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Lu Zhang Whaley, Ph.D.

University of Pittsburgh, 2011

Nanocatalysts have drawn considerable interest because of their high selectivity and reactivity
compared with conventional catalysts. However, the catalyst deactivation due to the sintering
under moderate/high temperature operation and coke formation in hydrocarbon participating
systems poses a challenge for their usage. Our work focuses on solving the above issues by
designing and developing a series of metal core silica shell materials. The fundamental
understanding of core shell materials is facilitated by systematic investigation via synthesis,
characterization (XRD, TEM, BET, EDX) and catalytic tests (CO oxidation, ethylene
hydrogenation, CO methanation and catalytic partial oxidation of methane).

The synthesis and post-treatment methods for this newly developed core shell material
are optimized and standardized. We demonstrate fine control over the key structural elements of
nickel core silica shell material. Two different nickel core silica shell structures are obtained with
the distinction of a pronounced cavity in the core. The synthesis route is not limited to nickel
particles, but also applied for a range of other metals (e.g. Cu, Co, Pd). The pore size of silica
shell is around ~1nm independent of the shell thickness and structure difference. The thermal
stability of nickel particles as a function of particle size as well as silica support is thoroughly
studied. The nickel particles in core shell materials are stabilized under 5nm up to 1000°C with
the comparison of strong sintering of unprotected nickel particles beyond 10nm as low as 500°C.

The stable core shell material not only shows its advantage for stable operation under high
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temperature reactive condition (>800°C), but also possesses the highly coking resistant property
in fuel participating reactions. Even though the presence of silica shell is beneficial for
improving stability of nickel particles, it brings up significant mass transfer limitation when shell
thickness is beyond 10nm.

We not only demonstrate the capability to synthesize the well controlled nanocatalysts
with high temperature stability and minimal mass transfer limitation, but also understand the
structure correlated reactivity in several reaction systems. Additionally, we highlight the

correlation between sintering, mass transfer and coking properties of the catalysts.
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1.0 INTRODUCTION AND PROJECT SCOPE

11 NANOMATERIALS AND NANOCATALYSTS

Nanomaterials, which have characteristic dimensions below 100nm, have gained
increasing attention because of their novel and improved reactivity, strength, optical
characteristics, electrical and mechanical properties. They are applied in a wide range of areas,
including cosmetics, coatings, hard cutting tools, displays, information storage, biosensors, drug
delivery, medical imaging, fuel cells and catalysts [1-8]. The main reason that nanocatalysts are
more effective than conventional catalysts is their high reactivity and selectivity due to the
presence of under-coordinated atoms for structure sensitive reactions [1, 9, 10]. Another reason is
the high surface area-to-volume ratio, which improves the efficiency of the material usage since
the number of active sites per gram metal to active components is significantly increased. The
global market for nanocatalysts is projected to reach $6 billion by 2015, which is almost twice as
much as 2003 [11]. The largest end user of nanocatalysts is petrochemical industry, followed by
chemicals/pharmaceuticals, food processing and environmental remediation [12]. The main
challenges for the application of nanocatalysts are the decreased reactivity due to mass transfer
limitation and deactivation due to poor thermal stability and coking in high temperature fuel

processing environment.



1.2 LIMITATIONS OF NANOCATALYSTS

1.2.1 Thermal stability

Thermal stability is a major concern for catalysts, especially for high temperature
processing in the petrochemical industry. Even though smaller particles are desired for high
reactivity, they sinter more easily than larger particles. The low stability of small particles is not
only because of a thermodynamic driving force to minimize surface energy [13, 14], but also
because of a melting point depression in which the melting point of nanoparticles is hundreds of
degrees lower than the corresponding bulk material [15]. The reduction in the active surface area
due to sintering will result in decreased reactivity. One of the solutions to enhance the stability
of the metal particles is to cap or embed nanoparticles in ceramic matrix. Our group has used
BHA (Barium Hexa-aluminate) as a stabilizing matrix for metal nanoparticles at high
temperatures [16]. 10nm platinum particles are stabilized by the BHA matrix via a
microemulsion template sol-gel method (Figure 1-a). The platinum particle size is under 5nm
before 600°C. Increasing temperature makes the metal particles mobile and grow. The particles
stop growing around 10-15nm between 700°C and 1000°C due to a “caging effect” of the BHA
support (Figure 1-b). This “caging effect” occurs because the pore neck of the BHA limits the
growth of the metal particles (Figure 1-c). The size of metal particles determined from the TEM
images agrees with the pore size distribution of the support from the BET measurements (Figure
1-d), which verifies that the pore neck structure of the BHA support stabilizes the metal particles
at the high temperature. Even though the BHA matrix is able to limit the growth of particles to

some extent, the platinum particle size still has a significant increase from 5nm to 15nm.
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Figure 1: (a) TEM of Pt-BHA;(b) Nickel particle sizes with increasing calcination temperatures;
(c) The scheme of “caging effect”’;(d) The agreement of pore size distribution of BHA and
platinum particle size [17]

Another solution for stabilizing nanoparticles is to coat metal particles with an inert and
stable ceramic support (e.g. silica, ZrO;). For instance, silica-coated Rh catalysts have been
shown to be much more stable compared with materials prepared via sol-gel method and
impregnation method [18]. Not only does the coated Rh show minimal particle size increase after

thermal treatment in air at 900°C for 12 hours, but it also has the highest BET surface area before

and after calcination among these materials. Hence, a decreased activity of Rh supported silica



catalysts after thermal treatment was observed in NO-CO reaction with the exception of silica-
coated Rh, which showed high sintering resistance [18]. Another example is silica coated Fe3O4
with 155 = 2.0nm cores and 4.5 £ 1.0nm shells. The material maintains its structure (i.e.
unchanged FesO, particle size) after calcination at 700°C for 6 hours in air, while a decreased
micropore volume and BET surface area is observed. The prolonged stability through cyclic
redox with CH, and O, is also demonstrated [19]. Park et al. compared the thermal stability of
silica-coated Pd (Pd@SiO,) and impregnated Pd/SiO, material with comparable Pd particle sizes
of 2-4nm. A decreased activity of Pd/SiO, after the thermal treatment at 700°C for 6 hours in air
was also observed in CO oxidation as well as in acetylene hydrogenation in contrast with a
minimal reactivity decrease in PA@SiO, [20]. Joo et al. reported that Pt@SiO, (14nm core @17
nm shell) particles with 2.3nm pore size were thermally stable at high temperature for ethylene
hydrogenation and CO oxidation [21]. They stressed an interesting observation that after 750°C
calcination some silica particles possess larger Pt cores or multiple Pt cores while some form Pt-
free cavity structure, which indicates that Pt particles diffuse through the mesoporous silica shell
to the neighboring Pt@SiO; particles [21]. The Schith group reported the ~15-17nm Au coated
zirconia (Au@ZrO,) shows exceptional stability compared with Au impregnated on zirconia
(Au/ZrO,). The reactivity of Au@ZrO, after thermal treatment at 800°C is exactly the same as
the fresh samples, while there is a significant decrease in reactivity for Au/ZrO, due to sintering

[22, 23]. Figure 2 shows some examples of these metal core silica shell materials.



Figure 2: Selected examples of metal-cores silica-shell materials (a) Rh@SiO, [18] (b)
Pd@SiO, [20] (c) Pt@SiO; [21]

1.2.2 Mass transfer limitation

A novel, stable catalyst is not only required to maintain its catalytic activity after high-
temperature treatment, it should also present no substantial mass transfer resistance. However,
the active sites of some nanocatalysts are located within torturous nanosized pores, which will
result in significant internal transport limitations. The core shell material, which is a promising
candidate as a high temperature stable nanocatalyst, brings up concern for the presence of mass
transfer limitation due to the formation of the silica shell. A few researchers have mentioned the
potential existence of mass transfer between reactants and active sites in core shell type
nanomaterials [20, 22, 23], but this has never been systematically investigated. It was claimed
that there is no mass transfer resistance in Au@ZrO, core shell materials with 20nm shell
thickness and 3-4nm pore size [22]. However, there is no experimental data supporting the
absence of mass transfer limitation. Hori et al. observed selective mass transfer limitations of
hydrocarbons (methane, ethane, etc) for combustion in Pt core silica shells with less than 1nm
pore size and 12nm shell thickness, which is the thinnest shell among all synthesized core shell
material to-date [24]. They found mass transfer limitation of iso-butane is more severe in thicker

shell (25nm) than in 12nm shell. The dramatic decrease in the reaction rate of benzyl chloride in



a thicker shell (80nm) compared to a 4nm silica shell with several angstrom pore sizes showed
clear evidence of a reduced accessibility of the core [25]. Additionally, Min-Woong Ryoo
observed severe mass transfer limitation in methane combustion in Pd supported microporous
FAU zeolite (0.8nm) compared to 3nm MCM41 zeolite [26]. To improve mass transfer to the
active sites, researchers have tried to increase the porosity of silica by adding a porogen C;sTMS
(n-octadecyl trimethoxysilane) during synthesis [27, 28]. However, a lower reactivity of
Pd@SiO; with 10nm shell thickness synthesized when utilizing the porogen is still observed in
CO oxidation compared with Pd/SiO, [28]. Even for conventional mesoporous catalyst, Nyugen
and co-workers found mass transfer limitation of perovskite embedded inside mesoporous silica
in methane combustion due to the long monodimensional channel of the support [29]. This
finding is supported by the decreased apparent activation energy from 25.5 kcal/mol to 18.5

kcal/mol for higher temperature (>380°C).

1.2.3 Coking

Another challenge for nanocatalysts is coking, especially in high C/H or C/O condition,
such as the CPOM (catalytic partial oxidation of methane) or CO methanation reactions [30-35].
It is reported that nickel has the highest carbon deposition rate compared to Pd, Rh and Ir [36].
Coking is the carbon formation on metal surface. The carbon can be deposited either from
methane decomposition or the Boudouard reaction (CO disproportion). Carbon deposition from
CO disproportion occurs at lower temperature; while it is from CH, dissociation (>1020K) at
higher temperature [36]. Two types of the carbon formation could be found on nickel catalysts:
“whisker” and *“encapsulated/graphic” carbons. Encapsulating carbon consists a thin CHy film or
a few layers of graphite covering the active site of nickel particles, resulting in a rapid
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deactivation of the catalysts [37]. Whisker carbon does not necessarily result in an immediate
deactivation of the catalyst, but it leads to the catalyst destruction or reactor blockage [38, 39].
Depending on the location of the carbon formation, coking can also be categorized as “site
blocking” or “pore-mouth plugging”. “Site blocking” means that the carbon deposits on the
metal surface cover the active sites, while “pore-mouth plugging” describes carbon accumulation
at the entrance of the pores to block access to the active components. The deactivated catalyst
from coking can be regenerated either via oxidation in air or steam gasification. Amiridis and
co-workers discussed the pros and cons of these two regeneration processes [39, 40]. The
oxidation process is faster than the steam gasification but will cause a high temperature front
which can result in destruction of the catalyst. Another disadvantage for the oxidation process is
the conversion from metallic nickel to nickel oxide, which requires a further regeneration step of
reduction before the next reaction cycle. Conversely the steam gasification process maintains a
uniform temperature profile in the catalyst bed and the catalyst preserves its metallic nickel form
at the end of the process, but it requires external energy supply.

To design coking resistant nickel catalysts, efforts have been made to increase the O,
availability on the metal surface by adding rare earth element like ceria. Ceria, which has high
oxygen storage capacity, can facilitate carbon removal via supply of lattice oxygen [41, 42]. The
basicity of the support can also be modified to increase the adsorption of CO,, which can
promote its reaction with deposited carbon. Addition of basic elements like lanthanum or
synthesis of a solid solution like MgAl,O4 can make the support more basic [43]. The reduction
of nickel ensemble size is another method to enhance coking resistance. Kim et al. found that the
nickel particles under 10nm show high resistance to carbon deposition even under a fuel rich

environment [44]. It was further confirmed by Zheng that Ni particles larger than 10nm



deactivate fast even at low space velocity (18000h™), while Ni particles under 9.5nm are stable at
high space velocity up to 54000h™ [45]. Lercher et al. suggested that the rate of carbon

formation is proportional to the particle size of Ni, in which the rate of carbon formation slows
down dramatically below a critical Ni particle size (diameter < 2 nm) [46]. Ponzi et al. reported
that the minimum diameter of the Ni particles for the formation of whisker carbon is about 8~10
nm [47, 48]. Beside synthesizing small sized mono-metallic nickel particles, the addition of
noble metal as such as Pd [49, 50], Pt [51], Rh [52] can also increase the dispersion and reduce

the particle size, hence improving the coking resistance of the catalyst.

1.3 MATERIAL SYNTHESIS

1.3.1 Nano-sized nickel and nickel based catalysts

A number of metals could be used as active components in catalysts including noble
metals (e.g. Pt, Pd, Au and Rh) and transition metals (e.g. Ni, Co, Cu, and Fe). Compared with
noble metals, transition metals are much less costly. Our work has focused on nickel since nickel
is an excellent catalyst for a number of hydrogen production reactions, such as steam reforming
reaction [27, 37, 53, 54] and partial oxidation of methane [55-57]. However, the synthesis of
small nickel particles under 5nm is challenging due to a strong magnetic dipole-dipole
interaction between particles [58, 59]. The synthesis routes for nickel and nickel-based catalysts
especially the size range under 5nm are briefly reviewed below.

One approach is to synthesize different sized nickel particles by controlling the nickel

nucleation and growth rate. One example is to adjust the molar ratio of reducing agent and nickel



salt. It is found that the mean diameter of nickel particles decreases with the increasing ratio of
[hydrazine]/[NiCl;] and approaches a constant (around 10nm) when [hydrazine]/[NiCl;] is
greater than 12 [60, 61]. Another idea to control nickel particle size is to use different capping
agents to adjust the growth rate of the nuclei [62]. Nickel particles are controlled from 3nm to
11nm by varying ratio of hexadecylamine (HDA) and trioctylphosphine oxide (TOPO), which
were used as the capping agents to tune the growth of nanoclusters [59]. In a similar manner,
nickel particles ranging from 2-30nm are synthesized by adjusting the ratio of oleylamine(OA)
and trioctylphospine (TOP) when using Ni(acac), as a salt precursor [63]. Park also suggested
the use of different phosphines to obtain different nickel particle sizes since phosphines act as
both the solvent and the surfactant [64]. 2nm sized nickel particles are obtained by using bulky
tri-octylphosphine (TOP), while 5nm and 7nm sized nanoparticles were produced by using less
bulky tributylphosphine (TBP) and triphenylphosphine (TPP) [64]. ~4-16nm Ni nanoparticles
were also synthesized by chemical reduction of nickel salts Ni(CH3;COO), or
Ni(acetylacetonate), [65, 66]. The variables such as the ligand type (e.g. oleic acid, n-
trioctylamine), molar ratio of ligands to nickel salt, types of nickel salt and reaction temperatures
were studied [65, 66]. Another method to synthesize small sized nickel particles is by wet-
impregnation [45, 67, 68] or deposition-precipitation method [69, 70]. In wet-impregnation
method, the final size of nickel particle is highly dependent on the type of nickel salt precursor.
Generally, the nickel size is in the order nickel ehtylenediamine complex (2-3nm) < nickel
acetylacetonate dehydrate (~10nm) <nickel acetate (16nm ) <nickel nitrate (50nm) [45, 67, 68].
In deposition-precipitation method, an appropriate pH end point is essential to obtain the small

sized nickel particles [71].



As summarized, the synthesis route for nickel particles under 5nm is complicated and
tedious with the exception of the impregnation method [45, 59, 63-65, 72]. Hence, a simplified

method to obtain the controlled nickel particles needs to be developed.

1.3.2 Core shell materials

In general, there are two ways to synthesize metal core silica shell materials: coating of
pre-synthesized nanoparticles called “two-step synthesis” [19, 27, 73-80] and the microemulsion
method [18, 24, 81-85] called coating in-situ synthesized nanocrystals or “one-step synthesis”.
The critical step in the two-step synthesis is to transfer pre-synthesized colloids from aqueous
solution to ethanol where a Stober or a modified Stober process is performed. For example, PVVP
which is an amphiphilic polymer is able to stabilize colloidal particles in water. PVP coated
particles can be transferred into a mixture of water-ammonia-ethanol and be directly coated with
silica shells via tetraethyl orthosilicate (TEOS) hydrolysis and condensation. Au and silver
coated silica are demonstrated by this method [80]. The impact of different PVP length on the
metal stabilization and particle sizes have been discussed as well [73] . Somorjai group also used
TTAB instead of PVP as a capping agent to synthesize Pt@SiO, with 2.3nm core size [31].
However, the challenge for this method is to determine the optimum TEOS amount. Insufficient
TEOS results in multiple cores, while excessive TEOS results in empty cores [31].

Microemulsion is defined as a thermodynamically stable and optically transparent
mixture of water, organic solvent (oil), and surfactant. Constant exchange between the content of
droplets and the surfactant molecules at the interfaces facilitates chemical reactions involved in
the particle synthesis. There are two types of microemulsion including normal (oil droplets
dispersed in water) and reverse (water droplets dispersed in oil) microemulsion. In the reverse
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microemulsion method, nanoreactore-like water droplets dissolve both inorganic salts and
organometallic. Water is not only used to stabilize micelles, but also serves as a reactant for
TEOS hydrolysis. Silica nucleation is in a better control in “one-step synthesis” compared to
“two-step synthesis”, since silica nucleation and growth occur within the boundaries of the
nanometer-sized droplets.

Besides traditional dense core-shell materials, core-shell materials with hollow structures
have drawn considerable attention in recent years. The advantage of a hollow core-shell structure
is that more surface area of active components is exposed to reactants, which is desirable as a
heterogeneous catalyst. Hollow core-shell materials are typically prepared by selective etching
the core particles [27, 86] or the shells [22, 87-89]. For example, HCI is able to diffuse through
the silica shell to etch away nickel starting from 37nm down to an empty core [27]. Co@SiO,
and Fe@SiO; hollow structured materials are also demonstrated in this way [27]. Gold particle
sizes can be tailored from 120nm down to an empty core by the use of different amounts of
etchants KCN [86]. For the shell etching, double shells composed of different materials are
coated on a core followed by a selective removal of the inner shell using solvents or calcinations
procedures. For example, hollow structure Au/ZrO, is formed by the use of NaOH to remove
silica shell from the original SiO,/ZrO, layered shells [22]. Hollow Au@SiO, and Fe@SiO, are
also synthesized in a way that Na,COg is used to etch the shell with higher condensation degree
of silicate species [89]. Other routes to create hollow structures include spontaneous dissolution—
regrowth of silica in NaBH4 solution at 51°C for 6 hours [90], incorporation of nanoparticles
into hollow colloidal particles [91] and the Kirkendall effect [92, 93]. In general, all of these

routes to create hollow structures in a core shell material involve complex, multi-step synthesis.
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14 REACTION APPLICATIONS

1.4.1 CO oxidation

CO oxidation is relevant to the practice of automotive exhaust reduction and also used for
purification H, stream production. This is one of the simplest catalytic reactions and serves as a
model for our understanding of catalysts. The global reaction is written as
2C0+0,=2C0;

The catalytic sequence is as follows [94-96]:
COy = COq;s 1)
02,9 —» 20445 (2)
COagstOags —> CO2g (3)

The reaction follows Langmuir-Hinshelwood mechanism at room temperature, in which
the surface is primarily covered with CO and the reaction rate is controlled by the desorption of
CO. However, the mechanism may be changed when the reaction condition is different. For
example, Bergeld suggested adsorbed O, can directly react with CO to form CO, following an
alternative “autocatalytic reaction path” at low temperature (180K~230K).

A number of metals such as Au, Pt, Pd and Ni are extensively studied for this reaction
[96-98]. CO oxidation is reported as a structure insensitive reaction from experimental data as
well as density functional theory (DFT) calculations [97, 99, 100]. The insensitivity of the
reaction is explained by the insensitivity of total bonding energy of CO and O to surface
structure. One of the key parameters in CO oxidation is the ratio of O,/CO. It is reported that

higher O,/CO is preferred for higher CO conversion since excessive CO will poison the active

12



sites of the metals [101]. However, the higher O,/CO results in the decrease in reaction rate due

to the formation oxide species which act as active site blockers on the surface [96].

1.4.2 Ethylene hydrogenation

Ethylene hydrogenation reaction has served as a basis for numerous kinetic studies of
metal catalysts (e.g. platinum, nickel or palladium) [102-104]. The mechanism of the ethylene

hydrogenation reaction can be described as the following elementary processes [105, 106]:

Ho+2* =2 2H,4s 1)
CoHy+2* =2 CoHy,a0s (2)
CoHaads + CoHaass €= CoHspaas + * 3)
CoHs,ads + Hass = C2Hgyags +* (4)
CoHgats =2 CoHg +* (5)

Where * is the empty surface site. The rate-determining step is either reaction (3) or (4).

