the feasible and attractive option and pathway. Among the reported
methane reforming processes, dry (COz) reforming of methane (DRM) can convert and
remove two leading greenhouse gases, CO; and CHg, into syngas and has drawn much
attention due to its remarkable environmental and industrial significance. Highly active
and durable catalyst plays a critical role in the commercialization of DRM reaction. Ni-
loaded catalyst has been demonstrated to be the most promising for the wide-scale
application of the DRM process owing to its high activity and low cost. However, the
Ni-based catalyst prepared by the conventional impregnation method suffered from fast
deactivation under harsh DRM conditions. Considerable research efforts have been
devoted to developing Ni-supported catalysts with high activity and stability.
Encapsulation of ultrafine Ni NPs in the Silicalite-1 zeolite has shown exceptional
DRM performances in high activity, good resistance to Ni sintering, and excellent
suppression of coke formation.

Accordingly, in this study, a new methodology for encapsulating ultrafine nickel
(Ni1) nanoparticles within Silicalite-1 zeolite (Ni@S-1) was developed and
demonstrated. The novel aspect of this method is the utilization of Ni-PS powder as the

nickel source, which has not been previously reported. The Ni@S-1 catalyst prepared
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exhibited exceptional performance characteristics, including high and durable DRM
activity, superior resistance to coking and sintering, and remarkable thermal stability.
This discovery offers novel strategy to develop highly active and stable Ni@S-1

catalyst for the DRM reaction.

Chapter 2 investigated several parameters, such as reactants concentration, HTS
time, and HTS temperature, to get the optimal synthesis conditions and study the
formation mechanism of Ni@S-1 catalyst from Ni-PS. Accordingly, the appropriate
conditions to prepare the ideal Ni@S-1 catalyst were hydrothermally treated at 100 °C
for three days with an water-to-silica ratio of 50 in the zeolite mother liquor. In addition,
the formation mechanism was explained as follows: during the HTS process, the
nucleation step led to some zeolite nuclei forming around the Ni-PS, followed by crystal
growth; the Ni-PS species were immobilized within primary zeolite crystals. However,
after that, the redissolution and recrystallization of zeolite to form larger crystals with
higher purity occurred, which could result in the confined nickel species migrating from
the internal to the external surface of the zeolite when the HTS time was excessive.
Thus, controlling the crystallization speed and time could prepare desired Ni@S-1

catalyst with most Ni NPs encapsulated in the zeolite.

Then, Chapter 3 evaluated and compared the coking suppression, sintering
resistance, and durability of the Ni-PS-derived Ni@S-1 catalyst with the counterparts,
namely, Ni/S-1 and Ni/SiO» catalysts. The Ni@S-1 catalyst with core@shell structure
showed excellent DRM activity, good coking and sintering resistance, and longevity.
The superior catalytic activity and stability of the Ni@S-1 catalyst were ascribed to the
formation and maintenance of ultrafine Ni nanoparticles within thermally stable

Silicalite-1 zeolite support.
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Chapter 4 was dedicated to preparing Ni@S-1 catalyst with high Ni loading to
achieve better mass-specific catalytic activity, thus enhancing the catalytic efficiency
and reducing the cost. The encapsulation structure and the ultrafine nickel particles of
the Ni@S-1 catalyst maintained, and its DRM catalytic performance did not decline
when the nickel content was increased from 1 wt% to 2 wt%. On the contrary, in the
case of high nickel loadings, such as 2.5 wt% and 3.0 wt%, an increasing number of
Ni-PS species might be located on the Silicalite-1 external surface, resulting in larger
Ni NPs formed after the H> reduction. Consequently, the lower DRM activity and higher

coke content after the DRM reaction were observed over these two catalysts.
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5.2. Perspectives

Although the Ni@S-1 catalyst using Ni-PS as the Ni source showed superior
activity and stability for DRM reaction under the current evaluation conditions, several
challenges should be examined and overcome to achieve wide-scale industrial
application. Firstly, the molar ratio of H> to CO in the produced gases was lower than
1, which cannot meet the different downstream requirements. Therefore, feeding steam
and/or oxygen into the DRM system to conduct combined methane reforming was
needed to adjust the composition of product gas flexibly and to examine the catalytic
performances of the Ni@S-1 under harsher and more complex conditions. On the other
hand, reforming reactors typically operate at high pressures, 3—20 bar, to decrease
reactor size and to meet the high-pressure needs of gas separation and purification and
downstream syngas applications. Accordingly, the high-pressure evaluation of the
Ni@S-1 was indispensable. Furthermore, the reusability and regeneration of the
catalyst should also be investigated.

Additionally, modification and further development of the preparation method was
required if the Ni@S-1 with higher Ni loading (> 5 wt%) was desired. In view of the
fact that trace of solvent was requied, dry-gel conversion method or solvent-free
synthesis may be useful to reduce the risk of Ni ion dissolving in the zeolite mother

liquor, thereof lessening the Ni NPs on the external surface of the catalyst.
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Chapter 6. Appendix.

Preparation of Ni@S-1 catalyst at 180 °C for different time

6.1. Experimental

6.1.1. Catalyst Preparation

The Ni@S-1 catalysts with theoretical Ni loading of 1 wt% were prepared by a
two-step method. Firstly, as shown in Fig. 6.1, 3 wt% Ni-PS/SiO> was prepared by
hydrothermal synthesis. Then, the 1 wt% Ni@S-1 catalyst was prepared using the as-
synthesized 3 wt.% Ni-PS/SiO- as the precursor by second hydrothermal treatment.
Step 1. Preparation of 3 wt% Ni-PS/SiOz by HTS method.

Table 6.1. Preparation conditions of 3wt% Ni-PS/SiO»

Parameter Theoretical value
Ni loading 3 wt%
H20/S1 34 mol/mol
NH3/Ni 60 mol/mol
Zeolite mother liquor volume 75 mL (100 mL of autoclave reactor)
HTS temperature 100 °C
HTS time 3d

1) added calculated amounts of 1M of Ni(NO3), aqueous solution to diluted 3.0
M of ammonia solution to form the nickel ammonia complex solution.
2) Si source, TEOS, was added to the above nickel ammonia complex solution

and stirring for 2 h.
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3) transferred the mixture into Teflon-lined autoclave reactor and hydrothermal
treated at 100 °C for three days.

4) washed samples with distilled water three times and recovered the samples by
centrifugation.

5) dried at 110 °C overnight.

Ni(NO;),.6H;0 aq. TEOS
(Ni source) (Si source) Ni-PS
% R v
E 2 Stirring 2 Stirring HTS Washing Drying Y, S0
ﬁ E > — = b ’ > /
‘E R.T, 10 min RT.2h 100 °C, 72h  Centrifugation 110 °C
overnight - 3 114 o4 Ni-PS/SiO,

NH; water
(Alkaline agent)

Ni[NH;]e)*" aq.

Figure 6.1. Preparation procedures of 3 wt.% Ni-PS/SiO;
Step 2. Preparation of 1 wt% Ni@S-1 catalyst using the as-prepared 3 wt% Ni-
PS/SiO2 as the Ni source by HTS method at 180 °C for different time

Then, the Ni@S-1 catalysts were prepared at 180 °C for different time using the
above-synthesized 3 wt% Ni-PS/S10: as the Ni source. The preparation procedures
and conditions are shown in the below and Fig. 6.2.

1) preparation of zeolite mother liquor by mixing calculated amounts of TEOS,
TPAOH, and distilled water at room temperature for 24 h to form a homogenous gel.

2) added designated amount of the 3 wt.% Ni-PS/Si0; precursor to the zeolite
mother liquor and stirring for 2 h.

3) transferred into a Teflon-sealed autoclave and hydrothermally treated at
180 °C for different time in a tumbling oven.

4) washed samples with distilled water three times and recovered the samples by

centrifugation.
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5) drying at 110 °C overnight and calcined at 550 °C for 12 h.
6) reduced in 50 vol% Ho at 850 °C for 1 h.

Table 6.2. Preparation conditions of Ni@S-1

Parameter Theoretical value
Ni loading 1 wt%
Si/TPAOH 3 mol/mol
Sips/Siteos 0.49 mol/mol

H>O/Si 50 mol/mol

Zeolite mother liquor volume 75 mL (100 mL of autoclave reactor)

HTS temperature 180 °C

HTS time 12 h, 24h, 48 h,and 72 h

[T Ni-P$/8i0,
/./; (Ni source + Si source)
[

E Stirring g HTS Washing Drying a
E RT.2h 180 °C Centrifugation 110 °C

12/24/48/72h overnight
TEOS (additional i sourec)

TPAOH aq. (0SDA)

Ni-PS@S-1

Ni@$-1

Figure 6.2. Preparation procedures of Ni@S-1
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6.1.2 Catalyst Characterization

The characterization methods and corresponding acquired information are listed
in Table 6.3. The measurement conditions were explained in the Chapter 2.