It is reported that the reaction is close to first order in hydrogen and zero order in ethylene
at lower temperature (<170°C). However, the reaction becomes first order in ethylene above
170°C [106]. The difference of kinetics is explained by different surface concentrations of
hydrogen and ethylene atoms in different temperature regions. At low temperatures, less free
surface sites are available for hydrogen dissociation since the surface is almost completely
covered by ethylene. A higher temperature results in a decreased concentration of adsorbed
ethylene, which enables the more adsorption and dissociation of hydrogen. The reaction is
typically operated in a hydrogen-rich environment to avoid the formation of acetylene residues

on the surface [107].
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1.4.3 CO methanation

CO methanation has attracted considerable interest since Sabatier and Senderens first
brought up the concept more than 100 years ago [108]. It is the final clean-up step for the feed
gas for ammonia synthesis [109]. It can be also used to produce methane from synthesis gas in
connection with coal gasification [110], in relation to Fischer—Tropsch synthesis [111] and
hydrogen purification for PEM fuel cells [112, 113]. The reaction equation is as follows:
CO+3H,=CHy+H,0 (AHggx =-206 kJ/mol)

A number of researchers have attempted to understand the mechanism of CO
methanation, and there are several different opinions regarding whether the process is structure
sensitive or not. Goodman et al. concluded it is a structure insensitive process since the reaction
rate per Ni atom on Ni(111) is comparable with that on Ni(100) as well as on supported Ni
catalysts. The rate limiting step is carbide formation or carbide hydrogenation in sufficient low
H,-to-CO ratio or low pressures [114-116]. However, Nielson, Ngrskov and Chorkendorff
suggested this is a structure sensitive process as evidenced by both DFT calculations as well as
ultra-high vacuum experiments. The reasoning is that the rate limiting step in this condition is
CO dissociation, which occurs only on under-coordinated sites [31, 117-119]. It is also suggested
that 4nm Ni particles have the highest reactivity for this reaction [120]. The design of a coking
resistant catalyst for this reaction is critical since carbon deposition is a challenging and relevant

issue [30-33].
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1.4.4 Catalytic partial oxidation of methane reaction (CPOM)

CPOM is a promising alternative process to the traditional industrial route for synthesis
gas production-steam reforming of methane (SRM). It is a much less energy intensive process
compared with SRM since it is a mildly exothermic process. Additionally, the product syngas
ratio (H,/CO=2) is suitable for the downstream Fischer—Tropsch reaction.

In CPOM, methane reacts directly with oxygen or air to form synthesis gas (CO and H,)
in a one-step reaction:

CH;+050,=CO+2H, AHR® = -37 kd/mol

A high conversion of syngas is achieved only at high temperature (>700°C) since it is a
mildly exothermic reaction. At lower temperature, CO, and H,O are the main products from the
major competing methane combustion reaction.

0.5 CHy+ 0,=0.5CO,+ H,0  AH%98x = -800kJ/mol

Other competing reactions include methane steam reforming and water-gas-shift

reactions.
CHj4 + H,0 = CO+3H; AH g8k = 206kJ/mol (steam reforming)
CO + H,0 =H, + CO; AH0gx = -41kd/mol (water-gas-shift)

There are two main categories of catalysts: noble metals like Pt, Rh, or Ru [16, 121-123]
and transition metals like Ni and Co [55, 56, 124-128]. Even though noble metals show high
activity and selectivity in CPOM reaction, their high cost limits their application. Hence, more
attention is drawn to the advancement of transition metals. Nickel and cobalt-based catalysts

have similar activity. However, cobalt deactivates faster than nickel since cobalt oxidizes more
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easily and forms an inactive cobalt oxide phase [129]. Overall, a nickel-based catalyst is a good
candidate for CPOM reaction because of its high reactivity and affordable price.

The ideal nickel-based catalyst is thermally and chemically stable with high reactivity
and selectivity. However, the deactivation of nickel catalyst is commonly caused by the change
of oxidation state [124, 130-132], sintering [123, 133, 134] and coking [37] . In CPOM, metallic
nickel rather than NiO is the active site for the reaction [135, 136]. The metallic state nickel is
responsible for high selectivity of CO and H,. However, during the reaction, metallic nickel will
react with O, to form NiO which will decrease its activity and selectivity [124, 130-132]. Hence,
it is important to enhance nickel tolerance against oxidation during the reaction to sustain its
reactivity. Another issue is poor thermal stability of the nickel catalyst since CPOM is a
thermodynamically favored high temperature reaction. Loss of catalytic active surface area due
to sintering will result in decreased reactivity [123, 133, 134]. To enhance thermal stability,
efforts should be made to modify support composition or enhance metal support interaction
[137-140]. An alternative way to stabilize metal particles is to create a cage-like structure by
either embedding metals in a ceramic matrix or coating metals with an inert shell, such as silica

[16, 27].

1.5 PROJECT SCOPE

Large surface areas and a high population of under-coordinated atoms make
nanocatalysts advantageous over traditional catalysts. However, catalyst deactivation due to
sintering under moderate/high temperature operation and coke formation in hydrocarbon

participating systems poses a challenge for their practical usage. Our work focuses on solving
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these issues by designing and developing a series of core-shell materials. A fundamental
understanding of core-shell materials is facilitated by systematic investigation via synthesis,
characterization, and catalytic tests. Synthesizing well-defined nanomaterials is crucial for our
project since the catalytic properties of nanocatalysts are highly dependent on its size and shape.
Material characterization serves as a bridge to communicate microscope structure with our
understanding and to help steer the direction for synthesizing the targeted structure.
Characterization also provides powerful scientific evidence to explain structure correlated
reactivity. Reaction testing is important to show the impact of microscope structure on a
macroscope level and to demonstrate significance for industrial applications of these
nanocatalysts. Overall, the research aims to optimize the synthesis conditions to achieve well-
defined nanocatalysts with good thermal stability and minimal internal mass transfer limitations;
to be able to tailor the characteristic length scales of nanocomposites; and to evaluate and

understand the properties of the materials and their applications.
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2.0 EXPERIMENTAL

21  SYNTHESIS

Standard synthesis procedures include solution synthesis, surfactant removal by
calcinations, external nickel removal by etching, and finally surface cleaning for materials used

for reactive testing.

2.1.1 Solution synthesis

Ni core silica shell (denoted as Ni@SiO;) material is synthesized in a reverse-
microemulsion mediated sol-gel process. A mixture of 10g Brij58 (=99%, Aldrich) and 50 mL
cyclohexane (=99%, Aldrich) in 250 mL three-neck flask was heated up to 50°C in oil bath under
stirring (with stirring rate 240 rpm). The nickel nitrate aqueous solution (1.5 mL, 1.0 M stock
solution made from Aldrich) was added dropwise. Under stirring, hydrazine hydrate (1.5mL,
Aldrich) was added dropwise and the mixture was stirred for another hour. Next, ammonium
hydroxide solution (3 mL, 28 wt.%) was added dropwise to the previous solution. After 1 hour
stirring, 10g tetraethoxysilane (TEOS, >99%, Aldrich) was added dropwise to the
microemulsion. Hydrolysis and condensation of the silica precursors were allowed to proceed for

2 hours at 50°C. Then Ni@SiO, was precipitated by adding 2-propanol and washed three times
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by centrifugation and redispersion. Figure 3 shows the synthesis scheme and the solution color
along with the synthesis. The green color is from Ni?* and the pink color indicates the formation

of a nickel hydrazine complex [141].

| Br1j58 and cyclohexane |

., 50°C

| Ni(NO,),

4

| Hydrazine (N,H,)

\ 4

| Ammonia

| Hydrolysis Reaction

\ 4

Centrifugation and Redispersion
{isopropanol)

Figure 3: The synthesis scheme and the color of the solution during the reaction

2.1.2 Surfactant removal

The wet Ni@SiO, sample was transferred to a plastic weight boat under the hood for
overnight drying. After that, the powdered catalysts were calcined at 500°C for 2 hours under 0.5
SLM air stream in a Thermolyne 79300 tube furnace. The temperature program for this
calcination process and the sample color after different steps are shown in Figure 4. The
temperature ramping rate must be slow (1°C/min) especially between 200°C to 300°C to avoid
abrupt reactions, because a significant amount of surfactants are trapped in the silica pores and

must be burned off slowly. A sharp increase in BET surface area from 200°C to 300°C (inserted
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picture in Figure 4-left) indicates the temperature range in which most surfactants will be
removed is 200°C to 300°C. For each calcination cycle, only 0.1g of dried pink powdered
sample should be loaded per calcination boat to avoid explosion. The color of calcined sample is
grey indicating the formation of NiO. For selected sample used in reactive testing, the oxidized
sample is reduced in H, at 700°C for 30 minutes before an etching process. The color of reduced

sample is black, which is consistent with the color of metallic nickel.
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Figure 4: (a) Calcination temperature program with the inserted image showing BET surface
area as a function of temperature (b) The powdered sample before the calcination, after
calcination in the air and after reduction in the H,

2.1.3 Etching process and surface purification

The reduced material is etched with HNO3 (Aldrich) to remove any external nickel
outside of the silica shell, especially when a high concentrated nickel precursor is used. In the
standard procedure, 0.2g catalyst is treated in 10ml HNOj3 diluted with 10mL D.l. H,O under a
stirring rate 240rpm for 30 minutes. Afterwards, the etched material is washed with D.l. water by

centrifuge and redispersion three times. Then the sample is redispersed in ethanol and
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centrifuged before drying in the oven at 80°C for 4 hours. The reason to use ethanol in the last
step is to shorten the drying process since ethanol is highly volatile and yet does not interfere
with the properties of silica. The results in section 3.5.1.2 suggest that 30 minutes is an
appropriate etching time to assure the removal of external nickel and the retainment of internal
nickel in cavity sample. Another calcination cycle needs to be performed to remove the water,
acid and impurities. The sample is calcined in the air (0.2 SLM) at 773K for 1 hour with the
heating rate 20°C/min.

Among above synthesis steps, etching is the most sensitive step. The etching step in the
core shell material without cavity structure is especially complex due to difficult control of
etching rate and degree of etching. The external nickel is not necessarily etched away before
starting etching internal nickel. Figure 99 in appendix shows even after 2 hour etching, there is
still significant leftover external nickel while some internal nickel is etched away. The yield of
one batch synthesis from solution synthesis to the final product is about 40%~80% depending on
the silica shell thickness and the loss during the etching step. 50%~ 100% silica conversion is
achieved during solution synthesis step, in which the actual hydrolysis degree will determine its
conversion. In calcination step, around 20% sample weight is lost due to the removal of
surfactant. The yield for etching step is about 80% weight due to the loss of the sample during
centrifuge and redispersion steps. The final product weight in one batch synthesis is about
1~1.5g depending on the silica shell thickness.

As comparison materials, IMP-Ni/SiO, (wet-impregnation method), DP-Ni/SiO,
(deposition-precipitation method) and sol-gel Ni/SiO, are also synthesized. The synthesis

condition of these materials is found in Appendix B.1.
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22 CHARATERIZATION

2.2.1 Nitrogen sorption

Catalyst surface area and porosity are determined using a Micromeritics ASAP 2020 in
our lab as well as a Quantachrome autosorbl apparatus in NETL facility. The Micromeritics
ASAP 2020 only gives the pore size distribution greater than 2nm while Quantachrome
autosorbl is able to measure pore size distribution in micro porous range. In ASAP 2020,
samples are degassed for 3 hours at 200°C under high vacuum prior to each test. In
Quantachrome autosorbl, samples are degassed for 12 hours at 200°C before each test. Both
nitrogen adsorption/desorption measurements were performed at liquid nitrogen temperature (77
K). The typical test involved a 6-point Brunauer- Emmett-Teller (BET) analysis for total surface

area measurement in the relative pressure range 0.1<P/P<0.35.

2.2.2  Transmission electron microscopy (TEM)

Catalyst morphology is determined by both TEM (JEOL-2000FX electron microscope)
and a high resolution transmission electron microscopy (HRTEM, JEOL-2100). In the
preparation step, a small portion of the sample was grinded in the mortar and dispersed in
ethanol. The suspension was sonicated about 1 minute for better dispersion. One drop of the
sample is placed on a copper type-B support grid (Ted Pella Inc.), followed by air drying to
remove the solvent. To achieve better contrast, the sample can be reduced in H, before TEM
especially for small sized nickel particles. For example, 1nm nickel particles embedded in silica

sample are barely discernible in an oxidized sample compared to a reduced sample.
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Measurement of mean nickel particle diameter from TEM micrographs was performed by hand

using ImageJ software [142].

2.2.3 X-ray powder diffraction (XRD)

X-ray diffraction measurements were performed with a high-resolution powder X-ray
diffractometer (Phillips PW1830, USA) in line focus mode using a monochromatic Cu radiation
at the wavelength of 1.54 A. The beam voltage was 40kV at a current of 30mA. The XRD
patterns were recorded between 10° and 80° (20) in steps of 0.08° intervals with a minimum 0.2s
counting time at each step. XRD should be performed right after the sample is fully reduced to
avoid the reoxidaton of nickel after air exposure. Figure 100 in the appendix shows that NiO

peaks were detected after the fully reduced sample exposure to the air for 1 week.

2.2.4 Temperature programmed reduction (TPR)/ Temperature programmed oxidation

(TPO)

TPR/TPO is performed to investigate the reducibility and oxidation capability of the
nickel particles in different structured material. The flow rate of each gas (30 cm® min™) is
controlled by mass flow controllers. The catalyst (30mg) is loaded in a quartz reactor. Before
TPR/TPO, the fresh sample is pretreated by 5% O, in He at 500°C for 1 hour to remove the
moisture and impurities on catalyst surface with a subsequent flush with He. In TPR, the catalyst
is reduced in hydrogen flow (10% H; in argon) in the temperature range from 30°C to 900°C
with 5°C/min ramping rate. In TPO, the catalyst is oxidized by 5% O, in He from 30°C to 500°C
with the same ramping rate. The temperature is measured by a type K thermocouple inside the
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catalyst bed. The signal is recorded by a Balzers Quadstar GSD 300 mass spectrometer as well as
a Micromeritics Chemisorb 2750 chemisorption system. The detailed procedure for the

TPR/TPO can be found in Appendix A.1.

2.2.5 Chemisorption

Chemisorption experiments for metal dispersion and total nickel surface area
determination for the nanocatalyst are conducted on a Micromeritics AutoChem 2920 in NETL
(National Energy Technology Laboratory) facility with collaboration with Dr. Shi. Samples are
reduced for 30 minutes at 700°C in 10% H,/Ar with a subsequent flush with He while the
chamber is cooling down. N,O and H; pulsing with He as a carrier gas at room temperature is

performed.

2.3 REACTIVE TESTING

2.3.1 CO oxidation

Powdered catalytic materials are inserted into a 5 mm ID quartz glass tube. The catalysts
are supported within the tube on either end by plugs of quartz glass felt. The tube is placed
within a high temperature tube furnace such that the catalyst zone is fully within the heated zone
of the furnace. A K-type thermocouple (Omega) is used to monitor reaction temperature and it
was inserted such that the tip of the thermocouple is within 1 mm of the end of the catalyst zone.

The temperature in the reaction zone is controlled by the temperature of the furnace. Mass flow
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controllers (MKS Instruments Inc.) are used to feed a 3% CO and 9% O, in balance of pure
helium (Valley National Gas). The nickel needs to be reduced at 700°C for 30 minutes under a
hydrogen flow with a flow rate of 30 mL min™ before the reaction. The contact time is ~0.14-
0.2s from 200°C to 400°C with the total flow rate 26 mL min™ (the mixture O,:CO= 3:1 in the
balance of He with 23 mL min™). The total flow rate of gas is adjusted to normalize the contact
time if the length of the catalyst bed is varied in some cases. Typically, the prepared Ni@SiO,
sample (0.038g) is diluted with SiO, (0.013g) to ensure the catalyst bed is about 7 mm. The
nickel mass (1.5mg) and the space velocity (18000h™) maintain the same in each run. A specific
order of valve manipulation is used to avoid the explosive region in the mixture of CO and O..
The order to turn on the mixture is first helium, then O, followed by CO. The order to turn off
the mixture is first CO, then O, and helium. The products were analyzed by an Agilent 3000A
Micro GC equipped with thermal conductivity detectors (TCD). The carbon balance is typically
within +/-5%. Example calculations of conversion and carbon balance are found in Appendix

A2l

2.3.2  Ethylene hydrogenation

Powdered catalytic materials are inserted into a 5 mm ID quartz glass tube. The catalysts
are supported within the tube on either end by plugs of quartz glass felt. The tube is placed
within a high temperature tube furnace such that the catalyst zone is fully within the heated zone
of the furnace. A K-type thermocouple is used to monitor reaction temperature and it was
inserted such that the tip of the thermocouple is within 1 mm of the end of the catalyst zone. The
temperature in the reaction zone is controlled by the temperature of the furnace. Mass flow

controllers (MKS Instruments Inc.) are used to feed the gas containing 10% ethylene and 30% H,
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with a balance of He with a flow rate of 100 mL min™. The contact time is 0.08s. The nickel
needs to be reduced at 700°C for 30 minutes under a hydrogen flow with a flow rate of 30 mL
min™ before the reaction. Typically, the prepared Ni@SiO, sample (0.0207 g) was diluted with
SiO, (0.0760 g). The nickel mass (4.8mg) and the space velocity (45000h™) are maintained the
same in each run. The products were analyzed by an Agilent 3000A Micro GC equipped with
thermal conductivity detectors (TCD). The carbon balance is typically within +/-5%. Example

calculations of conversion and carbon balance are found in Appendix A.2.2.

2.3.3 CO methanation

CO methanation reaction were performed in a fixed bed continuous flow reactor operated
at atmospheric pressure. In a typical run, 0.038g nickel core shell material blended with 0.012g
commercial silica powders (Aldrich) was placed in a tube reactor made of quartz glass with 5
mm ID. The catalyst bed length is about 7mm. The nickel mass (1.5mg) and the space velocity
(24000h™) are maintained the same in each run. After pre-treatment at 700°C for 30 minutes
under a hydrogen flow with a flow rate of 30 mL min™, a mixture of H,/CO=3.6 in a balance of
70% Helium (Valley National Gas) was introduced by mass flow controllers (MKS Instruments
Inc.). The contact time is ~0.12s-0.15s. The exit gases pass through a U tube filled with the silica
gel desiccant (Fisher Scientific) to eliminate H,O from the stream. The products were analyzed
by both Balzers Quadstar GSD 300 mass spectrometer (MS) and Agilent 3000A Micro GC
equipped with thermal conductivity detectors (TCD). For the reactivity tests of different
catalysts in section 6.2, a total flow rate of 25 mL min™ is used. For thermal stability test in
section 4.4.2, total flow rate 12.5 mL min™ was introduced. The reactor was heated from room

temperature to 450°C with the ramping rate 20°C /min and held at 450°C for 1.5 hour. The
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carbon balance is typically within +/-5%. Example calculations of conversion and carbon

balance are found in Appendix A.2.3.

234 CPOM

CPOM reaction is performed in fixed bed reactor made of quartz glass tube with inner
diameter 5 mm at ambient pressure. The catalysts are supported within the tube on either end by
plugs of quartz glass felt. The tube is placed within a high temperature tube furnace with the
upper limit 1100°C (model type TF55035A, VWR) where the catalyst zone is fully within the
heated zone of the furnace (usually 7 inch away from the furnace inlet) to allow adequate pre-
heating of the reaction gas mixture. The catalyst bed temperature is measured by a 24 inch
grounded K-type thermocouple (model type KMQXL-020G-24, Omega). This type of
thermocouple is thermally stable up to 1200°C and is coking resistant. The thermocouple is
placed about 1/3 of catalyst bed length away from the entrance of the catalyst to increase the
accuracy of catalyst bed temperature measurement. Even though the ideal situation is to conduct
the reaction in isothermal condition, it is hard to achieve the isothermality in this case. For
example, efforts made to increase the flow rate of dilution gas (He) results in no/low reactivity of
catalyst. The reason the thermocouple is placed closer to the catalyst entrance is because of the
reaction mechanism described as the exothermic methane combustion followed by the
endothermic steam reforming, in which results in a higher temperature closer to the catalyst
entrance than the downstream catalyst bed [143, 144]. The temperature difference between
catalyst bed and oven set temperature can be as high as 70°C depending on the extent of the
reaction. The temperature in the reaction zone is controlled by the temperature of the furnace,

which is typically between 300°C and 1000°C. Mass flow controllers (MKS Instruments Inc.)
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are used to feed a mixture of CHy4 (8.9 cm® min™) and Air (21.8 cm® min™) (0.1 Grade, Valley
National Gas). The exit gases pass through a U tube filled with the silica gel desiccant (Fisher
Scientific) to eliminate H,O from the stream. The products composition were monitored by
Balzers Quadstar GSD 300 mass spectrometer (MS) and analyzed by Agilent 3000A Micro gas
chromatography (GC) equipped with thermal conductivity detectors (TCD). Nitrogen is used as
an internal standard to calculate the total gas flow rate after water condensation and to back-
calculate the concentration of each product.

Typically, 0.03g Ni@SiO, sample was diluted with 0.04g fumed silica (Aldrich) to adjust
the catalyst bed to be 14mm. The mass of nickel (1.2mg) and space velocity (6551h™) were the
same for each run. The contact time is ~0.14s-0.21s from 500°C to 900°C. To make sure the gas
mixture is outside of the explosion range (~5%-15% CHy in air) at any time; methane is always
turned on before air and turned off after air. Figure 5 shows the flow chart of the reactor set-up

for CPOM reaction.
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Figure 5: The flow chart of the reactor set-up

The standardized procedure for the ignition and extinction operation in section 6.3.1 is
described as follows. The sample is reduced in H, (30 cm® min™) at 700°C for half an hour
before switching to helium to purge the system. CHj, is turned on followed by air, and the system

is held ~5-10 minutes to make sure CH,/O,=2 by taking a data point using GC. In the ignition
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branch, the oven is heated up from room temperature to the oven set point temperature with a
heating rate of 20°C/min, then held for 30 minutes before moving on to another oven set point
temperature. Once the catalyst ignites, the extinction branch is measured. The oven set point
temperature is stepwise decreased to a lower temperature and allowed to stabilize for 20 minutes.
To shut off the reactor, helium (30 cm® min™) is turned on first to prevent nickel coking in pure
methane environment. Then air is turned off followed by methane. The carbon balance is
typically within +/-5%. Example calculations of conversion, selectivity and atom balance are

found in Appendix A.2.4.

23,5 In-situ TPO/TPR

In-situ TPO in section 4.4.2 and section 5.4 is performed to qualitatively determine the
carbon formation on the catalyst surface by comparing the CO, peak area. Before performing
TPO, the reactor is cooled down to room temperature with helium flow. Air with 99.9% purity
(Valley National Gas) is introduced to the reactor with a flow rate of 20 mL min™. Once the MS
(mass spectroscopy) signals that all gases have reached steady state, the oven is heated from
room temperature to 1173K with the ramping rate 20K/min and held at 1173K for 1 hour to
make sure all the carbon is depleted.

In-situ TPR is performed in section 6.3.3 to qualitatively compare the fraction of metallic
nickel in the cavity Ni@SiO, with 7nm and 20nm shell thicknesses at 800°C in extinction branch.
H, signal is recorded by Balzers Quadstar GSD 300 mass spectrometer (MS). The detailed

procedure for in-situ TPR can be found in Appendix A.3.
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3.0 STRUCTURE CONTROL, FORMATION MECHANISM AND THEIR

PROPERTIES

In this chapter, we will demonstrate the fine dimensional control of the core shell
material by adjusting the synthesis parameters, elaborate chemistry in the synthesis system,
propose and verify the hypothesis for the mechanism of structure formation. The properties of

this new type of materials are also evaluated for their possible applications.

3.1 NICKEL CORE SILICA SHELL MATERIAL

Figure 6 shows the well-controlled morphology of the nickel core silica shell material
from nano-scale to macro-scale. The diameter of the spherical particle is ~30nm. The grey ring is
silica shell with a thickness ~10nm. The inner wall of silica shell is decorated with a dark ring of
small nickel clusters (<2nm). There is a pronounced cavity structure, which is 10nm in diameter.

The material is a grey powdered sample.

30



Figure 6: (a, b) TEM images of Ni@SiO, (c) SEM image of the macro-pore structure

Electron tomography is used to probe the three-dimensional structure of the nanoparticles
in collaboration with G. Zhao and P. Zhang in the Structure Biology Department at University of
Pittsburgh. Sample tomographic slices (Figure 7-A) and the surface-rendered 3D tomogram
(Figure 7-B,C) reveal that the Ni@SiO, indeed possesses the hollow spherical structure

comprising sub-nanometer nickel clusters decorated on the inner wall of silica shell.

(Data courtesy of G. Zhao)

Figure 7: (A) X-Y computational slices (i-vi) of a 3D tomographic volume containing a silica
nanoshell, in which the inner surface is decorated with Ni, shown in every 3.9 nm through the
volume. Scale bar is 50 nm. (B) 3D surface rendering of the whole nanoshell. Outer shell is
colored as green and inner shell is colored as yellow. (C) Surface rendering of the inner core.
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3.2 STRUCTURAL CONTROL

3.2.1 Shape control

The core shell material is spherical in shape as seen in Figure 6-a when following the
standard synthesis procedure described in section 2.1. The spherical shape can be tailored to an

elongated shape by changing surfactant/water ratio or the synthesis temperature.

3.2.1.1 Surfactant /water ratio

By increasing surfactant-to-water ratio from 2.38-5.88, the shape of hollow Ni@SiO,
particles transitions from spherical hollow structures to elongated rod-shaped hollow structures
and to high aspect tubes. First, a small increase in surfactant-to-water ratio results in a mixture of
spherical shape and rod-shaped structure (Figure 8-a). Upon further increase of the surfactant-to-
water ratio, the shape of the nanoparticles changes to elongated cavities with a length of ~40-
52nm corresponding to an aspect ratio of ~3-4 (Figure 8-b), and finally to tube-like structures
with a length of ~90-112 nm and an aspect ratio of ~6-7 (Figure 8-c). In all cases, the inner walls

of the hollow structures are decorated by sub-nanometer nickel clusters.

(Images a and b provided by courtesy of R. Lu)

Figure 8: Different shapes of hollow Ni@SiO; nanoparticles
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However, further decrease in surfactant-to-water ratio less than 2 results in the non-stable
microemulsion system, leading to poor uniformity of core shell materials (Figure 79 in appendix
B). It is worth mentioning that the hollow structure is formed before the calcination step to

remove the surfactant (Figure 80 in appendix B).

3.2.1.2 Temperature

The reaction temperature in the standard method is 50°C. The temperature needs to be
less than 100°C to avoid evaporation of the solvent. When the reaction temperature increases to
70°C, the length of tube-like structure is over 300nm with high aspect ratio over 10. Figure 9

shows the TEM pictures of the particles under 70°C reaction temperature at different scales.

Figure 9: TEM pictures of Ni@SiO, synthesized at 70°C

3.2.2 Size control-silica shell

There are three ways to control silica shell thickness: reaction time, TEOS amount and
ammonia concentration. The silica-particle growth is reaction-control by the slow hydrolysis of
TEOS rather than fast TEOS condensation [145]. Fogler further systematically investigated the
kinetics of silica particle formation in nonionic reverse microemulsion system and found out that
TEOS hydrolysis rate is approximately first order with respect of aqueous ammonium

concentration and TEOS [146, 147].
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3.2.2.1 Reaction time

Figure 10 shows the silica shell thickness as a function of reaction time. The silica shell
thickness is tailored from 3nm to 15nm by the increasing reaction time from 20 minutes to 27
hours with a TEOS amount of 5g. The cavity diameter remains constant at 14.65 + 3.82 nm. The
rate of the silica shell growth is initially very fast and reaches plateau after 10 hours since the
silica growth rate is limited by the TEOS and water amount. Water not only serves as a reactant
for TEOS hydrolysis, it also stabilizes micelles in the reverse microemulsion system. The silica
shell growth in this case is also 1* order with respect of TEOS concentration and the apparent

rate constant for silica-particle growth (k;) is determined via the following equations [147]:

© =exp(-Kct)

1- =
Vp ()

V()= (r® = 7,%)

Vp(o0)=2(R® = 1,%)

Where K is the specific rate constant for silica particle growth; Vp(t) and Vp(co) are the volume of
silica particles at time t and at the end of reaction; r, (~7.5nm) is the radius of cavity structure; r
is the time dependent shell thickness of the particles from TEM measurement; R (~14nm) is the
final shell thickness at the end of the reaction since the growth of silica shell thickness
approaches plateau after 5 hours.

The apparent silica shell growth rate (kc) is determined to be 0.19h™ from the linear data
points before 5 hours. The different value of k. in our case from the reported value (0.032h™)
could be due to the different ammonia concentrations [147]. The same trend of time dependent
silica shell growth, in which the particle growth is rapid during initial reaction period and then
levels off, is also observed when the silica precursor amount increases from 5g from 20g in

appendix B.4.1 (Figure 81 and Figure 82).
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Figure 10: Silica shell thickness vs. reaction time. Synthesis condition: 5g TEOS, 3mL 16.5M
ammonia solution.

3.2.2.2 TEOS amount

The same phenomena is observed that silica shell thickness (3nm to 9nm) goes up with
the increase of TEOS amount (1g to 10g) while cavity size maintains constant 10.86 + 1.29 nm
(Figure 11). The reason for cavity size independent from reaction time will be discussed in detail
in Section 3.3. Even when the TEOS amount is increased from 10 g with 1 hour reaction to 20g
with 24 hour reaction time, the silica shell thickness is only increased to 18nm. This small
increase in silica shell thickness could be resulted from the availability of water, which not only
serves as the reactant for TEOS hydrolysis but also used to stabilize micelle. The overall reaction
for TEOS hydrolysis and condensation is as follows:
Si(OC;,Hs)4+2H,0 = SiO; + 4C,HsOH
In the solution, the molar ratio M[H,O]/M[TEQOS] is 2.51 (when 20g TEOS is used) which is
slightly higher than the required stoichiometry ratio since the excessive water is needed for

stabilizing micelles.
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Figure 11: Silica shell thickness vs. TEOS amount. Synthesis condition: reaction time 1hr, 3mL
16.5M ammonia solution.

3.2.2.3 Ammonia solution

Besides TEOS amount and synthesis time, varying ammonia concentration is another
way to adjust the thickness of silica shell. The core shell structure with poor uniformity is formed
without the addition of ammonia solution (Figure 12-left), which serves as a base catalyst for
TEQOS hydrolysis [146, 147]. The silica shell thickness increases with the increasing of ammonia
concentration from 0.25M to 8M (Figure 12-right). TEM pictures of materials with different
ammonia concentrations could be found in Figure 83 in appendix. The growth rate of silica shell
reaches plateau due to the limited availability of both water and TEOS amount. Also, higher
uniformity is obtained at higher concentration. When it comes to change the pH of the solution
by adding ammonia solutions, the water amount needs to be adjusted to maintain the same

surfactant-to-water ratio.
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Figure 12: (a) TEM images of Ni@SiO, without ammonia solution. (b) Silica shell thickness vs.
ammonia solution concentrations. Synthesis condition: TEOS 10g, hydrolysis time 1hr.

Even though the silica shell thickness can be tailored by adjusting synthesis parameters
(reaction time, TEOS amount and the ammonia concentration), it is more difficult to achieve
dimensional control on lower or higher end (eg. below 5nm or beyond 15 nm within £1nm
deviation) compared with middle range. Thinner shell under 5nm could not be achieved by only
decreasing reaction time or TEOS amount. For example, a lot of open structures result from
decreasing reaction time <40 minutes or decreasing TEOS to 1g (Figure 84 in appendix). This is
because of the insufficient time for the nucleation and growth of silica or the lack of enough
TEQOS to form the shell. By carefully adjusting both parameters, shell thickness under 5nm can
be tailored. Shells thicker than 15nm could not be achieved with increased TEOS and reaction
time since the availability of water limits the growth of the silica shell. The solution is to increase
the water amount while adjusting the surfactant amount at the same time to maintain a constant
surfactant-to-water ratio. The importance of a fixed surfactant-to-water ratio is required because
any variation will affect the shape of micelles, or it can compromise the stability of the
microemulsion. However, increases in the surfactant amount are also limited since undissolved

surfactant will lump together when it exceeds its solubility at 50°C. A disrupted microemulsion
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results in inhomogeneous silica particles. Figure 85 shows TEM pictures of particles with
20~50nm silica shell thickness with a wide size distribution and inhomogeneous particle shapes.
Table 1 below listed the parameters to synthesize different shell thickness.

Table 1: Key parameters to synthesize well-defined shell thickness from 3nm to 20nm
Shell thickness TEOS (g) Time (hours)

3nm 3 1
4nm 2 2
5nm 3 2
Tnm 5 2
10nm 10 2
12nm 10 24
20nm (k) 20 24

Note: Other parameters are the constant: surfactant 10.5g, 1.5mL 1M Ni(NO3),, 1.5mL
hydrazine hydrate, 3mL NH3.H,O. (*) additional 0.7g H-O.

3.2.3 Size control- nickel particles

Initial attempts to control the nickel particle size in above hollow structures included
increasing nickel precursor concentration, decreasing the amount of reducing agent hydrazine or
slowing down the addition rate of hydrazine. These approaches were based on the idea that the
concentrations of nickel ions and reducing agent would affect the rate of nickel nucleation and
growth, which would eventually result in different sized nickel particles [60, 61, 148].
Unfortunately, the subnanometer nickel clusters are always obtained regardless of these changes
to the synthesis system (Figure 86). Moreover, the hollow structure always co-exists with these
subnanometer nickel clusters.

However, nickel particles size ranging from 1nm to 7nm embedded in silica shell were
synthesized by a combination of changing hydrazine addition order or the absence of hydrazine
and changing the nickel concentration. Without adding hydrazine, 1nm nickel particles

embedded in silica shell were obtained. By increasing nickel nitrate concentration from 1M to
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4M, 3nm nickel particles were synthesized. An alternative way to obtain 3nm nickel particles
while keeping hydrazine in the system is to change the addition order of hydrazine and ammonia
solution. An increase in Ni(NOg3), concentration from 1M to 4M will result in the even larger
nickel particles (7nm). The formation mechanism of different sizes of nickel particles will be
discussed in detail in Section 3.3. Figure 13 shows the TEM of Ni@SiO, with different nickel
particles sizes and their particle size distribution counted from at least 200 particles. The
spherical structures are silica support. The black dots in bright field TEM pictures (Figure 13 a-e-
1) are embedded nickel particles, which are also characterized as the bright dots in high-angle
annular dark-field (HADDF) TEM pictures (Figure 13 a, b-2). Table 7 in appendix listed the

synthesis conditions for obtaining different nickel particle sizes in these materials.

500°C-2hrs in Air
<d>=1.23nm

Std. Dev.= 0.37 nm
323 particles count

1 2 3 4 5 6 7 8 9 10
Particle Diameter (nm)

500°C-2hrs in Air
<d>=2.27 nm
Std. Dev.= 0.85nm
216 particles count

3 4 5 6 7 8 9 10
Particle Diameter (nm)
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500°C-2hrs in Air
<d,>=2.95 nm

Std. Dev.=0.62 nm
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HADDF TEM pictures are provided by L. Shuang.

Figure 13: (left) TEM images and (right) particles size distribution of different nickel sizes in (a)
1nm Ni@SiO,, (b) 2nm Ni@SiO;, (c) 3nm Ni@SiO,, (d) 4nm Ni@SiO,, (e) 7nm Ni@SiO,
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Besides adjustment of the synthesis parameters (e.g. surface/water, TEOS amount), a
number of other conditions (e.g. surfactant type, silica precursor type) were also studied to

understand the chemistry of the system (Figure 87 and Figure 88 in appendix).

3.3 MECHANISM OF PARTICLE FORMATION

Based on the results in Section 3.2, the mechanisms of the hollow formation and the
direction of silica shell growth are proposed. Our hypothesis is that the existence of nickel
hydrazine complex stabilizes the micelles resulting in the formation of hollow structure; silica
shell growths outwards the water oil interfaces due to the formation of hydrophilic silanol group.

An illustration of the proposed mechanism is given below (Figure 14).

§ N2Ha - : NHz H20
: ' TECS @

Figure 14: Scheme of proposed mechanism for cavity and pores formation

Firstly, micelles form within the oil phase following the addition of aqueous salt solution.
The dissolved nickel nitrate remains within aqueous environment of these micelles and hence
makes the microemulsion green in color. Subsequent addition of hydrazine formed Ni hydrazine
complex Ni(N,Ha),%*, which shows pale violet color [149]. The addition of ammonia, which
creates the basic environment, is able to reduce nickel ion by the reaction [60, 150, 151]:
Ni?*+N,Hs+40H =2Ni+N,+4H,0. The released gas bubbles were observed when adding

ammonia solution to the microemulsion, which indicates a nitrogen release from the reaction. It
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is noted that the reducing ability of hydrazine only occurs in basic environment, since the
standard reduction potential for hydrazine in basic solution is -1.16V which is lower than that of
Ni?* (-0.25) while the reduction potential of hydrazinium ion in acidic solution is -0.23V [152].
However, the pale violet color does not disappear after the addition of ammonia in this case,
which indicates that there is some extra nickel hydrazine complex existing in the system. The
nickel hydrazine complex stabilizes the surfactant shell via hydrogen bonding, resulting in a
reinforced oil/water interface membrane of reverse micelle and preventing it from collapse
during the sol-gel process of silica sources [153].

To verify our hypothesis that nickel hydrazine complex plays an important role in the
formation of hollow structure, synthesis with different chemical combinations are performed.
Without the addition of nickel precursor, non-hollow silica spheres are obtained (Figure 15-a),
indicating that hollow structures will not be formed without nickel species. Without addition of
hydrazine, 1nm nickel particles embedded in a dense but porous silica spheres are obtained
(Figure 13-a), indicating that neither nickel ion or nickel ammonia complex Ni(NHs)s”" is able to
stabilize micelles and form hollow structures. Without addition of ammonia, no uniform core
shell structure was formed. However, some of the hollow structures are formed (Figure 12-left),
which indicates nickel hydrazine complex is able to stabilize micelles to some extent. Figure 15
shows the fraction of hollow particle among all particles (including dense and hollow particles)
as a function of the nickel precursor concentration. When the concentration of Ni(NOs) is 0.1M,
only 20% of the SiO, has cavity structure. When the concentration of Ni(NOs), increases to 1M,
nearly all silica particles have cavity structures. Higher percentage of silica particle with cavity

structure at higher nickel loading could be explained by the presence of more Ni hydrazine
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complex to stabilize the micelles. 1M nickel nitrate is sufficient to achieve all particles with

cavity structure without resulting excessive nickel outside of the silica particles.
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Figure 15: TEM images of Ni@SiO, with different nickel nitrate concentrations with constant
volume 1.5mL: a) OM, b) 0.1M, c) 0.2M, d) 0.6M, e) 0.8M, f) fraction of particles with cavities
(counted particle number>100)

An alternative way to verify the hypothesis is to transform the non-cavity structure to
cavity structure by replacing Ni(NHs)s?* with Ni(N,H4),*". Large nickel particles (3nm) were
formed with the disappearance of the cavity structure when the addition order of hydrazine and
ammonia solution is changed (i.e. ammonia addition before hydrazine). The formation of
different nickel particle sizes could be explained by the different redox potential of Ni** (-0.25)
and Ni(NH3)e*" (-0.476). Ni(NHs)s>* (blue color) is formed immediately by adding ammonia
solution after nickel nitrate solution. A lower redox potential value means that the ion is more
difficult to be reduced to Ni particles; the reduction rate of Ni ammonia complex is much slower
than Ni ion. This is why when using the same amount of hydrazine, subnanometer Ni clusters
were formed because of the fast reduction, and 3nm Ni particles were formed because of the
slow reduction. Also Ni(NHz)s** is not able to stabilize micelle, hence no hollow structures were
formed in this case. However, the cavity structure can be formed again when the hydrazine
amount is increased dramatically from 1.5mL to 10mL (Figure 16) since ligands in nickel

ammonium complex are substituted by hydrazine ligands due to the hydrazine excess. It is noted
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that the core shell structures are no longer uniform since large hydrazine volumes (10mL) will

disturb the stability of the microemulsion system (50mL).

Figure 16: TEM images of Ni@SiO, with the various amount of hydrazine a) 1.5mL, b) 4mL,
c) 10mL

Our hypothesis that silica shell grows outwards from the interface is verified by a study
of the evolution of silica shell thickness with time (Figure 10), which shows silica shell thickness
increases with reaction time while the cavity size is constant. TEOS, which has non-polar
structure, diffuses from non-polar oil to react with water on the oil-water interface. Partially
hydrolyzed TEOS has hydrophilic silanol group. Since silanol group is hydrophilic, water is still
able to penetrate and diffuse through the hydrophilic interface to continuously react with fresh
TEQOS. In this way, we understand that silica grows outward from the water/oil interface, leaving

the cavity size unchanged.
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3.4 EXTENSION TO OTHER METALS

3.4.1 Monometallic Nanoparticles

To increase our understanding of synthesis mechanisms and to broaden availability of
materials for applications, other metal cores were synthesized by replacing the nickel nitrate
precursor with other metal salt precursors. Co@SiO,, Cu@SiO,, Pd@SiO, Ag@SiO, were
synthesized by using corresponding metal nitrate salt. The color of the powdered sample with
different metals before and after air calcination can be found in Figure 89. The synthesis

procedure can be found in appendix B.7.1.

Co@SiO, and Cu@SiO, both have cavity structures in the core; Ag@SiO; partially has
cavity structure, while Pd@SiO, only has non-hollow silica sphere structure. This could be
explained by the different reducibility of metals and coordination bonding between hydrazine
(Standard redox potential of Pd**=0.951>Cu?*=0.341>Ag"=-0.15>Ni’*=-0.257>C0?**=-0.28)
[154]. Noble metals are more easily reduced while the alkali metals are more difficult to reduce
(Figure 18). For example, palladium ion can easily be reduced by ammonia solution alone
without the addition of hydrazine, and a similar structure of Pd@SiO; is still obtained (Figure
90). Even though a small portion of Ag@SiO; has cavity structure, this brings the question of
obtaining more uniform cavity formation by simply adjusting reduction rate. Other metals such
as Sn, Fe and Pb could also possibly form cavity structure since their redox potentials are
between Cu®* and Co®*. However, the difficulty to obtain such a cavity structure might also be
avoiding the transient state of the same metal which is beyond the workable range. For example,

the redox potential of Fe?* is much lower than that of Fe** and is beyond the workable range.
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The concentration of metal salt solution does not determine whether the hollow structure
will be formed or not. Decrease in the metal salt will only result in more silica spheres without

metal cores (Figure 91 and Figure 92).