Table 6.3. Characterization techniques and corresponding acquired information

Characterization Acquired information
XRF Ni loading
XRD Crystallographic information
SEM Catalyst morphology
TEM Ni NPs location and size, and carbon formation
N2-sorption Porosity, surface area, and pore volume
H2-TPR The reducibility of Ni
TG-DTA Coke content
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6.1.3 Catalytic Performance Evaluation

The catalytic performances and Ni location of the prepared catalysts were
evaluated by DRM reaction at 600 <T in a down-flow fixed bed reactor. The
evaluation conditions are listed in Table 2.6. The evaluation details and illustration of
the DRM apparatus are described in Chapter 2.

Table 6.4. Catalytic evaluation conditions for the DRM reaction

Pressure 1 bar
H> reduction 60 mL/min of 50 vol.% H2/N», 850°C, 1h
DRM temperature 600 °C
Reactant gas CH4: CO2: Ar: He = 20: 20: 40: 10 mL/min
GHSV 2,000 L/g-Ni/h.
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6.2. Results and discussion

The characterization results of the catalysts prepared at 180 <C for different time
were shown below. The Ni loadings of all the samples measured by XRF were lower
than the theoretical value, indicating some nickel might be dissolved in the solution.
It was well-known that the higher HTS temperature would lead to the higher
solubility of the solid matter, so more Ni-PS species were dissolved into Ni ion into
the zeolite mother liquor and were not incorporated into the zeolite. The XRD patterns
and corresponding calculated relative crystallinity results reveal that it took only 24 h
to obtain full crystalline zeolite crystals at 180 <C, which was much shorter than 72 h
at 100 <C. However, the XRD results (Fig. 6.3a) and SEM images (Fig. 6.4) tell that
all the samples synthesized at 180 <C showed the higher relative crystallinity and
bigger crystal length compared to that of the reference sample prepared at 100 <C for
three days. These suggested that zeolite synthesized at higher hydrothermal
temperatures initially tended to form larger crystals with lower surface energy and
higher stability. In addition, the analysis of N2-physisorption isotherms in Fig. 6.3 tell
that all the samples from 180 <C exhibited lower mesopore volume (Table 6.5) than
that of reference sample from 100 <C, indicating the zeolite crystals prepared at
180 <C had less intracrystalline mesopores. As discussed in the Chapter 2, the
formation of larger crystal with less intracrystalline mesopores would result in more
Ni-PS located on the external surface of the zeolite. Furthermore, not surprisingly, the
crystal length generally increased and the mesopore volume decreased with the HTS
time, suggesting larger crystals with less intracrystalline mesopores formed with

increasing HTS time.
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Table 6.5. Properties of the as-prepared samples after calcination at 550 <C for 12 h.

ol Nlowding RN
(nm)
Ni@S-1-100°C-72h 0.99 100.0 220 0.354
Ni@S-1-180°C-12h 0.96 134.8 370 0.216
Ni@S-1-180°C-24h 0.97 164.2 320 0.130
Ni@S-1-180°C-48h 0.87 152.9 330 0.099
Ni@S-1-180°C-72h 0.94 166.9 770 0.097
* Measured by XRF.

b Relative crystallinity was calculated on the basis of the intensity of the peak at around
23.1° and assumed that the crystallinity of Ni@S-1-100°C-72h was 100%.
¢ Measured by SEM

4Measure by No-physisorption
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Figure 6.3. (a) XRD patterns and (b) Na-physisorption isotherms of the as-prepared

Ni@S-1 samples after calcination at 550 °C for 12 h.
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Ni@S-1-180°C-12h

Figure 6.4. SEM images of the as-prepared Ni@S-1 samples after calcination at 550 °C
for 12 h.