Figure 17: TEM images of a series of metal core silica shell: a) Co@SiO,, b) Cu@SiO;,
c) Pd@SiO,, d) Ag@SiO;
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Figure 18: Standard reduction potential of metal ions at 25°C [154]
3.4.2 Dual and Bimetallic nanoparticles

Ni@SiO, and Pd@SIO, that are synthesized following the same synthesis route possess
different structures. This inspired us to synthesize dual NiPd@SiO.. It is reported that bimetallic
FePt was formed by simultaneous reduction of Fe and Pt ions with hydrazine in a reverse
microemulsion system with Brij 52/56 and iso-octane [155]. Unfortunately, no bimetallic NiPd
particles form in our case when combining Ni(NO3), and Pd(NOs),; the different redox
potentials of Ni** (-0.257 ) and Pd* (0.951) prevent the two ions from being reduced at the same
time. Figure 19 shows dual NiPd@SiO, particles with different Ni/Pd molar ratios. The
NiPd@SiO; inherited the structural features of both Ni@SiO, and Pd@SiO,, in which the sub-
nanometer clusters coated on the inner wall of hollow structures are nickel particles and the large
particles (5-10nm) are palladium. A higher Ni/Pd molar ratio creates more core shell materials
with a cavity structure in the total population as expected, since Ni hydrazine complex is
responsible for the cavity formation.
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50" nm

Figure 19: (a) Pd/Ni=5.45:1 and (b) Pd/Ni=1:1 in dual Pd/Ni@SiO,

Bimetallic NiPd@SiO, can be synthesized using another synthesis route: two-step
synthesis. 3nm NiPd bimetallic particles protected by PVP are synthesized following a method
developed by Toshima group [156]. This synthesis procedure can be found in appendix B.8.1.
Next, the PVP-protected NiPd particles are transferred to a Stober solution consisting of an
ethanol-ammonia-water mixture to coat with silica. Figure 20 shows the HRTEM and lattice
spacing data of bimetallic NiPd particles. The (111) lattice spacing of the Ni/Pd nanoclusters
(0.214nm) calculated from HRTEM is between pure Ni (0.2035nm) and pure Pd (0.2283nm),
which indicates the formation of a NiPd alloy. Figure 21 shows the formation of a 50nm silica
shell on pre-synthesized bimetallic NiPd particles after the Stober reaction and the EDX
spectrum confirms the existence of both Ni and Pd species in silica particles. The disadvantage
of this method is that the silica shell thickness is not sensitive to the reaction time. 50nm silica
shell is formed even though the reaction time is only 30 minute instead of 20 hours (Figure 93).
The capability to synthesize bimetallic NiPd@SiO; opens opportunities to understand property

difference between dual and bimetallic NiPd nanoparticles.
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Figure 21: NiPd@SiO; by Stober method at different scales
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3.5 PROPERTIES

3.5.1 Porosity

3.5.1.1 Nitrogen sorption

One of the most important properties is the porosity of the support, which determines
whether the material can be used as a catalyst. The reactants (gas or liquids) need to be able to
diffuse though the torturous channels of support matrix to react with active components, which
are usually embedded or capped by such matrix. The higher porosity will facilitate the transport
of reactants and enable the surface reactions. The absence of pores or low porosity will block the
active sites of the catalysts or pose mass transfer limitation, which results in no or lower
reactivity of catalysts. The BET surface area and pore size distribution of core shell materials
with and without cavity structure in comparison with pure silica particles synthesized from

microemulsion system are measured from ASAP2020 instrument (Figure 22).
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Figure 22: (left) BET surface area and pore size distribution of Ni@SiO, with cavity structure,
non-cavity and pure silica; (right) TEM of the corresponding material

8nm indicates the dimension of the cavity structure, which is 8nm in diameter. The peak between
~20-30nm results from the interparticle void spaces between the spherical particles. By contrast,
there is only one big broad peak in the non-cavity and pure silica samples. The peak of the non-
cavity sample shift slightly to a larger pore size compared with pure silica sample since the non-
cavity particle (d~30nm) is slightly larger than that of pure silica particle (d~20-30nm). Figure
23-left also shows the pore size distribution and BET surface of the cavity-Ni@SiO, as a

function of silica shell thickness. All the core shell materials with cavity structure have the pore
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size at 8nm since they have similar cavity dimensions. The peak at ~20-30nm pore size shifts to
a higher value at thicker shell as expected since the increase in the diameter of the whole silica
particles creates a larger interparticle void space. The decrease in BET surface area at thicker
shell can be explained by a heavy overlapping of the silica matrix which blocks the pore

openings (Figure 23-right).
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Figure 23: (left) Pore size distribution and (right) BET surface area and pore volume of cavity
Ni@SiO, with different shell thickness

The ASAP2020 is not capable of detecting pore size distributions in microporous range
(<2nm) since the system does not have enough vacuum system to reach the pressure range less
than 0.01 P/P,. However, it still gives an accurate BET surface area for both micorpores and
mesopores. This is because the pressure range required to obtain data for total BET surface area
(0.05 to 0.3 P/P,) is much higher than that for micropore size distribution (10e” to 10 e P/P,).
To obtain the pore size distribution in microporous range, the samples are analyzed in
Quantachrome autosorbl instrument in NETL facility with collaboration with Dr. Fan Shi.
Figure 24 shows the pore size distribution in non-cavity core shell materials with different nickel

sizes and cavity materials with different shell thicknesses.
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Figure 24: Pore size distribution of microporous range in (left) both cavity and non-cavity
Ni@SiO; structure (right) different shell thickness

The pore size in the microporous range indicates the porosity of the silica shell. Figure
24-left shows not only that the core shell material with and without cavity structure have a pore
size around 0.8nm, but also that the non-cavity Ni@SiO, with different sized nickel particles
share the same silica pore size. This result indicates that the presence of nickel clusters
embedded in the silica matrix does not attribute to the porosity of silica shell. The silica pore size
is independent of the silica shell thickness in the cavity-Ni@SiO,, which could be explained by
the formation of silica pores via the removal of surfactants templates (Figure 24-right). Hence
the same type of the surfactant used in all synthesis creates similar pore structures independent of

the shell thickness or structure differences.

3.5.1.2 Accessibility of the cores-liquid phase

Not only are gases able to diffuse through the pores of silica shell, liquids are also able to
diffuse through the silica pores. Nickel cores can be etched away by HCI, H,SO, and HNO; at a
range of concentrations without compromising the structures of the silica shell. The nickel
loading and TEM images of materials after various etching times using different acids are given

in appendix from Figure 94 to Figure 97 in appendix C.1.1. The acids molecules are dissociated
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to the corresponding ions to diffuse through the silica pores and react with nickel. The ionic
diameters of CI, NO3 and SO,* are 0.36nm, 0.38nm, 0.49nm respectively [157]. The decreased
nickel loading as determined by EDX after etching with H,SO, in Figure 98 indicates that the
pore size of silica shell is at least 0.5nm since nickel particles inside of the shell have been

etched away. Figure 25 shows the TEM images of the intact core shell structure during etching

process.

Figure 25: TEM images of Ni@SiO, (a) before etching, (b) after etching for 1hr and (c) after
etching for 12hrs with HCI (3M 10mL)

Even though the liquids are able to diffuse through the silica pores, the initial nickel
etching rate of Ni@SiO; core shell materials is much slower than that of Ni/SiO, obtained from
impregnation method with external nickel outside of silica support (Figure 26). The difference of
etching rate, which is due to the small pores of silica shell, indicates a strong diffusion limitation
for core shell materials. The unchanged nickel loading after 5 hours etching can be explained by
the possible strong interaction between nickel and silica support. There are two possible
explanations for the higher final nickel loading of Ni@SiO, than that of nickel impregnated on
commercial silica support (>99.5%, 10-20nm silica spheres from Aldrich). The first is that
subnanometer nickel clusters are more likely anchored on the silica surface than large nickel

particles, which may lead to an etching resistance. The other possibility is that the silica surface
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derived from the microemulsion synthesis might lead to the higher interaction between nickel
and silica support.

EDX
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Figure 26: Nickel loading from EDX with various etching time using 3M 10mL HCI of Ni@SiO,
and IMP-Ni/SiO,

3.5.2 Crystallinity of nickel particles

The XRD patterns of Ni@SiO, with different structure and different nickel particle sizes
are shown in Figure 27. The broad peak between 20° and 30° is amorphous silica. No nickel peak
is detected in both cavity-Ni@SiO, and 2nm Ni@SiO, since the nickel crystal size is too small.
The characteristic peaks at 44.38° and 51.75° in 4nm Ni@SiO, sample correspond to planes Ni
(111) and Ni(200) according to JCPDS-ICDD 4-850. XRD needs to be performed immediately

after reduced since the nickel particles are easily oxidized after exposure to air (see Figure 100).
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Figure 27: XRD patterns of cavity-Ni@SiO,, non-cavity 2nm Ni@SiO, and non-cavity 4nm
Ni@SiO,

3.5.3 Reducibility and oxidation capability of nickel particle

TPR is employed to understand the particle size dependent reducibility as well as the
nickel particles in different configurations (i.e. attached but not encapsulated nickel in cavity
structure versus fully encapsulated nickel in non-cavity structure). There is no specific
temperature value, but rather a temperature range for the reduction peak for different nickel
species since the peak locations depend on many factors: the nature of nickel precursor [70],
support [70], nickel loading [158], incorporation method (impregnation, deposition-precipitation,
ion-exchange, etc) [159] and heating rate [160]. Table 2 lists the peak location for different Ni
supported silica materials from literature. In general, TPR peaks shift to lower temperature at
larger particles and shift to higher temperature with a stronger metal-support interaction [70, 158,

161, 162]. The peaks at a lower temperature range (between 200°~400°C) usually result from the
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reduction of bulk NiO to metallic nickel [163]; while peaks in the range between 400°C to
800°C denote nickel silicate species or the stronger nickel support interaction [70, 158, 161].

Table 2: TPR peak locations and assignments of nickel on silica catalysts from literature

Ramping rate

Sample Ni particle size (K/min) TPR peak max (°C) Peak assignments
@ Ni i 3970 i i
' Ni on MCM41 by wet- <3nmand 10nm 10 277~327, 527~627 bulk NiO 5277 327°C), small nickel particles
impregnation (527~627°C)
®) Nji/S I
N|'/S-|O_2 by deposition 3.5nm 10 610~770 strong interaction-nickel silicate formation
precipitation
© Ni onsilica by sol-gel 4nm 5 400~500, 700 n.a.
. . . larger particle (327°C), well-dispersed Ni with
@ .
Ni/SiO, by wet-impregnation 29.9 10 327,452 stronger interaction (452°C)
one broad peakat at
2.5nm 5 470 n.a.
© Ni/Si i ;
Ni/SiO, by wet-impregnation 5.7nm 5 ggg broad peak at na
10.2nm 5 320, 570 bulk NiO (320°C), nickel hydrosilicate(570°C)
large bulk NiO with little interaction with
O Ni/sio, by wet-impregnation na. 12 400, 500~550 support(400°C); small NiO stongly attached to
support (500°C)
® o
above catalyst after 900°C na. 12 new peak >600 deeper chemical interaction with silica support

calcination

Note: literature sources®[163],®[69],[164],¥[162],®[158],"[159]

Figure 28 shows the TPR of the cavity-Ni@SiO; as well as non-cavity Ni@SiO, with
two different nickel particles sizes. For comparison, the TPR profiles of IMP-Ni/SiO, and DP-
Ni/SiO; are also studied. There are two distinct peaks in all core shell materials (i.e. synthesis
from the microemulsion system). The peak at ~300-400°C is bulk NiO with weaker interaction
with silica support and the peak at ~400-500°C is from the NiO in intimate contact with the silica
support. There is only one low temperature peak in DP-Ni/SiO,, which indicates for nickel
particles located on the external surface of silica spheres weakly interacted with the silica support.
This peak becomes wider and shifts to even lower temperature (~200°-300°C) for IMP-Ni/SiO»,
which could be explained by a wide range of nickel particle distributions at larger sizes. Overall,

there are two types of NiO present for all nickel core shell materials while only one reduction
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peak at lower temperature region is present for DP-Ni/SiO,. The absence of a high temperature
reduction peak in DP-Ni/SiO, resulting from the stronger interaction between the metal and
support could explain the lower thermal stability of nickel particles in DP-Ni/SiO,. The

correlation between TPR and nickel stabilization are discussed in section 4.3.
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Figure 28: TPR as a function of nickel particle sizes in non-cavity Ni@SiO,, cavity-Ni@SiO,
DP-Ni/SiO; and IMP-Ni/SiO,
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The TPO of all core shell materials does not have any distinct peak in contrast with IMP-
Ni/SiO;, which has a wide TPO peak around 300°C (Figure 101 in appendix) [165]. A reason for
this could be nickel clusters that in core shell materials are easily oxidized after its exposure to

air at the room temperature.

3.5.4 Chemisorption

Three gases (N0, H, and CO) are commonly used as probe molecules to determine the
metallic surface area. Room temperature H, chemisorption is the most common technique to
determine the metallic surface area for nickel supported on alumina or silica catalysts. It is
reported that N,O and H; give comparable results for copper-based catalysts [166, 167]. Even
though the formation of Ni(CQO), at 298K limits the usage of CO as a chemisorption gas for
nickel catalysts, a number of researchers still use CO as a probe gas [67, 168]. It is also reported
CO chemisorption can be performed at 273K to avoid Ni(CO), formation [169]. Table 3 lists the
H, and N,O chemisorption results of cavity-Ni@SiO, and non-cavity Ni@SiO, as well as IMP-
Ni/SiO, and commercial HiFuel Ni catalyst. The metal dispersion (D% =96.7/dy; , nm) and
surface area based on nickel particle sizes determined from TEM images are also included in the

table for comparison.
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Table 3: H, and N,O chemisorption data for cavity-Ni@SiO,, non-cavity Ni@SiO,, IMP Ni/SiO,
and HiFuel Ni catalysts

H, Chemisoprtion N,O Chemisoprtion  Theoretical calculation
Metallic Metallic Metallic
Sample Ni loading| Disperson surface area |Disperson surface area |Disperson surface area
Q™) (M*/ghi) (M*/ghi)
Cavity <dy><1nm,20nmshell®| 1.20% | 1.30% 8.8 3.92% 26.08 96.70%  674.16
Cavity <dy><1nm,20nmshell®| 1.20% | 7.24% 48.2 16.90% 112.7 96.70%  674.16
Cavity,<dy><1nm,6nmshell® | 4.45% | 2.88% 19.2 1.03% 6.87 96.70%  674.16
Cavity,<dp;><1nm,6nm shell® | 4.45% n.a. n.a. 9% 59.9 96.70% 674.16
Non-cavity,<dy>=1.23nm 4.24% n.a. n.a. 670% 190 78.60%  548.10
Non-cavity,<dy>=1.95nm 6.70% | 3.00% 20.1 0.47% 3.12 49.50%  345.72
Non-cavity, <dy;>=4.12 nm 12.40% | 1.66% 11.04 1.61% 10.69 23.40%  163.63
IMP Ni/SiO,,<d\;>=20~30 nm 20% 1.23% 8.21 1.01% 6.75 4.83% 33.71
Commercial Hifuel Ni 10% 0.85% 5.62 n.a. n.a. 3.22% 2247

W-Gseparate runs for the same sample. Data provided by Dr. Fan Shi in NETL

One can see that the analyzed chemisorption value is much lower than the theoretical
calculated value. One of the reasons for this unreasonably low dispersion and metal surface area
could be inapplicable H, and N,O adsorption stoichiometry for core shell materials. It is reported
that the H/Nis=1 is only valid when nickel loading is higher than 3% and the nickel dispersion is
between 15~50% [169]. By comparison, the dispersion of cavity-Ni@SiO, and non-cavity
Ni@SiO, with small nickel particle sizes are well above the applicable dispersion range
according to theoretical calculated values. Another reason for the low chemisorption data could
be a strong interaction between the nickel and silica support, which prohibits or slows down the
adsorption process of probe gases. A number of researchers also reported that the dispersion of
small nickel particles (<5nm) is lower than 5% (Table 4) [124] [170] [171].

Besides the under-valued data, another observation is inconsistent results between repeat
runs and different probe gases. The reason for the discrepancy could be the nickel particles are so

small (<2nm) that H, and N,O absorb poorly on nickel surface. In contrast, the H, and N,O data

61



is comparable in non-cavity Ni@SiO;, with 4.12nm nickel particle size and IMP-Ni/SiO, since

they have sufficient nickel loading and nickel particles are large enough to coordinate with both

H, and N2. The dispersion of IMP-Ni/SiO; in our case is comparable with the reported data in

literature [162, 172]. Another reason for the inconsistent results between different runs in cavity-

Ni@SiO, could be the dynamic adsorption process. It is reported that that the amount of

irreversibly adsorbed H; on Ni/SiO; varies significantly depending on nickel crystallite sizes

[169].

Table 4: The dispersion and surface area per gram metal of the catalyst with different nickel

sizes and loading from literature

Nickel particle

Nickel loading Support = Probe gas  Dispersion

Metallic surface area

size from XRD (Mg
@2-3nm 5% Sio, co 37% 280
®) <5nm 3.70% AlO;, H, 2.20% n.a
® <5nm 11% AlLO, H, 2.80% n.a
®7nm 40% Al,O, H, 11% n.a
®16nm 75% Al,O, H, 5.40% n.a
©1.4nm layer 5% Al,O, H, 3.21% 2.29
@8 2nm 16.30% MgO H, 1% n.a
©21.8nm 3.90% Sio, H, 2.70% 0.59
® 2 6nm 3.60% Sio, H, 37% na
® 2 9nm 13.50% Sio, H, 41% n.a
©29.9nm 5% Sio, H, 2.80% 18.2

Note: Literature sources @[67], ®[124], ©[170], @[171], ©@[172], P[169],9[162]

The results suggest that we are currently not able to obtain the reasonable dispersion and

nickel surface area data for core shell materials via chemisorption technique. The possible

explanation could be the classic chemisorption model (i.e. H/Nis=1) is not applicable for sub-

nanometer nickel clusters.
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3.6 SUMMARY

The presence of an inert silica shell, which is supposed to prevent nickel particles from
sintering at moderate or high temperatures, motivates us to synthesize core shell materials. Two
types of core shell materials with the distinction of the cavity structure are introduced. The
uniqueness of our core shell material is the cavity structure and the formation of sub-nanometer
nickel particles sizes. The cavity structure in core shell material not only facilitates the
accessibility of nickel particles with reactants due to the open space, but also potentially
simplifies the diffusion pathway of reactants. The diffusion pathway in cavity Ni@SiO; is
consistent for all nickel particles while it varies in non-cavity Ni@SiO; since nickel particles are
dispersed through the entire silica matrix with different distances to the exterior surface. The
formation of sub-nanometer nickel particles not only provides high surface-to-volume ratio, but
also potentially possesses some unique catalytic properties due to increased active steps and
terrace sites. More importantly, the synthesis approach to achieve both cavity structure and sub-
nanometer nickel particles is simple and straightforward. Other single (Co, Pd, etc) or double-
metal (Pd/Ni, etc) cores are also easily obtained from this synthesis route, which opens up the
opportunities for a wide range of reactive system applications.

The presence of hydrazine and its addition before ammonia are crucial for the formation
of a cavity structure. The formation of a cavity structure is attributed to the formation of a nickel
hydrazine complex, which is able to stabilize micelles that lead to the cavity structure. We also

demonstrated the fine control over the key dimensional elements of core shell materials, such as
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silica shell thickness (~3-20nm), nickel particle sizes (~7nm), and shape of the particles. The
silica shell grows outwards from the water-oil interface in a positive relationship with reaction
time, TEOS amount, and ammonia concentration, yet is limited by the availability of water in the
microemulsion system. The well controlled core shell materials enable us to systematically

investigate size dependent catalytic properties as well as mass transfer limitation as a function of

shell thickness for future studies.
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40 THERMAL STABILITY OF CORE SHELL MATERIALS

We are able to fabricate core shell materials with controllable dimensions (i.e. nickel
particles size and shell thickness) in different configurations (i.e. cavity and non-cavity
structure). Now let’s study the thermal stabilities of core shell materials by understanding the
behavior of both nickel particles as well as porosity variation of silica shell at different
temperatures either in air or H,. The materials, which will be studied in this chapter, are non-
cavity structure with the particle size 1nm, 2nm and 4nm as well as cavity structure with the
particles size under 1nm. As comparison materials, nickel supported on silica materials from
wet-impregnation method (IMP-Ni/SiO;) as well as deposition-precipitation method (DP-
Ni/SiO;) were used. The materials are calcined at different temperature between 600°C and
1000°C. The heating rate is 20°C/min and the set-point temperature is held for 2 hours prior to
characterization. The samples, at different stages of the sintering process of the catalysts, are
characterized by BET, TEM, XRD and TPR. Finally, the stability of core shell materials and
IMP-Ni/SiO, were compared in reactive applications as catalysts for both ethylene hydrogenation

and CO methanation reaction systems.
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4.1 NICKEL PARTICLES

The stability of core shell material includes both the stability of nickel particles and the
silica support. Instability of nickel particles means the agglomeration from small particles into
large particles, which results in a loss of nickel surface area and decreased reactivity.
Understanding the stability of nickel particles in different configurations will help us to
understand their performance in more complex reaction systems, as well as help guide us to
design catalysts with a more enhanced stability.

Nickel sintering behavior is studied by calcining core shell materials in H, flow at
specific temperatures for 2 hours. Conducting thermal testing predominantly in a reducing
environment provides a worst case perspective of stability since nickel is less thermally stable in
H, compared to air due to the strong interaction between NiO and SiO, [173]. The average nickel
particle size as well as its size distribution after each temperature treatment is measured from
TEM nnn and XRD. One can expect the nickel particles in core shell materials to be more stable
than those in DP-NIi/SiO, due to the presence of a protective silica shell. A number of research
groups have demonstrated the efficiency of a silica shell for stabilizing metal particles at high
temperature [18-23]. However, these studies were only conducted on materials with single metal
core (above 5nm) larger than pore size of the support. The successful synthesis of a wide range
of nickel particle (from <lnm~7nm) enables us to compare nickel stability when its size is
smaller or comparable with silica support (pore size 0.8nm). Moreover, the introduction of core
shell with cavity structure allows us to compare nickel particles in different configurations (e.g.

the nickel particle interaction with the silica support depending on the degree of encapsulation).
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4.1.1 Non-cavity structure

4.1.1.1 Inm Ni@SiO,

The initial nickel particle size is narrowly distributed with the average particle size
1.23nm (Figure 29-al). The nickel particles grow slightly to 2.46nm after the thermal treatment
at 800°C and vacate to leave behind some cavity structures in the silica spheres (Figure 29-b1).
The newly formed cavity structure is the key difference between 1nm Ni@SiO, and 2nm
Ni@SiO,. When the size of nickel particles is smaller than silica pore size, they are able to easily
diffuse through the silica matrix and collide with neighboring nickel without disturbing silica
matrix. When the nickel particles are larger than silica pore size, their diffusion will induce the
reconstruction of silica matrix. From particle size distribution, one can see a small portion of
nickel particles in 1nm Ni@SiO, with sizes smaller than silica pore size while all nickel particles
in 2nm Ni@SiO, are larger than silica pore size (Figure 29-a2, Figure 32-a2). This could explain
why some cavity structure is newly formed in 1nm Ni@SiO, after 800°C treatments, which is
not observed in 2 nm Ni@SiO,. Even though the nickel particles seem to be fully encapsulated
with silica shell from the TEM image (Figure 29-al), it might still have some open space around
them since TEM image only gives us 2-D projection. One can imagine that a silica support with
such irregular tortuosity would hardly cover the regular-shaped nickel spheres without any space.
It is possible that one nickel particle diffuses though the matrix to “join” the neighboring nickel
and leaves an empty space. The newly formed larger nickel particle would remain in the same

position and yet would occupy more empty space (see Figure 30).
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Figure 29: TEM and nickel particle size distribution of 1Inm Ni@SiO; (a) before and (b) after
thermal treatment at 800°C for 2hrs in H;
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Figure 30: Scheme of the cavity formation during sintering for nickel particles smaller than
silica pore size

4.1.1.2 2nm Ni@SiO,

Since the diffusion of nickel particles through silica pores is observed when the nickel

particle sizes are smaller or comparable with the pore size of silica shell, the core shell material
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with initial nickel particle size slightly larger than silica pore size is studied. Figure 31 shows the
TEM images and particle size distribution of sintered nickel particles after thermal treatment at
different temperatures. There is hardly any discernible change of nickel particle size after
thermal treatment at 700°C. The distinction from 1nm Ni@SiO; is no cavity structure is
observed in 2nm Ni@SiO, since silica shell is more efficient to stabilize nickel particles when
their sizes are larger than the pore size. XRD also shows the corresponding nickel size growth
(Figure 32). No nickel peak is detected at 500°C since the nickel size is too small and below
XRD detection limit. The appearance of Ni (111) and (200) peaks after thermal treatment at
1000°C indicates the nickel size increase, which agrees with TEM observations. Another
interesting observation is that the sintered nickel particles move towards the center of the silica

particles to merge from multiple nickel cores to a single core.
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Figure 31: TEM and particle size distribution of 2nm Ni@SiO, before (a) and after thermal
treatment at (b) 700°C, (c) 800°C, (d) 900°C and (e) 1000°C for 2hrs in H,
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Figure 32: XRD pattern for 2nm Ni@SiO; before and after thermal treatment for 2hrs in H, at
800°C and 1000°C

4.1.1.3 4nm Ni@SiO,

The same trend of nickel growth in 2nm Ni@SiO, during sintering process is also
observed in core shell material with other larger nickel particle sizes. Figure 33 shows the TEM
pictures and particle size distribution of sintered nickel particles in 4nm Ni@SiO; after thermal
treatments. The increase in nickel particle size accompanies the merging multiple cores to a
single core towards the center of the silica particles. This trend is quantified in Figure 34 by the
temperature dependence of the percentage of the nickel core numbers in silica spheres. There is a
wide range of nickel core numbers at 500°C and 800°C. After 900°C, the majority of silica
particles only have single nickel core. After 1000°C, the silica particle is either in absence of
nickel particles or has only one nickel particle in the center. Some nickel particles diffuse out of

the silica shell resulting in nickel-free silica spheres.
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Figure 33: TEM and particle size distribution of 4nm Ni@SiO, before (a) and after thermal
treatment at (b) 700°C, (c) 800°C, (d) 900°C and (e) 1000°C for 2hrs in H,
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Figure 34: Fraction of nickel core numbers in silica particles for 4nm Ni@SiO, sample as
starting material (500°C, 2hrs in air) and after treatment in H, for 2hrs at 800°C, 900°C, 1000°C

XRD patterns for 4nm Ni@SiO, after different calcination temperatures agree with our
observation in the TEM pictures (Figure 35). The peaks become narrower and sharper at higher
temperature indicating the growth of nickel particles. At 1000°C, there are three diffraction
peaks at 44.5°, 51.8° and 76.4 ° indicating metallic nickel with cubic (FCC) structure, relative to
planes (111), (200) and (220). The nickel crystallite sizes were estimated according to Scherrer’s
equation based on the full width at half maximum (FWHM) of the plane (111) (Table 5).

Scherrer’s equation is described as follows [174]:

_ Ak
" (B-B,) cos(6)

Where D (A) is the mean diameter of the crystallite, 1=1.54A, k=0.89, B,=0.1°, and B is

the width at half maximum.
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The discrepancy between the average nickel particle sizes determined from TEM and
calculated from XRD patterns is less than 20%, hence validating the accuracy of nickel sizes

counted from TEM.
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Figure 35: XRD pattern for 4nm Ni@SiO, before and after thermal treatment for 2hrs in H, at
800°C, 900°C and 1000°C

Table 5: Average nickel crystallite sizes counted by TEM and determined from Scherrer
equation

Sample Orem (NM) dyrp from Scherrer Equation (nm)
500°C-2hrs 4.12 4.90
800°C-2hr 5.51 5.73
900°C-2hr 6.57 6.78
1000°C-2hr 7.36 7.28

4.1.2 Cavity structure

The key difference between core shell materials with and without cavity structure is
whether the nickel particles are fully encapsulated in the silica shell. Figure 36 shows TEM

images and temperature dependence of the particle size distribution of sintered nickel particles in
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cavity-Ni@SiO; after thermal treatment. Even though nickel particles are not fully encapsulated
by a silica shell, they are surprisingly stable and remain in the sub-nanometer range even after
thermal treatment at 800°C. This might be explained by a strong interaction between nickel and
silica support, which would inhibit the agglomerations of nickel particles. The nickel particles in
cavity structure grow to a single nickel core after 900°C, similar to 2nm Ni@SiO,. However, the
difference between cavity and non-cavity structure is that the sintering of nickel particles in
cavity structure will not modify the diffusion pathway through silica shell. The XRD patterns
agree with our observation in TEM pictures (Figure 37). No nickel peaks are detected in XRD
until 900°C since nickel particles are too small to be detected [175]. The sharper Ni (111) and
(200) peaks are detected at 1000°C, which indicates an increase in nickel particle size. The
sintered nickel particle size in cavity sample at 1000°C is comparable with that of 2nm Ni@SiO,,
which is much smaller than that of 4nm Ni@SiO,. This indicates the particle size during the
sintering process highly depends on the nickel loading (i.e. higher nickel loading will result in

larger sintered particles).
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Figure 36: TEM and particle size distribution of cavity-Ni@SiO, before (a) and after thermal
treatment at (b) 600°C, (c) 700°C, (d) 800°C, (e) 900°C and (f) 1000°C for 2hrs in H,
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Figure 37: XRD pattern for cavity-Ni@SiO, before and after thermal treatment for 2hrs in H, at
800°C, 900°C and 1000°C

Nickel particles in cavity structure have similar thermal behavior with those in non-cavity
structure. However, the difference between these two structures is the changed location of
sintered nickel particles, which might result in the elongated diffusion pathway in non-cavity
structure (see Figure 38). Nickel particles agglomerate into a single nickel locating more towards
the center of silica particles in non-cavity structure, while the sintered nickel remains in the same
spot in cavity structure. Additionally, the cavity structure facilitates the diffusion of reactants

from different directions since reactants diffuse much faster though the cavity than porous solids.

78



Figure 38: Scheme of the nickel particle sintering in (above) non-cavity Ni@SiO, (bottom)
cavity-Ni@SiO,
TEM images of core shell materials after thermal treatment in air can be found in

appendix (Figure 102).

4.1.3 Ni/SiO, from deposition-precipitation (DP-Ni/SiO,)

To compare nickel sintering behavior, DP-Ni@SiO, material was thermally treated at the
same temperatures as core shell material. The synthesis procedure of DP-Ni@SiO, can be found
in appendix B.1.2. The initial nickel particles (<2 nm), with comparable size to that of cavity
Ni@SiO,, are located on the external surface of silica shell (Figure 39-a). The sintering of DP-
Ni@SiO; occurs as low as 500°C, in which nickel particle size significantly increases to around

12 nm.
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Figure 39: TEM images and particle size distribution of DP-Ni@SiO, (a) before and (b) after
thermal treatment at 500°C for 2hrs in H;

It is clear that the presence of silica shell significantly suppresses the nickel sintering.
Regardless of cavity or non-cavity structure, the nickel particles are stabilized under 5nm at
800°C and are maintained well below 10nm at 1000°C. In contrast, the nickel particles sinter

strongly above 10nm at temperatures as low as 500°C in DP-Ni/SiO, material.
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42  SILICA SHELL

Our next question pertains to changes in the silica structure after thermal treatment.
Specifically, will the diffusion of the nickel particles that are larger than silica pores in non-
cavity core shell material will affect the silica structure or not?

Figure 40 shows the BET surface area, porosity, and pore size distribution of silica in
non-cavity core shell structure after different thermal exposures. There is a decrease in BET
surface area and micropore volume with the increasing temperatures as expected due to the
sintering of silica pores. Surprising, the silica pore diameter does not shift after different
temperatures exposures, meaning that diffusion of nickel particles through pores does not force
pores to become wider despite the larger size of the particles. However, the peak area does
decrease, which indicates a loss of microporous surface area due to pore collapse. It is noted that
the sintered nickel particle size (>2nm) in the non-cavity core shell material is always larger than
the pore size of silica shell (< 2nm) during the sintering process, which indicates that the silica
shell is not able to constrain the growth of the nickel particle to its own pore size. The increase in
nickel particle size beyond the pore size of silica shell could be attributed to the structure
rearrangement of the support material. Sehested also observed that the nickel particle size grows
beyond the pore size of alumina support with no indication that the final size of sintered nickel

particles will be equal to the pore size of the carrier [134].
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Figure 40: (left) BET surface area and pore volume (right) pore size distribution of silica shell
in non-cavity Ni@SiO; after different calcination temperatures

After studying the robustness of silica support at different temperatures, long term
stability of the materials was also studied. The material is heated under H; flow at 800°C from 2
hours to 12 hours. The pore size and the pore volume do not change significantly for non-cavity
Ni@SiO,, and the BET surface area only decreases slightly from 129m?/g to 124m?/g (Figure
41-left). The BET surface area of cavity-Ni@SiO, with different shell thickness as a function of
temperature and time can also be found in appendix E.1.2. A similar trend of the minor BET
surface area reductions of non-cavity Ni@SiO; is also observed. The pore size distribution in the
silica shell in non-cavity Ni@SiO; is also similar to cavity Ni@SiO, after thermal treatment at
800°C for 12 hours (Figure 41-right). This indicates the reconstruction process of the silica shell

is not affected by the presence of the embedded nickel particles.
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Figure 41: Pore size distribution of silica shell in (left) non-cavity Ni@SiO, after thermal
treatment at 800 < for 2hrs and 12hrs; (right) both cavity and non-cavity core shell materials
after thermal treatment at 800 <C for 12hrs

43 REDUCIBILITY

To further understand the nickel sintering behavior for different morphological
configurations, the TPR of core shell material with and without cavity structure as well as DP-
Ni/SiO, after the thermal treatment at the corresponding temperatures is studied (Figure 42-
Figure 44). Based on our interpretation of TPR in section 3.5.3, the lower temperature peak (300-
400°) is assigned to the reduction of bulk NiO while the peak at higher temperature (400- 500°C)
is either assigned to a strong nickel-support interaction or the formation of nickel silicate. One
distinct difference in TPR between core shell materials and DP-Ni/SiO, before thermal treatment
is the absence of the higher temperature peak in DP-Ni/SiO,. There are two peaks in core shell
materials regardless of the cavity structure. It is well known that stronger metal support
interaction facilitates the stabilization of metal particles [176]. The absence of this nickel-support
interaction in DP-Ni/SiO, could explain why the nickel particles are so easily sintered as low as

500°C.
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The general trend of TPRs in non-cavity 4nm Ni@SiO, is the peaks shift to lower
temperature, which is also observed in DP-Ni/SiO,. The lower temperature peak shift could be
explained by the increased nickel particle size with increasing temperature. The exception is the
appearance of a new peak at 1000°C, which could be attributed to a strong chemical interaction
between nickel and the silica support after calcination at 1000°C [159]. TPR for cavity-
Ni@SiO, also shifts to left at higher temperature due to the growth of the nickel particles. The
difference between core shell materials with and without cavity structure is the peak shifts to
higher temperature for the cavity sample at 800°C while the peak shifts to lower temperature for
the non-cavity sample. One explanation for this higher temperature peak shift is the possible
presence of another form of nickel silicate after annealing small sized nickel (<2nm) with silica
in the cavity structure. A similar trend is also observed by Yoshida that the reduction peak shifts

to higher temperature after calcination temperature at 800°C [161].
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Figure 42: (left) TPR profile and (right) particle size distribution of 4nm Ni@SiO, before and
after thermal treatment at 800°C, 900°C and 1000°C for 2hrs in H,
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Figure 43: (left) TPR profile and (right) particle size distribution of cavity Ni@SiO, before and
after thermal treatment at 800°C, 900°C and 1000°C for 2hrs in H,
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Figure 44: TPR profile of DP Ni/SiO, before and after thermal treatment at 800°C for 2hrs in H,
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The TPRs are compared as a function of temperature and time. The TEM pictures and
particle size distributions of non-cavity Ni@SiO; after thermal treatment at 800°C from 2 hours
to 12 hours can be found in Figure 104. The TPR of the samples treated at the corresponding
conditions are shown in Figure 45. There is a decrease in the TPR peak area which corresponds
with the nickel sintering process from 2 hour to 12 hours. A reduction of peak area, which

indicates that less nickel particles are able to be reduced, suggests the formation of larger nickel

particles.
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Figure 45: TPR and particles size distribution of 4nm Ni @SiO, calcined in H, at 800°C for
2hrs, 5hrs and 12hrs.

Overall, the TPR peak at lower temperature region becomes more dominate with
increasing calcination temperatures as nickel particles grow. However, there is an exception at
1000°C where a deeper chemical reaction possibly occurs resulting in the formation of new
nickel-silica species. The particle size dependent nickel support interaction, which is weaker in

larger nickel particles than smaller nickel particles, is responsible for the shift of TPR profiles.

86



Besides that, less nickel particles are able to be reduced at a larger size which suggests that

smaller sized nickel particles have higher reactivity.

4.4 REACTIVE APPLICATION

4.4.1 Ethylene hydrogenation

The ethylene hydrogenation reaction is an exothermic and structure insensitive reaction.
The reaction is performed in a fixed bed reactor with a contact time 0.08s to investigate the
reactivity and thermal stability of the Ni@SiO; core shell materials. The total flow rate is 100
cm® min-1 with the volumetric ratio C,Ha:H,:He=1:3:6. The nickel mass is constant at 4.8mg for
each run. As a comparison catalyst, IMP-Ni/SiO, was synthesized from conventional wet-
impregnation method following the procedure in appendix B.1.1. The detailed experimental
procedure can be found in section 2.3.2. The catalyst reactivity in terms of ethylene conversions
is plotted as a function of reaction temperature (Figure 46). The ignition of the reaction on
Ni@SiO, occurs at room temperature and is much lower than that of IMP-Ni/SiO, by 20°C
difference. This indicates hollow Ni@SiO, is more reactive than IMP-Ni/SiO,. The high
reactivity of Ni@SiO; is likely a result of the formation of small sub-nanometer nickel clusters,
which facilitates a much higher active surface area than the conventional catalyst. Besides its
high reactivity, the Ni@SiO, also shows high stability at elevated temperatures. After 12 hours
thermal treatment at 700°C, the reactivity of Ni@SiO, was maintained while the conventional
catalyst quickly deactivates to a high degree. This deactivation of conventional catalyst is

resulted from particle sintering from 20nm to 50nm (Figure 47).
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Figure 46: Ethylene conversion measured at different temperatures for Ni@SiO, and IMP-
Ni/SiO, before (calcined in air at 500°C for 2hrs) and after thermal treatment in air at 700°C for

12hrs

Figure 47: TEM images of IMP-Ni/SiO, (a) before and (b) after thermal treatment in the air at

700°C for 12hrs.

4.4.2 CO Methanation

To further demonstrate the thermal stability of the core shell materials, the core shell

material with and without cavity structure as well as the comparison catalyst IMP-Ni/SiO, were
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tested in the CO methanation reaction. CO methanation is an exothermic reaction and carbon
formation due to methane dissociation is a challenging issue when using nickel catalysts. The
reaction is performed in a fixed bed reactor at 450°C for 1 hour with the contact time 0.12s. The
total flow rate is 12.5 mL min™ with volumetric ratio CO: H,: He as 1:3.6:10.8. A nickel mass
(1.5mg) is maintained the same for each run. The detailed experimental procedure can be found
in section 2.3.3. The reactivity of core shell materials and conventional IMP-Ni/SiO, before
(solid line) and after 12 hours thermal treatment at 800°C (dashed line) are compared (Figure 48).
The higher initial reactivity of Ni@SiO, compared with that of IMP- Ni/SiO, can be attributed to
the smaller nickel particles (<2nm) in both core shell materials which result in larger nickel
active surface area. Another distinct difference in reactivity between these three catalysts before
thermal treatment is the decreasing reactivity in IMP- Ni/SiO, with reaction time, while the
reactivity of both core shell materials is maintained. The deactivation in IMP-Ni/SiO; results
from carbon formation on nickel surface since methane is a primary product. The formation of
whisker carbon on the deactivated IMP-Ni/SiO; confirms this (Figure 49-left). A similar
decreasing reactivity is observed in non-cavity Ni@SiO; as well as IMP-Ni/SiO, after thermal
treatment. An in-situ TPO is performed following each reaction test to qualitatively compare the
amount of carbon formation. A significant amount of CO, is detected for the deactivated
catalysts while no CO, is observed for cavity-Ni@SiO, after reaction (Figure 49-right), which
indicates there is no coke formation on cavity-Ni@SiO,. The suppression of coke formation is
due to the small nickel particles (<5nm) in core shell materials [10, 45, 177, 178]. Another
reason for the reduced coke formation is the strong nickel-support interaction, which might slow
down the CH,4 chemisorption rate nickel surface [179-181]. The TPR peak shifts in Figure 42 and

Figure 43 indicate the stronger metal-support interaction in cavity Ni@SiO, compared to non-
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cavity Ni@SiO, after thermal treatment at 800°C for 12 hours, which could inhibit the carbon
formation on sintered cavity Ni@SiO,. Besides the catalyst deactivation due to carbon formation,
the initial reactivity of non-cavity Ni@SiO, and IMP-Ni@SiO; after thermal treatment decreases
significantly while the reactivity of cavity Ni@SiO, remains the same before and after thermal
treatment. The decrease in reactivity of IMP-Ni@SiO; is due to the loss of nickel surface area
during sintering process. The reason for the reduced reactivity of non-cavity Ni@SiO, after
thermal treatment could be explained by mass transfer limitations of reactants in addition to the
nickel surface area loss. The mass transfer limitation is due to the elongated diffusion pathway
when nickel particles migrate to the center of silica particles during sintering process (see Figure
38). In contrast, the unchanged reactivity of cavity Ni@SiO; is due to the stable sub-nanometer

nickel clusters after thermal treatment as well as the unaffected diffusion pathway of the

reactants.
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Figure 48: CO methanation reaction over cavity Ni@SiO,, non-cavity Ni@SiO,, and

conventional impregnated Ni/SiO, (IMP-Ni/SiO,) before (solid line) and after (dashed line)
thermal treatment at 800°C for 12hrs
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Figure 49: The TEM image of IMP-Ni/SiO, after the CO methanation reaction (left); CO, signal
of TPO after CO methanation reactions of cavity-Ni@SiO,, non-cavity Ni@SiO, and IMP-
Ni/SiO, after thermal treatment at 800°C for 12hrs (right)