The TEM images and statistical results of Ni NPs of the obtained samples after
after Ho-reduction at 850 °C for 1 h agreed with the observations above. The Ni@S-1-
180°C-12h sample exhibited the larger Ni NPs in size and broader size distribution than
Ni@S-1-180°C-24h. As shown in the XRD and SEM results, the Ni@S-1-180°C-12h
sample was not full crystalline zeolite, and some unconverted amorphous silica was left
in the sample. Therefore, the Ni species supported on the amorphous phase with poor
thermal stability sintered after Hp-reduction to form larger Ni NPs. Consistent with the
situation synthesized at 100 °C, the redissolution-recrystallization proceeded with time,
resulting in growth of zeolite particles in the cases of longer HTS time of 48 h and 72
h. During this process, Ni species immobilized inside the zeolite particles migrated to

the outer surface of the zeolite. After Hao-reduction, larger Ni NPs formed. Moreover,
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all the samples in the case of 180 °C synthesis had a larger average nickel particle
diameter than that of the catalyst from 100 °C (2.9 nm), demonstrating that the higher
HTS temperature favored the formation of larger crystals with fewer nickel species

immobilized inside the zeolite, even with shorter HTS time.

Ni@S-1-180°C-12h Ni@S-1-180°C-24h
P 2 . dpgy=5-6nm ) d, =49 nm
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Figure 6.5. TEM images of the as-prepared Ni@S-1 samples after H»-reduction at

850 °C for 1 h.
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The DRM reaction results in the Fig. 6.6 confirm that all the samples could not
reach equilibrium activity due to the insufficient active sites. Additionally, all the
samples showed higher coke content in comparison with that of Ni@S-1-100°C-72h,
revealing more Ni NPs were located on the external surface of the zeolite in the cases

of synthesizing at 180 °C.

~1
=]
~1
=]

_— _—
(@) (b)
S 60 - S 60—~ — T T T T 7 =7
~ —  -Equilibri ~ =2
= [ (l:ll_:llll]l_ o = I \.: —_— , 2 ®
s 50— — = 50 —_ a A
o '-—l-.x_ x : @ ® o u [ ]
240 ~A——A——A 2 40
1 H—pg 1
o —/n n n - o
E 30+ E 30+
S 20| -B-Ni@s-11s50°C-12n S 20!
- —@—Ni@S-1-180°C-24h ~
5 10 | —A-Ni@S-1-180°C-48h 8 10 L
0 L 1 1 1 1 L 0 L 1 1 1 1 L
0 1 2 3 4 5 0 1 2 3 4 5
Time on stream (h) Time on stream (h)
1.0 _
-~ © S100e Dy o——0 o
g 08 bbb 2 gg M- =.<I s
= TSy u w W o o e
g 0.6 % 96
o
~ 04, g Coke content
o = 94 Ni@S-1-180°C-12h 2.7 wt.%
Q =] Ni@S-1-180°C-24h 1.0 wt.%
= 0.2 = 92- Ni@S-1-180°C-48h 4.2 wt.%
]
0-0 L 1 1 1 1 L U 90 L 1 1 1 1 L
0 1 2 3 4 5 0 1 2 3 4 5

Time on stream (h) Time on stream (h)
Figure 6.6. Catalytic performances of the as-prepared Ni@S-1 catalysts for DRM
reaction at 600°C as function of time on stream: (a) CH4 conversion, (b) COz conversion,

(c) H2/CO ratio, and (d) gaseous carbon recovery (reaction conditions: T= 600 °C, 1 bar,

CH4/CO2/Ar/ He= 20/20/40/10mL/min, GHSV= 2,000 L/g-Ni/h).

173



6.3. Conclusion
The synthesis of Ni@S-1 catalyst using Ni-PS as a nickel source at a high

hydrothermal temperature of 180°C results in faster crystallization, leading to a
fully crystalline zeolite in a shorter time. However, this high temperature also
brings several challenges. Firstly, the chemical and physical properties of the
hydrothermal system are significantly altered, such as higher saturated vapor
pressure, lower viscosity and density of water, and higher solubility of reactants.
Consequently, this high temperature also favors the formation of larger, more
thermodynamically stable crystals with fewer inter-crystalline mesopores and
reduced immobilization of nickel species very fast. Furthermore, higher
temperature could result in the aggregation of Ni species during the crystallization
to reduce the surface energy. In addition, the enhanced solubility would cause more

Ni species dissolved in the water, so higher Ni loss could be detected.
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