45 SUMMARY

We demonstrated highly stable nickel catalyst by encapsulation nickel particles with
silica shell. The nickel particles are stabilized under 5nm even at 1000°C while there is a
dramatic size increase in nickel particles in DP-Ni/SiO, as low as 500°C. The silica shell
significantly decreases the nickel sintering rate. However, major differences are observed in core
shell materials with different nickel particle sizes and configurations depending on the presence
of cavity structure. The results suggest that core shell material with cavity structure is the most
desirable configuration in terms of thermal stability since the slight agglomeration of nickel
particles will not interfere the silica structure or the diffusion pathway of the reactants. The core
shell material with nickel particles size (~1nm) smaller than silica pore size is the least stable
among core shell materials since nickel particles easily diffuse through silica matrix. Even

though a larger silica pore diameter could facilitate transport of the reactants, one should be
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aware of the trade-off between the stability and mass transfer. The diffusion of nickel particles
with smaller size than silica pore size suggests that larger pores are not desired for stabilizing
small sized nickel particles. The benefit of stabilizing nickel particles is not only to maintain its
active surface area and reactivity, but also to retain its unique property such as high coking
resistance only when nickel particles are under 5nm. Overall, the results suggest that the core
shell material would be a good candidate for a high temperature fuel processing catalyst due to

its high temperature stability and its potential for coking resistance.
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5.0 STABLE AND COKING RESISTENT CPOM CATALYST

We demonstrated previously the enhanced stability of Ni@SiO, in ethylene
hydrogenation and CO methanation reactions. The significance of synthesizing and stabilizing
nickel particles under 5nm to suppress coking formation is also mentioned in last chapter. Our
next focus it to test core shell materials in CPOM reactive system. There are several reasons why
we chose CPOM as a test reaction. First, the reaction itself is one of emerging industrial
processes for hydrogen production. It is a much less energy intensive process compared with
steam reforming of methane since it is a mildly exothermic process. Second, the product syngas
ratio (H,/CO=2) is also suitable for the downstream Fischer—Tropsch reaction. Third, nickel is a
well-researched and popular catalyst for the reaction with decent reactivity and affordable prices
compared to noble metals such as Pt, Rh, or Ru [16, 27, 121-123, 133, 182-189]. Fourth, the
thermodynamically favored high temperature operation condition of CPOM reaction allows
further investigations of the stability of the core shell materials. Fifth, the deactivation of nickel-
based catalysts due to coking is a critical issue for this reaction. In this chapter, we will discuss
the structure dependent stability and coking behaviors of core shell materials in comparison with
IMP-Ni/SiO,, sol-gel Ni/SiO, and commercial steam reforming HiFuel nickel catalyst. The
synthesis procedures for IMP-Ni/SiO; and sol-gel Ni/SiO, can be found in appendix B.1.1 and

B.1.3.
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5.1 CATALYST CHARATERIZAION

Morphologies of catalysts used in the CPOM reaction and the porosity information of the
silica support are shown in Figure 50. Small nickel clusters (<2nm) decorate the inner wall of the
silica shell in Ni@SiO,. There is a pronounced cavity structure centered in the particle with 8nm
silica shell thickness. This “nanobubble” structure is confirmed by its pore size distribution. The
peak at 8nm, which agrees with the dimensions of cavity structure, confirms the presence of
cavity structure. The peak between 20nm to 30nm is from the void space between the silica
spheres. The nickel particles in sol-gel Ni/SiO,, which are about 3nm, are embedded in silica
matrix. The silica matrix has irregular mesopores (5nm and 12nm) which render the nickel
particles highly accessible by reactants. In IMP-Ni/SiO,, the broad peak between 20nm to 40nm
is from the void space between silica spheres. All the above nickel silica supported catalysts
exhibit a high surface area (>200 m?/g). Figure 51 shows the TEM image and the chemical
composition of HiFuel nickel catalyst, of which the support is calcium-alumina oxide. The nickel

loading of each sample, as determined by EDX, is included on each individual TEM picture.

94



T T T T T -1 - TR %
008 - C avity-Ni@Sio _ a1

006 | BET=239 mYy T, O
004 | 54

002

000 F _‘i

008 Sol-Gel i
BET=319 m7g

3

Pore Volume (cm™/g nm)

006

on4

002 jhi

S ()
Uni

000 L

DDB 1 1 1 1 1 s
IMP-Ni/SiO

BET=206 m¥g

on4 +

002

000

1 Q01 1)

0 10 20 30 40 50 60
Pore Width (nm)

Figure 50: TEM images, pore size distribution and BET surface area of (a) core-shell Ni@SiO;
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The nickel crystallite information of Ni@SiO,, IMP-Ni/SiO, and sol-gel Ni/SiO, were
shown in Figure 52. Nickel clusters in Ni@SiO, are too small to be detected by XRD. The broad
and weak Ni (111) peak in XRD spectrum indicates the small sized nickel particles in sol-gel

Ni/SiO, catalyst. In contrast, the sharp Ni (111) and (200) peaks of IMP-Ni/SiO, indicate the
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formation of large nickel particles (~20nm). The nickel particle size calculated from the Scherrer

equation based on Ni (111) at 44.38°and Ni (200) at 51.75° agrees with our observation in TEM

images (Table 6).
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Figure 52: XRD patterns of catalysts (IMP, sol-gel and core-shell) before reaction

Table 6: Nickel particle size from TEM images and calculated from Scherrer equation based on
two peaks at 44.38° and 51.75° in XRD pattern

TEM (nm) Peak Location XRD from Scherrer
Sample ni (degree) Equation (nm)
44. 38 3.60
Sol-Gel s 51.75 4. 30
e 44. 38 20. 50
IMP Ni/Si02 19.8 5175 13, 90

TPR is also employed to understand the nickel reducibility in different catalysts (Figure

53). There are two distinct peaks in all silica supported nickel catalysts. The peak at lower

temperature is assigned to the bulk NiO and the higher temperature peak is coming from the

nickel-silica interaction. The peak ratio between the high temperature peak and the lower

temperature peak decreases with the increasing nickel particle size as expected. The reduction

peaks in HiFuel catalyst with calcium-alumina oxide support locate at a much higher temperature,

which suggests a stronger nickel support interaction.
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Figure 53: TPR profiles of different catalysts of core-shell, sol-gel, IMP and HiFuel Nickel
catalysts

5.2 REACTIVITY

The catalytic activities of different nickel silica supported catalysts are compared with
state-of-art HiFuel catalyst with the same nickel mass (1.2mg) and the space velocity (6551h™)
(Figure 54). The conversions of methane for core-shell and sol-gel nickel catalysts, which is
similar with the HiFuel catalyst, are very close to equilibrium curve as low as 800°C, and they
reach complete methane conversion at 900°C. In contrast, methane conversion for IMP nickel
catalyst is below 40% at 900°C and only reaches 60% at as high as 1100°C. Besides the high

reactivity of core-shell and sol-gel catalysts, they also have comparable CO selectivity with
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HiFuel nickel catalyst, which reaches the equilibrium levels during the whole range of operation.
The high reactivity and selectivity of core-shell and sol-gel catalysts are attributed to the
presence of small sized nickel particles, which provide much higher active nickel surface area

than IMP-Ni/SiO,.
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Figure 54: CH,4 conversion and CO selectivity of core shell, sol-gel, IMP and HiFuel nickel
catalysts at 400-1100 < (feed in gas CH4/O,=2)

Besides the core shell material with cavity structure, the reactivity and selectivity of non-
cavity core shell materials with various nickel particle sizes were also studied (Figure 55). The
lower reactivity and selectivity of non-cavity Ni@SiO, compared with cavity-Ni@SiO, is a
result of the limited mass transfer of reactants in the silica structure. One of the important steps
during a catalytic reaction is the transport of the reactants through the porous support media to
the active components. The longer diffusion pathway of reactants from outer surface of the
support to the active components would slow down the overall reaction, leading to a lower
reactivity. In non-cavity structures, the nickel particles are dispersed though the entire silica
particles from the edges to the center, which generates several different diffusion pathways for
reactants. The dimension of silica particles is about 24nm in non-cavity core shell material,
which means the longest pathway for reactant could be as far as 12 nm assuming there is no

tortuosity in non-cavity and cavity structures. In contrast, the nickel particles which are coated on
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the inner wall of silica shell in cavity structure have the same distance to the outer surface of the
support. Since the diffusion pathway in non-cavity structure is much longer than that in cavity
structure (4nm), this could explain why their reactivity is much lower than that of cavity
structures. Additionally, the reactivity and selectivity of non-cavity 3nm Ni@SiO, is lower than
that of 1nm Ni@SiO,. The reason for this could be the nickel particles sitting towards the edges
of silica particles are more accessible by reactants. The population of small, highly reactive
nickel particles close to the edge of silica particles in 1nm Ni@SiO, is much higher than that of
3nm Ni@SiO,, which results in a shorter total diffusion pathway of reactants and hence a higher
reactivity (see Figure 13). A more detailed discussion of the impact of the diffusion pathway on

the reactivity will be found in section 6.3.3.
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Figure 55: CH,4 conversion and H, selectivity of cavity-Ni@SiO,, non-cavity 1nm Ni@SiO, and
3nm Ni@SiO; at different temperatures (feed in gas CH4/0,=2)

5.3  STABILITY

The superior thermal stability of core shell materials was demonstrated in a reducing

environment (H, flow) in Chapter 4.0 in which nickel particles are stabilized under 5nm at
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temperatures as high as 1000°C. This motivates us to further test the stability of core shell
materials in reactive stream at high temperature condition. The on-stream stability of core shell
material in comparison with unprotected nickel supported silica material will be tested in CPOM
reaction operated at 800°C for 10 hours as well as multiple start-up and shut-down cycles. It is
expected that the reactivity of the core shell material will not change at those conditions due to
the stabilization of nickel particles and silica structure at 800°C, while deactivation occurs with

unprotected nickel supported silica material due to the sintering.

5.3.1 Long time on-stream operation

The long term thermal stability of sol-gel Ni/SiO,, core shell materials with and without
cavity structure is compared with a stoichiometric ratio (CH4/O,=2) of CPOM at 800°C for 10
hours. Figure 56 shows the reactivity and selectivity as a function of time as well as the TEM
images of the corresponding catalyst after the reaction. While a strong deactivation is observed
in sol-gel Ni/SiO; and non-cavity Ni@SiO,, the reactivity and selectivity of cavity-Ni@SiO;
remains constant during 10 hours of operation. The deactivation in sol-gel catalyst is due to a
severe sintering of nickel particles, which are embedded in silica matrix rather than being
isolated by silica shell. The sintered nickel particles in sol-gel catalyst are ~10 nm in size, which
is much larger than that of cavity-Ni@SiO, after reaction. The sharper Ni peaks of sol-gel
catalyst in XRD after reaction shown in Figure 57-left confirms the significant increase in nickel
size. In contrast, the nickel particles in cavity Ni@SiO, catalyst still remain under 5nm after
reaction, which is indicated by the broad peak at Ni (111) with the absence of Ni (200) and Ni

(220) peaks in XRD pattern (Figure 57-right). There are two reasons for the stability of the small
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nickel particle sizes in cavity-Ni@SiO,: one reason is that the nickel loading is sufficiently low
and the second reason is that the presence of the silica shell prevents nickel particles from
sintering.

The deactivation of sol-gel Ni/SiO; is expected since there is no protection for nickel
particles. However, it is surprising to see there is a decrease in reactivity of non-cavity core shell
material during the first 3 hours subsequently followed by a sudden drop. The deactivation
cannot be simply explained by the nickel sintering since the sintering of nickel particles is
significantly slowed down by the presence of silica shell and the nickel particles only slightly
grow from 5.51nm to 6.16nm at 800°C from 2 hours to 12 hours (Figure 104 in appendix). The
gradual decrease in the first three hours is due to the slow increase in nickel size. Yet during the
sintering process, the multiple nickel cores also agglomerate into single nickel core by migrating
towards the center of the silica particles and hence elongating the diffusion pathway of the
reactants (see Figure 38). In addition, O,/CHy, is likely higher towards the center of silica
particles than the edges due to the preferential O, diffusion. More detailed discussion regarding
the preferential O, diffusion versus the silica shell thickness will be found in section 6.3.3. An
oxygen rich environment allows the nickel particles to be more easily oxidized. The abrupt
deactivation observed could hence be explained by the formation of NiO resulting from the
elongated diffusion pathway during sintering process. The NiO formation is confirmed by the
catalyst color change from black (Ni) to grey (NiO) after reaction. Once the nickel is oxidized,
the reactivity and selectivity dropped significantly to the same level as the fully oxidized catalyst.
In CPOM reaction, metallic nickel is the active component and is responsible for high reactivity
and selectivity. Deactivation from NiO formation during the CPOM reaction is quite common

[130, 132]. Kishida’s group also observed a dramatic decrease of catalyst reactivity after just 1
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hour reaction time due to the formation of NiO, which was confirmed by the XANES spectrum

[132].
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Figure 56: (left) Methane conversion, H, and CO selectivity of (a) sol-gel (b) non-cavity
Ni@SiO, (c) cavity-Ni@SiO, at 800<C for 10hrs on-stream reaction (CH./O,=2, contact
time=0.15s); (right) TEM images of the corresponding catalysts after reaction
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Figure 57: XRD pattern of (left) sol-gel Ni/SiO, (right) cavity-Ni@SiO, before and after
reaction for 10hrs at 800°C

5.3.2 Cyclic operation

To further test the stability of core shell materials, several start-up and shut-off cycles
were also conducted. Cyclic operation is both a realistic practice in industry operation and a
worst case test for stability through multiple ignition and extinction cycles. One of the reasons
for this is that multiple cycles enable us to study other factors affecting catalyst stability, such as
the changes in Ni oxidation state during the operation or water condensation on silica structure
during cooling.

The reactivity of cavity Ni@SiO, does not change up to the 12th cycles (Figure 58-a).
However, the reactivity of non-cavity Ni@SiO, with Inm Ni or 3nm Ni decreases significantly
in the second cycle (Figure 58-b, c). The deactivation of non-cavity Ni@SiO; is likely due to the
formation of NiO. After undergoing a 1* cycle at as high as 1000°C, the agglomerated nickel
particles move towards the center of silica particles. Figure 59 shows that well-dispersed nickel

clusters in non-cavity Ni@SiO, agglomerate and move towards the center of silica particles after
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the 1% reaction cycle. The altered diffusion pathway of reactants accompanying with nickel
sintering makes the nickel particles more susceptible to oxidation. In contrast, nickel sintering of

cavity Ni@SiO; does not affect the diffusion pathway.
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Figure 58: CH, conversion of cavity-Ni@SiO,, non-cavity 1nm Ni@SiO, and 3nm Ni@SiO,
during multiple cycles (feed in gas CH4/0,=2)

Figure 59: TEM pictures of 1nm Ni@SiO; (left) before the reaction and (right) after the 1st
cycle of the reaction

54  COKING RESISTANCE

Another challenge for nickel based catalyst applied in CPOM reaction is coking. We
tested both cavity-Ni@SiO, and commercial HiFuel Ni catalyst in a severe fuel rich environment

(CH4/0,=3) at 800°C to study their coking behavior. Commercial HiFuel catalyst is designed for
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higher coking resistance through the high basicity of the support via the addition of Ca and an
enhanced metal-support interaction as suggested by TPR in section 5.1. It is reported that the
stronger metal-support interaction is beneficial for decreased carbon deposition [179-181]. The
reason could be that the stronger chemical bonding between Ni and the support prevents the
detachment of the nickel from the support, thereby preventing the formation of carbon filaments.
However, the HiFuel catalyst could not survive from coking at our fuel rich reaction condition
(CH4/0,=3) even though its nickel-support interaction is stronger than that in cavity-Ni@SiO, as
measured in TPR. The outlet flow rate decreases within ten minutes after the HiFuel catalyst is
exposed to the reactant stream and drops to 70% after 20 minutes, indicating a reactor blockage
by severe carbon formation (Figure 60-right). A TEM image of HiFuel catalyst after the reaction
indicates that both graphic carbon and whisker carbon are formed (Figure 61). In contrast, the
activity and selectivity of the core shell material remain constant over five hours of operation
(Figure 60-left). A decrease in methane conversion is observed at 5th hour when the CH, to O,
ratio is changed from 2.5 to 3, while minimal change of CO selectivity occurs. This decrease in
methane conversion, which is also reported by other researchers, is attributed to the increased
methane partial pressure [190, 191]. Based on stoichiometric calculations for solely CPOM
reaction, the maximum conversion of CH, increases from 0.67 to 0.8 with the decreased feed in
ratio CH4/O, from 3 to 2.5. The agreement of the experimental results with stoichiometric
calculations indicates the absence of carbon formation on core shell catalyst from methane
decomposition reaction. To qualitatively compare the amount of carbon formation on the nickel
surface, in-situ TPO is performed after the reaction. The CO, peak area in HiFuel catalyst is
much larger than that of core shell material, which indicates more severe carbon formation, and

agrees with our observation in the reaction. Thus, even though TPR indicates a stronger
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interaction between nickel and the support for HiFuel catalyst, it still did not overcome the
coking issue. The formation and stabilization of small sized nickel particles (under 5nm) in core
shell material are responsible for the inhibition of carbon formation. Both experimental
observations and DFT calculations suggest that the growth of graphite is suppressed on small
nickel particles (<5nm) since nucleation cannot proceed on the facets and step edges of small

particles [10, 178, 192] [46] [47].
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Figure 60: (left) Methane conversion and CO selectivity of core-shell material at 800 < from
CH4/0,=2.5 to CH4/O,=3; (right) Total outlet flow of HiFuel catalyst at 800 T (CH4/O,=3)
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Figure 61: (left) TEM of HiFuel catalyst after reaction (CH4/O,=3); (right) In-situ TPO profile
in core-shell and HiFuel nickel catalysts after reaction (CH4/O,=3)
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55 SUMMARY

We demonstrate the excellent thermal stability and high coking resistance of the core
shell material with cavity structure in comparison to both nickel silica supported catalysts and the
commercial HiFuel catalyst. The results suggest that cavity Ni@SiO, is a promising CPOM
catalyst with high activity and selectivity and temperature stability at comparable levels to the
HiFuel catalyst. Its coking-free property in the fuel rich environment makes it even more
advantageous over the HiFuel catalyst, which undergoes a fast and severe coking ultimately
leads to the reactor blockage. The minimal coking of core shell material is attributed to the small
nickel particles (under 5nm), which suppress the carbon nucleation and growth on the steps and
terraces. The challenge lies in the stabilization of the as-synthesized small nickel particles, which
sinter more easily. The deactivation of sol-gel Ni/SiO, exemplifies a strong nickel sintering
during continuous high temperature operations. In contrast, the nickel particles in cavity
Ni@SiO, are efficiently stabilized by the presence of silica shell and achieve stable continuous
on-stream operations as well as cyclic operations. Surprisingly, a deactivation is observed in
non-cavity Ni@SiO, material even though the nickel sintering is also minimized by silica shell.
The deactivation is due to NiO formation resulting from an increased diffusion pathway when
nickel particles agglomerate from the edges of the silica particles towards the center. This
suggests that cavity Ni@SiO, is superior to non-cavity Ni@SiO, since changes to the diffusion
pathway do not occur. Overall, the present study confirms the stability and robustness of cavity
Ni@SiO; in high temperature reaction system. A key to overcome catalyst deactivation, which
could be due to sintering, NiO formation or coking, is to stabilize nickel particles under 5nm

while maintaining the unchanged diffusion pathway of the reactants within a hollow core.
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6.0 MASS TRANSFER LIMITATION

Core-shell material with sub-nanometer nickel clusters and a robust silica shell has an
advantage of thermal stability and coking resistance. However, a mass transfer limitation due to
the presence of the silica shell potentially limits its application. This chapter will discuss the
impact of the different shell thicknesses on the reactivity. The reactivity of the core shell
materials as a function of shell thickness is investigated in three different reaction systems. The
BET surface area, nickel loading and TEM pictures of the catalysts used in this chapter are given

in appendix F.1.1 (Figure 105 and Table 8).

6.1 CO OXIDATION

CO oxidation is one of the simplest reaction models to study the catalyst reactivity and is hence
used to study the impact of silica shell thickness. The reaction is performed in a fixed bed reactor
with a contact time of 0.4s (calculated at room temperature) and the mixture of 3% O, and 1%

CO in balance of helium.
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6.1.1 Optimum reaction condition

Reaction parameters of contact time and the O,/CO ratio are optimized to achieve
reasonable CO conversion (>80%). The CO conversion increases significantly when the contact
time increases from 0.1s to 0.4s (calculated at 298K) as expected (Figure 62-left). Higher CO
conversion is achieved for metallic nickel versus NiO since metallic nickel is the active
component in the reaction [193] (Figure 62-left). In CO oxidation, bonding energy of surface
oxygen determines the catalyst activity. The higher oxygen bonding energy in Ni (452kJ/mol)
than NiO (113kJ/mol) could explain why metallic Ni has higher reactivity than NiO in this
reaction [194]. The O,/CO ratio is also adjusted to determine the optimum condition with the
highest CO conversion since it is reported that excessive CO will poison the active sites of the
metal and reduce its activity [101]. Our results show that the reactivity of core shell material is
independent of the O,/CO ratio from 1 to 7, in which CO is the limiting reactant since the
stoichiometry ratio O,/CO is 0.5 (Figure 62-right). Goodman reported that the reaction for Pd
and Ir is first-order with respect to CO partial pressure when O,/CO>12; whereas the reaction
became negative-first order with respect to CO when O,/CO<12 under ultrahigh vacuum
condition [195]. Hertl and Farrauto found that the reaction is first order to CO and zero order to
oxygen on Cu [196]. It is also reported that the reaction is first order with respect to CO and
independent of O, pressure for NiO catalyst [197]. The similar reactivity between different
0,/CO ratios in our case suggests that the reaction is zero order to O,. This could be explained
by a trade-off between catalyst poisoning in fuel rich condition and the formation of NiO in fuel
lean environment. The optimum reaction condition is a contact time of 0.4s and an O,/CO ratio

as 3. The operation procedure is found in section 2.3.1.
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Figure 62: (left) different contact times and nickel oxidation states; (right) different O,/CO ratio

6.1.2 Impact of shell thickness

The reactivity in terms of CO conversion is compared between the cavity Ni@SiO,
materials with shell thicknesses of 7nm, 12 nm and 20nm (Figure 63). The thinner shells achieve
higher CO conversion at lower temperature, i.e. complete CO conversion is achieved at 350°C
for a 7nm shell, while only 30% CO conversion is obtained for a 20nm shell. The thinner shell
not only shows higher activity, but also has a steeper increase in the CO conversion with rising
temperature which indicates higher activation energy. The apparent activation energy for both
7nm shell and 20nm shell is calculated from Arrhenius equation when the CO conversion is
under 30%. The higher apparent activation energy in thinner shell (84.7kJ/mol) than thicker shell
(66.3kJ/mol) indicates the mass transfer limitation in core shell materials. It is reported that the
activation energy for Ni/Al,O3 catalyst is 28.9 kJ/mol in 1% CO and 37.7 kJ/mol in 2.2% CO

before 340°C [193].
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Figure 63: CO conversion versus temperature for CO oxidation over nickel core silica shell
materials with different shell thickness (O,: CO=3:1 in the balance of He, contact time=0.4s at
25 °C)

6.2 CO METHANATION

After observing mass transfer limitation in one of the simplest reaction system-CO
oxidation, we tested whether a similar phenomena for a more complex reactive system with more
industrial significance: CO methanation reaction. CO methanation is the final step to purify gas
reactant streams for ammonia production and also used to produce methane from coal
gasification. The results in chapter 4.4.2 suggest that cavity-Ni@SiO, is a potential CO
methanation catalyst since it is coking resistant. This motivates us to determine the most
desirable core shell configuration for higher reactivity by studying silica shell. The reaction is
performed in a fixed bed reactor with the contact time from ~0.12s-0.15s. It is assumed that the
morphology of nickel clusters is consistent regardless of shell thickness. The nickel mass (1.5mg)

is kept constant for each run to utilize a similar nickel surface area. To determine the reaction
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condition, the reactivity of the catalyst under different H,/CO ratios can be found in appendix
F.1.2. A H,/CO ratio of 3.6 is used in our case and the detailed operation procedure is located in
section 2.3.3.

The CO conversion increases to its maximum around ~450°C-550°C and then decreases
with increasing temperature since the reaction is exothermic. A higher CO conversion is
achieved at lower temperatures for a 7nm shell compared to a 12nm shell. The conversions of
both these materials are much higher than the material with a 20nm shell, which reaches less
than 10% conversion during the whole temperature range (Figure 64). In addition, the ignition
curve of the thinner shell is much steeper than that of the thicker shell. The higher onset

temperature and more gradual ignition curve in thicker shell are due to a mass transfer limitation.
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Figure 64: The CO conversions of cavity-Ni@SiO, with different shell thickness (7nm, 12nm,
20nm) (total flow rate 25sccm, H,/CO=3.6)
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6.3 CPOM REACTION

After observing mass transfer limitation for thicker silica shells in low temperature CO
oxidation and moderate temperature CO methanation, we further investigate the core shell

materials in high temperature CPOM reaction.

6.3.1 Hysteresis phenomenon in core shell material

Temperature hysteresis is described as the conversion of a reactant measured as a
function of temperature is different when increasing the temperature versus decreasing the
temperature [198]. One cause for this is insufficient heat removal in exothermic reactions. When
cooling off the reactor, the heat released from the reaction is harder to remove due to the poor
heat transfer which produces a higher degree of the conversion [198, 199]. The hysteresis can
also result from the formation of metallic nickel active sites; the active nickel sites in this
reaction are responsible for the higher conversion and selectivity in cooling cycle than heating
cycle in CPOM reaction [200-202].

Following the operation procedure in section 2.3.4, the conversion of methane and CO
selectivity as a function of catalyst bed temperature were measured during ignition and
extinction operations. The arrows in the graphs show the direction of temperature change. The
hysteresis loop, which is observed in all core shell material, could be explained by the formation
of metallic nickel active site in the extinction branch (Figure 65) [130, 203]. A catalyst color
change accompanying with the hysteresis, which is also observed by van Looij and Geus [130],
indicates a change in the nickel oxidation state from NiO to metallic nickel. The color of NiO is

grey while the metallic nickel is black. The grey color at 850°C in ignition branch indicates the

113



pre-reduced nickel catalyst is slowly oxidized to form NiO during the reaction [202] (Figure 66-
a). At a certain high temperature, it is reduced rapidly by the dissociated CH,4 to the metallic
state which agrees with the black color at 850°C in extinction branch [144, 204] (Figure 66-b).
The formation of metallic Ni results in a higher selectivity for CO and H, in the CPOM dominant
reaction during the extinction cycle. The dynamic formation of metallic Ni proceeds only after
catalyst ignition. It achieves at least 5 hours of stable operation as low as 500°C. Figure 107 in

appendix shows 5-hours stable operation at 500°C, 600°C and 700°C in extinction branch.
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Figure 65: CH,4 conversion and CO selectivity at different temperatures in CPOM reaction for
Ni@SiO, with a 4nm silica shell (the arrows mark the increase and the decrease in
temperature). Reaction condition: CH4/O,=2, a mixture of methane and air with flow rate
8.98sccm and 22.3sccm at 1atm

Figure 66: The color of cavity-Ni@SiO, at (a) ignition curve and (b) extinction curve at 850°C

Since it is a challenge to achieve truly isothermal conditions, the conversion and
selectivity are also measured as a function of catalyst bed temperature during the complete
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ignition and extinction operation in HiFuel catalyst or IMP-Ni/SiO, material with the same
reactor configuration. No hysteresis is observed in either catalyst (Figure 67) even though the
difference between catalyst bed temperature in HiFuel catalyst and oven-set temperature is as
high as 70°C once the catalyst ignites. The absence of hysteresis loop in HiFuel catalyst is
because of a higher oxidation resistance for the nickel particles, which is the result of the strong
interaction between nickel and the modified support. In other words, nickel is more difficult to
oxidize once it is fully reduced and remains in the metallic state during ignition process. To
further support that the hysteresis resulted from the nickel oxidation state rather than insufficient
heat removal, the reactivity of fully oxidized and fully reduced HiFuel catalyst only in ignition
operation is compared. One can see that there is a dramatic increase in CH, conversion and
corresponding CO selectivity at 650°C in fully oxidized catalyst, which is different from the fully
reduced catalyst (Figure 68). The abrupt increase is because of NiO decomposition for the
formation of metallic nickel at such high temperature which is responsible for higher reactivity
and selectivity. Once the metallic nickel is formed (above 650°C), the reactivity and selectivity
are the same regardless of the initial nickel state. The absence of hysteresis loop in IMP-Ni/SiO,
is because of its low reactivity. The nickel particles, which are oxidized to NiO during ignition
operation, are not able to reduce back to a metallic state since methane dissociation is not
initiated due to the low reactivity (only 40% methane conversion at 900°C). This result suggests
that the hysteresis loop exists only when the nickel catalyst has high reactivity and low oxidation

resistance.

115



%01 IMP Ni/SiO,
404
<
S 30]{ = Ignition
T —— Extinction
O
< 20+
10-
« — —
O T T T T T T
600 650 700 750 800 850 900
Temperature (°C)

Figure 67: CH,4 conversion as a function of catalyst bed temperatures for (left) IMP-Ni/SiO, and
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Figure 68: CH, conversion and CO selectivity as a function of catalyst bed temperatures for
HiFuel of initial NiO and metallic nickel during ignition operation (CH4/O,=2)

6.3.2 Effect of nickel oxidation state

6.3.2.1 Ignition-extinction between NiO and metallic nickel catalysts

To further understand the impact of nickel oxidation state on reactivity and verify our
hypothesis that the hysteresis is due to the change between NiO and metallic nickel, we test fully
oxidized and reduced cavity-Ni@SiO, in the complete ignition-extinction cycle. Based on the

TPO and TPR result, the fully oxidized catalyst is oxidized in air at 500°C for 1 hour and fully
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reduced catalyst is reduced in H, at 700°C for 30 minutes. Regardless of the initial oxidation
state, both catalysts follow similar trends in ignition as well as extinction branch (Figure 69).
This indicates that the initial metallic state nickel in the fully reduced sample is quickly oxidized
to NiO and shows much lower activity and selectivity in ignition branch than that of extinction
branch. A steep increase in conversion occurs at 900°C accompanied with the high syngas

selectivity, due to the formation of metallic nickel.
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Figure 69: CH, conversion and CO selectivity at different temperatures for cavity-Ni@SiO, of
initial NiO and metallic nickel during ignition and extinction operation (CH4/O,=2)

Even though there is little difference in terms of the conversion and selectivity in the
ignition branch between these two catalysts, there is a distinct difference in MS signal of O, at
the reactor effluent (Figure 70-left). The oxygen level reaches the steady state very fast (within 1
minute) in the fully oxidized sample once the oven reaches its set-point temperature. In contrast,
initially there is a sharp O, consumption peak followed by the slow increase in the O, level in the
fully reduced sample. The oxygen level does not reach the steady state for over two hours. The
consumption of the O, is one order of magnitude higher than that for complete oxidation of
nickel catalyst (see appendix F.1.4 for calculations), which indicates the O, consumption is not

solely from the nickel oxidation process. The reason for a dramatic decrease in O, consumption
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at the beginning is because most of the nickel is metallic state initially, which is the active
component for the reaction. As the reaction proceeds, the nickel is oxidized to NiO, which results
in a lower reactivity and slowing down O, consumption rate. Thus, the O, consumption is the
combination result from the proceeding reaction and the nickel oxidation process. The time to
takes O, level to reach steady state at 600°C is much longer than that at 800°C. The reason for
that is because all the metallic nickel is oxidized to NiO at 800°C, while there is still a co-
existence of NiO and metallic nickel in the catalyst at 600°C. At 900°C, there is fast change of
O, since all of the O, is consumed and the catalyst ignites at that temperature.

As described above, the system reaches steady state very slowly in the ignition branch
when the initial state of catalyst is metallic nickel. In contrast, the system reaches a steady state
very fast (less than 1 minute) in the extinction branch when the oven reaches the set-temperature
(Figure 70-right). The faster steady state attainment in extinction branch is because of the
remained metallic Ni state due to the high syngas yield as well as the complete O, consumption.
In the extinction branch, all the oxygen is consumed during the whole operation range (600°C-
800°C) while the unconverted methane amount increases with the decreasing temperature. The
increase in CH4 amount at lower temperature is because of the transition from a CPOM dominant
reaction to methane combustion dominant reaction due to thermodynamic constraint. The
stoichiometry ratio of CH,4 to oxygen is 2:1 from the CPOM reaction and 1:2 from the methane

combustion reaction.
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Figure 70: Oxygen consumption in (left) ignition operation and (right) extinction operation

6.3.2.2 Impact of different operation approaches

Based on the above discussion, it is clear that the higher reactivity in the extinction
branch is due to a formation of metallic nickel from methane dissociation. Hence it is interesting
to compare the conversion and selectivity of the extinction branch and the pre-reduced nickel
catalyst at the same oven set temperature. The operation for the detainment of pre-reduced
nickel catalysts at different oven set temperatures (~500-800°C) can be found in Appendix A.4.

The reactivity of the catalysts in these two different operation procedures is comparable
at the higher temperature region (above 700°C), while the methane conversion in extinction
branch is higher than that of the protected metallic nickel at lower temperature (under 600°C)
(Figure 71). This suggests that a higher fraction of metallic nickel in the catalyst is oxidized to
NiO within the alternative approach since the temperature is not high enough to form metallic
nickel while introducing oxygen to the system. In the extinction branch, the metallic state of the
nickel is simultaneously regenerated by the production of syngas. In this approach, the catalyst
bed temperature will increase immediately and stabilize around 760°C within 1 minute at the
oven set point temperature of 700°C. This indicates the immediate ignition of the nickel catalyst.

The immediate ignition is also observed when oven-set temperature is 600°C. Yet at 800°C,
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although the catalyst does ignite, the catalyst bed temperature does not increase much compared
with the oven-set temperature due to dominate CPOM reaction over methane combustion.
Conversely, at 600°C and 700°C, the strongly exothermic methane combustion is responsible for
the large increase in catalyst bed temperature. At an oven set point of 500°C, little temperature

increase in the catalyst bed is observed since the catalyst has very low reactivity.
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Figure 71: CH,4 conversion and CO selectivity for cavity-Ni@SiO, during extinction operation
and protected metallic Ni at different temperatures (CH4/O,=2)

Another approach is to study the impact of different heating rates on catalyst reactivity.
Since the nickel will be oxidized to NiO once it is exposed to gas stream during the heating cycle,
it is hypothesized that shortening the time that the catalyst exposed to the oxygen would avoid all
metallic nickel oxidation. The reactivity of the catalysts at 800°C using different ramping rate
20°C/min, 50°C/min, 70°C/min, 100°C/min is studied. The catalyst ignition accompanies with a
fast increase in catalyst bed temperature only when using the fastest heating rate, in which it
takes 5 minutes for the oven to heat from 300°C to 800°C (Figure 72). The ignition of the
catalyst under this fast ramping suggests that metallic state of catalyst is retained or that a hot

spot is created by the faster heating.
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Figure 72: Methane conversion and carbon monoxide selectivity under different ramping rates
from 300°C to 800°C

6.3.3 Impact of shell thickness

Figure 73 shows the catalyst activity and selectivity during the complete ignition and
extinction cycles for several shell thicknesses. For all materials, ignition occurs at 900°C since
the nickel clusters are very small and they gradually oxidize to NiO during the ignition process.
In extinction branch, the conversion and selectivity is independent of shell thickness up to 10nm.
However, there is a dramatic decrease in reactivity and selectivity during the extinction branch
when the shell thickness is above 10nm. Since the reactivity of the nickel catalyst is highly
correlated with its oxidation state, it is hypothesized that the decreased reactivity in thicker silica
shells is due to the formation of NiO. The larger fraction of NiO formation among nickel species

in thicker shell could be resulted from the preferential O, diffusion compared with methane,
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Figure 73: CH,4 conversion and H; selectivity at different temperatures in the CPOM reaction
for Ni@SiO, with different silica shell thickness: (above) 3nm, 5nm, 7nm, 10nm; (below) 10,
12nm, 20nm (CH4/0,=2)

The type of diffusion in the silica shell is Knudsen diffusion. The mean free path of

oxygen and methane is approximately calculated as ~200-300nm in the temperature range from

300°C to 900°C at ambient pressure, which is two orders larger than silica pores (1nm).

In Knudsen diffusion, the reacting molecules collide more often with pore walls than with

each other. The Knudsen diffusion coefficient (in cm? s™) of a certain species it can be defined

Dki=9700rp\/§

as:
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Where rp (cm) is the pore radius, T(K) is the temperature and M;(g/mol) is the molecular weight.

This model accounts for light molecules diffusing faster than the heavy ones. However,
the classic Knudsen diffusion equation does not consider any steric effect. The molecular
diameters of oxygen, methane, and nitrogen are 0.338nm, 0.371nm and 0.363nm respectively
[205]. Yet, larger methane molecules with tetrahedral structures could diffuse more slowly into
the silica pores than linear-structured oxygen molecules.

It is well known that metallic nickel is the active site for the CPOM reaction. The change
of the nickel oxidation state from metallic nickel to NiO will result in a lower reactivity and
selectivity. To confirm our hypothesis that the lower activity in thicker shell is due to a larger
amount of NiO formation, we need to compare the fraction of metallic nickel in thicker shell and
thinner shell. However, the characterization of the core-shell material after the reaction is
difficult. One limitation is its small nickel particles size (<2nm), which cannot be detected by
XRD. Another commonly used technique is X-ray photoelectron spectroscopy (XPS), which has
a penetration depth of only ~1-5 nm [206]. Hence, we are not able to detect nickel species since
the nickel particle is coated by silica shell that is greater than 5nm. The other limitation is that
the nickel clusters oxidize easily after their exposure to the air and the oxidation resistance
decreases with the decrease in nickel particle size. We hence lack in-situ characterization
capabilities to detect smaller sized nickel particles in the presence of a silica shell. However, we
did observe the color change of the catalyst bed for a 20nm shell before the reaction (fully
reduced) and at 800°C in the extinction branch with the comparison of the consistent nickel color
in a thinner shell. The grey color in Figure 74-left is fully reduced catalyst and the white color
indicates the formation of NiO at 800°C in extinction branch. (Note: Usually metallic nickel is

black and NiO is grey color. However, the intensity/degree of the color depends on the nickel
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loading as well as the shell thickness. When the nickel loading is low or the shell is thicker, the
metallic nickel is more towards grey color and NiO shows white color which is more like the

color of pure silica).

Figure 74: Color change for Ni@SiO, with 20nm shell (a) before the reaction (fully reduced)
and (b) at 800 < in the extinction branch

The color change of the catalyst is strong evidence that the lower reactivity of the catalyst
with thicker shell is due to the NiO formation. In-situ TPR is performed to qualitatively compare
the fraction of NiO formation among nickel species between the catalysts with thicker shell
(20nm) and thinner shell (7nm) at 800°C in extinction branch. The procedure for in-situ TPR is
found in the experimental section 2.3.5. The peak area, which indicates the amount of H,
consumed by the catalyst, directly correlates with the amount of NiO in the catalyst. The larger
peak area means that more NiO species is present in the catalyst. Figure 75 shows that the total
peak area of hydrogen consumption in 7nm shell is significantly smaller than that in 20nm shell,
which indicates that less NiO species present in 7nm than 20nm. The small peak area in 7nm
shell indicates there is a significant of amount of metallic nickel besides NiO species in the
catalyst. The co-existence of NiO and metallic nickel is consistent with the mechanism of CPOM
reaction (i.e. nickel species are oxidized to the weakly bonded NiO and simultaneously reduced
to the metallic nickel by the dissociation of methane [131, 136, 144]). Thus, the TPR result
provides the direct evidence for our hypothesis that the lower reactivity of thicker shell compared

with thinner shell in extinction branch is due to higher fraction of NiO formation.
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Figure 75: In-situ TPR of cavity Ni@SiO;, with 7nm and 20nm shell at 800°C in the extinction
branch

6.3.4 Impact of CH4/O; ratio

To support our hypothesis that preferential O, diffusion occurs in the microporous silica
shell, different CH4/O, ratios from fuel lean to fuel rich environment are performed. The
conversion and selectivity of the core shell material with a 4nm shell thickness and the
commercial HiFuel catalyst are compared. Compared with the core shell material, the HiFuel Ni
catalyst has a high oxidation resistance due to its larger nickel particles as well as the modified
support. One of the distinct differences between these two catalysts is that there is no hysteresis
for the HiFuel catalyst in any case, while hysteresis occurs when CH;/O,>2 for core shell
materials (Figure 76). Another distinction, as illustrated in Figure 77-left, is that methane
conversion decreases with increasing CH4/O, ratio for the HiFuel catalyst while it reaches its
maximum at CH,4/O, of 2 in the core shell material. The general trend for CPOM reaction is that
methane conversion decreases from fuel lean to fuel rich environment since O, is limiting

reactant. The exception that methane conversion is lower in the core shell material in a fuel lean
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environment is because of NiO formation, which results in a lower reactivity. The reason that the

methane conversion for the HiFuel catalyst is higher than that in the core shell material in a fuel

rich environment (CH,/O, =3) is that carbon formation occurs from methane dissociation in

HiFuel catalyst. One can see that CO selectivity in HiFuel catalyst is much lower than that of

cavity Ni@SiO, at higher methane conversion which indicates the carbon formation.

Additionally, the ignition temperature for core shell material decreases from 900°C (CH,/0,<2)

to 800°C (CH4/0,=3) with the contraction of hysteresis loop compared with CH4/O,=2. This

indicates that the fuel rich environment is beneficial for preventing nickel from oxidation and

maintaining its high activity during ignition branch. The results once again confirm that nickel

species in the core shell material are very sensitive to oxygen and the preferential O, diffusion

will facilitate the NiO formation.
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Figure 76: Methane conversion and H; selectivity of different CH,/O, ratios for (top) cavity-
Ni@SiO, with 4nm shell and (bottom) HiFuel Ni catalyst (Dashed line: ignition branch; solid

line: extinction branch)
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Figure 77: Methane conversion of different CH,/O, ratios for cavity-Ni@SiO2 with a 4nm shell
and the HiFuel Ni catalyst at 700

6.4 SUMMARY

Core shell material with microporous silica shells (pore diameter 0.8nm) is used as a
nano-reactor to study the transport of different gas molecules. A delayed ignition curve with the
increasing silica shell thickness is observed at multiple temperature operations: in low T CO
oxidation, medium T CO methanation and the high T CPOM reaction. A steep increase in the
ignition curve for the material with thinner shells is observed in both CO oxidation and CO
methanation, which indicates a lower apparent activation energy in the materials with thicker
shell is due to the mass transfer limitation. However, the opposite phenomenon is observed in
CPOM reaction, in which a sharp decrease in ignition curve is observed in the materials with
thicker shell. This difference is due to a change in nickel oxidation state in CPOM reactions
beyond mass transfer limitation. The preferential O, diffusion through silica shell results in a
higher O,/CH, ratio when silica shell thickness increases. A higher O,/CH, ratio facilitates the

formation of NiO, which is not the active components in the CPOM reaction and hence decreases
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catalyst reactivity. It is also proposed that the mass transfer limitation could be removed when
shell thickness is below 10nm, which is proven by an unchanged reactivity of core shell
materials with different shell thicknesses ranging from 3nm to 10nm in the CPOM reaction. This
result suggests that the synthesized shell thickness should be less than 10nm to effectively
mitigate mass transfer limitation. The silica shell, which serves as a porous membrane for
preferential diffusion of different molecules, could achieve different gas compositions between
the “nano-bubble” and the external gas stream. This possibility greatly expands our capability to
study reactions into the explosion range for the “nano-bubble” with safe non-explosive regime of

external gas streams in the reactor.
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7.0 SUMMARY AND OUTLOOK

7.1  SUMMARY

One of the biggest challenges for nanocatalysts is thermal stability. The sintering of
active components will result in a decreased reactivity due to a reduction of surface area and the
disappearance of terrace/step sites. Encapsulating metal cores with porous inert shells is an
efficient approach to enhance catalyst stability. However, avoidance of mass transfer limitations
due to the presence of the shell is not well understood. Another area that needs development is
simple and straightforward methods to synthesize core shell materials, especially the ones with
cavity structures possessing small sized nickel particles (<5nm). Our goal is to synthesize well-
controlled nanocatalysts with high temperature stability and to understand structure dependent
properties by material characterization and reactive testing.

The synthesis and post-treatment methods for this newly developed core shell material
are optimized and standardized. Our approach to obtain size and shape controlled nickel particles
and silica shells is highly reproducible. The synthesis route is not limited to nickel particles, but
can also be applied for a broad range of other metals (e.g. Cu, Co, Pd). The presence and
addition order of hydrazine are essential in creating the unique cavity structure. The pore size of
the silica shell is around ~1nm, independent of the shell thickness and structure difference, which

enable gas molecules (e.g. CO,, CH4, C,Hg) and small liquid molecules (e.g. H,SO,) to penetrate
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and react with active components. Mass transfer limitations are observed when the silica shell is
greater than 10nm in CO oxidation, CO methanation as well as partial oxidation of methane. The
thermal stability of nickel as well as silica support is thoroughly studied. The sintering rate of
nickel particles is significantly slowed down by the silica shell and the nickel particles are
stabilized under 5nm up to 1000°C. The sintering of nickel particles in core shell materials with a
cavity structure does not affect the transport properties compared with materials without a cavity
structure. The sintered nickel particles in non-cavity core shell materials move towards the center
of the silica particle, which modifies the diffusion pathway for the reactants and further
decreases the catalyst reactivity. However, the reactivity and selectivity of the core shell material
with cavity structure does not change during on-stream high temperature operation as well as
multiple cycles in CPOM reactions even with slightly agglomerated nickel particles. The high
coking resistance of the cores shell material due to the formation and stabilization of nickel
particles under 5nm is also highlighted. The minimal coking in the core shell material is
observed in both the CPOM reaction under fuel a rich environment and the CO methanation
reaction.

We not only demonstrate the capability to synthesize well controlled nanocatalysts with
high temperature stability and minimal mass transfer limitation, but we also understand the
structure correlated reactivity in several reaction systems. Additionally, we highlight the

correlation between sintering, mass transfer, and coking properties of the catalysts.
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7.2 OUTLOOK

7.2.1 Core-shell catalysts

In Chapter 3.0, we proposed the unique structure of both nickel and palladium in nano-
confinement. The potential application for this type of structure is that it might facilitate multiple
reactions while minimizing undesired side reactions. For example, nickel is an excellent catalyst
for steam reforming/CPOM and the main products are CO and H,. Pd is a catalyst for methanol
production from syngas. The presence of neighboring nickel and Pd particles might be able to
allow these two reactions happen simultaneously at high temperature while suppressing the water
gas shift reaction. The challenge of this concept is to seek multiple reactions operated in the
comparable temperature range (i.e. methanol production is usually operated lower than 300°C
while the steam reforming reaction is higher than 700°C due to thermodynamic constrain).
Another direction is to study the ensemble effect of Pd by comparing the reactivity of this
material with bimetallic NiPd@SiO, synthesized by Stéber method in Chapter 3.0 as well as the
pure nickel or palladium core shell catalysts in the CPOM reaction. A number of experiments
suggest that the addition of Pd in a nickel catalyst would be beneficial for the higher reactivity
and low carbon deposition.

In Chapter 3.0, we also demonstrated the capability to synthesize Co@SiO,, Cu@SiOs,
Pd@SiO; and Fe@SiO,, which not only allows us to apply these monometallic catalysts to
different reaction systems, but also extends the potential applications for the Pd/Ni@SiO, typed
structure mentioned in section 3.4.2. Co-based catalysts are commonly used in Fischer-Tropsch
reaction. Cu-based catalysts are known for water-gas shift reaction and Pd-based catalysts are
widely used in automobile emission control. More importantly, the possible combination of the

131



above metals opens new opportunities to compare their activity in certain reaction systems with
the reported corresponding bimetallic catalysts. For example, DFT calculations and experimental
results suggest that the Ni-Fe bimetallic catalyst has much higher reactivity than the pure nickel-
based catalyst in the CO-methanation reaction [207]. Ni-Co, Ni-Pd bimetallic catalysts are
reported to show excellent stability, high activity, and coking resistance for CO, reforming of

methane [49, 168].

7.2.2 In-depth properties investigation

There are two interesting observations in properties of the core shell material discussed in
section 3.5.3 and section 3.5.4: nickel surface area measurement and the particle size dependent
reducibility. The chemisorption measurement of the same sample batch is not reproducible even
though the same standard analysis procedure is followed. This variation may be due to an
inappropriate chemisorption model for the case when nickel particle under a critical size. A DFT
simulation is suggested to compare with the chemisorption data from our experiments to
elucidate the differences and discuss the impact of nickel particle size on the accuracy of
chemisorptions results. Additionally, the hydrogen uptake peak area decreases with an increase
of the nickel particles size, indicating that degree of reduction also decreases at larger particle
sizes. The shift of the reduction peak to higher temperature for the core shell material after high
temperature treatment might be attributed to the formation of nickel silicate species, but further
evidence of this has not been found. The reduction degree and peak location determined from
TPR data could be correlated with the fraction of unreduced nickel species and the chemical
composition analyzed from XANES data. This would help us to further understand the chemical
and physical properties of nickel species.
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7.2.3 In-situ catalyst studies

Section 6.3.2 discussed the impact of oxidation state of nickel species on the reactivity in
CPOM reaction. However, the small sized nickel particles and the easily oxidized metallic nickel
species limit the material characterization. Our collaboration with Dr. Jeff Miller at Advanced
Photon Source at Argonne National Laboratories has been initiated to investigate these materials
via EXAFS/XANES. The future accessibility of XANES and in-situ XANES could provide us
the direct evidence of the correlation of nickel oxidation state and catalytic activity in CPOM
[132]. The in-situ XANES during core shell material synthesis could also help us to understand
the synthetic pathway in Chapter 3.0. It might provide additional information regarding when
and how nickel clusters are formed during the synthesis and how they contribute to the formation

of cavity structure.

7.2.4 Pore diffusion simulations

Mass transfer limitation is observed when the shell is thicker than 10nm in three different
reaction systems. The well understood configuration of the core shell material (i.e. the porosity,
shell thickness) allows us to establish a proper simulation model. A simulation result could be
compared with our experimental data to further understand transport in micropores. More
importantly, a simulation is also suggested to investigate the preferential diffusion between

different gas species or liquid reactants, which could correlate the reactivity and selectivity data.
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7.2.5 New exploration of Ni@SiO,

The high coking resistance of the core shell material is discovered and demonstrated in
CPOM reaction as well as CO methanation reaction. The coking resistance is due to the
formation of small sized (<5nm) nickel particles, which inhibits the carbon nucleation on the step
and terrace sites of the particles. Another reaction system that is suitable to demonstrate this
superior property is methane dry reforming reaction, where coking is also a limitation for nickel-
based catalysts [164, 208, 209]. Besides this, the reducing environment of dry reforming avoids
the complexity of nickel oxidation state change during the reaction and would hence further our
understanding of the catalysts by excluding this complexity. Another reactive system is steam
reforming of methane, which also involves significant coking for nickel-based catalysts [10, 35,
37]. However, the concern for this reaction is the instability of the silica support in presence of
the steam due to the formation of silica hydroxide. However, a number of researchers still apply
silica supported catalysts in steam reforming reactions [27, 210]. It could be a good reaction
system to demonstrate the coking behavior and also study the hydrothermal stability of the
material as a function of silica shell thickness. Beyond the coking resistance of the core shell
material, there is a potential for strong resistance to sulfur poisoning due to the presence of the
shell [211]. Trace amount of H,S could be introduced to the stream in CPOM reaction in order to

evaluate its performance.
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APPENDIX A

PROCEDURES

Al TPR/TPO

The pretreatment (step 1 and 2) is described in Figure 78. The procedure for TPR is

standardized as follows:
1) Pretreat sample in the 5% O, in He to remove moisture and impurities on the catalyst surface
by ramping from room temperature to 500°C at 20°C/min, and holding at 500°C for 1hr.

2) At 500°C, switch the supply gas to He and hold for 30 minutes.
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Figure 78: Temperature programming for pre-treatment in TPR
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3) Open the furnace chamber carefully. Cool down the chamber in He flow with fan. Wait until
the sample temperature reaches room temperature ~25°C-30°C.
4) Close the chamber (to ensure the sample temperature is stabilized around room temperature),
switch to 10% H, in Ar.
5) Create a new file in the chemisorption station, wait until the baseline is stabilized
6) Ramp from room temperature to 800 °C at 5°C/min.
7) Once the temperature reaches 800°C, turn off the chemisorption station
After above TPR, TPO is performed without removing the sample.
8) Purge with He again at 500°C for 30 minutes, then repeat step 3) above.
9) Close the chamber (to ensure the sample temperature is stabilized around room temperature),
switch to 5% O, in He.
10) Repeat step 5)-7) for TPO
To obtain a TPR of the sample after different temperature treatments in section 4.3, the
sample is treated in 10% H, in Ar without removing the sample. For example, the following
steps are done to obtain a TPR of the sample after an 800°C treatment for 2hrs in Hs.
11) After TPO, purge the system with He
12) Switch to 10% H, in Ar, ramping to 800°C at the rate 30°C/min and hold for 2 hours. Then

repeat step 2)-10) using a modified final temperature of 900°C rather than 800°C.

136



A2 CALCULATION IN REACTIONS

A21 CO oxidation

Using molar quantities, CO conversion is defined as:

oo 101, -[cOL,

[co],

Helium is used as internal standard to determine CO and CO, amount in the system.
Assuming CO and CO, are the only carbon containing species in the system, and that no coke
formation occurs within the reactor, the carbon balance is calculated as

[co],, =[cO],. +[CO,].,

A22 Ethylene hydrogenation

Using molar quantities, C,H,4 conversion is defined as:

_ [CZH4]in _[C2H4]
[C.H.],

out

Helium is used as internal standard to determine C,H, and C,Hg amount in the system.
Assuming C,H, and C,Hg are the only carbon containing species in the system, and that no coke

formation occurs within the reactor, the carbon balance is calculated as

[C2H4]in = [C2H4]out +[CZH6]

out
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A.2.3 CO methanation

Using molar quantities, CO conversion is defined as:

oo _[c0, ~[col.,
(col,

Helium is used as internal standard to determine the amount of all species (CO, CO,, CHy4, Hy) in

the system. The carbon balance is calculated as
[Co]in = [Co]out + [COZ ]out + [CH 4]

out

A24 CPOM

Using molar quantities, methane conversion, H, and CO selectivity are defined as:

[CH4]in — [CH 4]
[CH.],

out

XCH4 =

[COl,,

%0 ~CH, ], _[cH,]

out

S — [H2]out
" 2% ([CH 4]in - [CH 4 ]out)

N is used as internal standard to determine the amount of all species (CO, CO,, CHy, Hy)
in the system. Assuming CO, CO,, and CHjy are the only carbon containing species in the system,

and that no coke formation occurs within the reactor. The carbon balance can be closed as:

[CH 4 ]in = [CH 4 ]out + [Co]out + [Coz ]out
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A3 IN-SITUTPR

Since MS is not sensitive to H,, two experimental factors need to be carefully adjusted to
show the proper TPR peak: the proper percentage of H, in helium and the suitable temperature
programming. 6.3% H, in He with a total flow rate 32 sccm is used since a higher percentage of
H, in He will not show a TPR peak. The temperature programming used in our case is to
increase the temperature from room temperature to 700°C for 15 minutes and hold for 30
minutes. It is noted that the temperature program used in regular TPR stated in section 2.2.4 does
not work since the H, baseline does not stabilize when increasing the temperature at lower
ramping rates like 5°C/min or 10°C/min. The standardized procedure for in-situ TPR is
developed and strictly followed:

1) After the reaction at 800°C in extinction curve, quickly switch the gas mixture from reactor
line to bypass line to avoid any potential nickel surface change during the shutting off.

2) Turn on the helium; turn off the air followed by methane. Then switch back the helium from
bypass line to reactor to purge the reactor while cooling down the reactor with fan for 30
minutes.

3) When the temperature reaches room temperature, turn on the H,. Create a new MS file for in-
situ TPR.

4) Wait another 30 minutes until H, baseline is stabilized

5) Heat the oven from room temperature to 700°C for 15min and hold 700°C for 30min.
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A4  OPERATION FOR THE PROTECTED METALLIC STATE CATALYSTS

The following is the procedure for the protected metallic state catalysts at different oven
set temperatures (~500-800°C). For example, the same catalyst can be fully reduced in H, at
700°C for 30 minute, followed by a reactor purge with He while cooling down the oven. After 10
minutes, both valve 5 and 6 are closed to make sure the metallic state ndddickel is protected by
He (Figure 5). Then turn off He, turn on the methane followed by air and switch the gas steam to
the bypass line. Wait 10 minutes to make sure the feed in gas composition reach the CH4/O; ratio
as 2 (checked by GC). Heat the oven to the set-point 700°C. Once the oven reaches its set point,
the feed gas is redirected from the bypass line to the reactor line and the reactor effluent is
monitored. The same method is applied for multiple temperatures (i.e. 500°C, 600°C and
800°C). Since it is difficult to achieve true isothermal conditions, the catalyst bed temperature is

also carefully measured.
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APPENDIX B

SYNTHESIS

B.1 COMPARISON CATALYSTS SYNTHESIS

B.1.1 IMP-Ni/SiO;

IMP-NI/SiO; is synthesized from the conventional wet-impregnation method. Pure silica
particles are synthesized following exactly the same reverse microemulsion route described in
section 2.1.1 without the addition of nickel nitrate solution as the only difference. The dried
white power sample is calcined in the air at 500°C for 2 hours to remove the surfactants as
described in section 2.1.2. 0.2g above synthesized silica particles are submerged by 2mL
Ni(NO3), (0.1M) solution in a small glass vial with overnight stirring. Afterwards, the sample in
the uncapped vial is heated at 80°C while stirring until the sample is dried. The dried green
powered sample is calcined again at 500°C for 2 hours with the heating rate 20°C/min. The

targeted 5% nickel loading IMP-Ni/SiO, sample shows the grey color.
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B.1.2 DP-Ni/SiO;

Pure silica particles are synthesized following the same reverse microemulsion route
described in section 2.1.1 without the addition of nickel nitrate solution as the only difference.
The dried white power sample is calcined in the air at 500°C for 2 hours to remove the
surfactants as described in section 2.1.2. 0.6g above silica particles are dispersed in 5mL DI
water. The NiCl; stock solution is prepared by dissolving 0.55 g NiCl, in 10 mL DI water. A
mixture of the above NiCl; solution and the silica particles are sonicated for better dispersion and
then stirred for 20min. Ammonium hydrate is added dropwise (~3-5mL) until the pH 10.5-11 is
reached. Afterwards, the solution is centrifuged and dried. The dried sample is calcined at 300°C

in the air for 1 hour with the heating rate 10°C/min. (The procedure is developed by M. Najera.)

B.1.3 Sol-Gel Ni/SiO;

Sol-gel Ni/SiO; is synthesized following exactly the same reverse microemulsion route
described in section 2.1.1 with a change in the Ni(NiO3), concentration and the TEOS amount.
1.5mL 1.5M Ni(NO3), stock solution is added into the mixture of 10.5g Brij58 and 50mL
cyclohexane at 50°C. When adding TEOS, only 1g is added for 2 hours hydrolysis reaction. The
dried power sample is calcined in the air at 500°C for 2 hours to remove the surfactants as

described in section 2.1.2.
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B.2 SURFACTANT/WATER

The shape of the core shell material changes from spherical structure to long tubes when
increasing surfactant/water ratio. However, no uniform structure is formed when the

surfactant/water ratio is lower than 2.

3 A
(C)saw=149

100 o

Figure 79: TEM images when surfactant/water<2(a) S/W=1.17 (b) S/W=1.4 (c) S/IW=1.49 (d)
SIW=1.72 (e) S/IW=1.95

B.3 FORMATION OF CAVITY STRUCTURE

To see whether the cavity structure is formed because of the surfactant removal, the TEM
picture of the core shell material is taken before calcination to compare the one after calcination.
The cavity structure in Figure 80-left indicates the cavity formation occurs during solution

synthesis. The blurred image is due to the effect of the surfactant before calcination.
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(Images provided by courtesy of R. Lu)

Figure 80: TEM images of Ni@SiO, (left) before calcination and (right) after calcination at
500°C

B4  SHELL THICKNESS

B.4.1 Reaction time

Figure 81 shows an example of the growth of silica shell as a function of reaction time.
Even though different amounts of TEOS (20g) are used, we observed the same trend that shell
thickness increases as a function of time at initial stage while the cavity dimension is constant
(Figure 82). After 5 hours, the shell thickness is independent of the reaction time due to the

insufficient availability of water.
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Figure 81: TEM images of Ni@SiO, with different reaction times (using 20g TEOS)
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Figure 82: Silica shell thickness and cavity dimensions as a function of reaction time. Synthesis
condition: 20g TEOS, 3mL 16.5M ammonia solution, reaction time from 1hr to 27hrs at 50°C.
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B.4.2 Ammonia concentrations

The following images show that the silica shell thickness increases initially with
increasing ammonia concentrations, reaching a plateau above the ammonia concentration of
4mol/L. Since the ammonia serves as a catalyst for TEOS hydrolysis, a higher concentration
will facilitate hydrolysis process. However, the growth of silica shell is limited by the availability

of both water and TEOS amount and hence eventually will slow down.

(@) 0.25M (b) 0.5M
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Figure 83: TEM images of Ni@SiO, synthesized using different ammonia concentrations (a-f)

B.4.3 Insufficient time or TEOS amount

The following images show that core shell material synthesized with a reaction time less
than 1 hour while using standard amount of TEOS (10g) or with 1g TEOS while using standard
reaction time (2 hours). The under-developed silica shell in Ni@SiO; is due to the insufficient

time or TEOS amount for the shell growth.

S0 nm

Figure 84: TEM images of Ni@SiO, synthesized with reaction time (a) 20min (b) 40min, and
TEOS amount (c) 1g
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B.4.4 Synthesis of shell thickness >20nm

The following TEM pictures materials with a silica shell thickness greater than 20nm. A

narrow shell thickness distribution is hard to obtain when the shell is thicker than 20nm.

Figure 85: (left) 4ml NH3.H20, 20g TEOS, 24hrs (shell thickness 24.3nm +3.8nm); (right) 20g
TEOS, 15.5g Brij 58, additional 2.1g H,O

B.5 NICKEL PARTICLE SIZE

B.5.1 Attempt to control nickel nucleation rate

Since the nickel particle size can be increased theoretically by decreasing the nucleation
rate, the amount of reducing agent as well as its addition rate is adjusted to see whether larger
nickel particles can be formed. A cavity structure is formed regardless of the change of hydrazine
amount or its addition rate (Figure 86-a, b). Besides adjusting nucleation rate, the particle size
could be theoretically also increased by increasing growth rate. An increase in growth rate can
also be achieved by increasing nickel precursor concentrations. However, no larger nickel

particles are formed at higher nickel nitrate concentrations (Figure 86-c, d). The results suggest
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that the cavity structure is always formed in regardless of various nucleation or growth rates as

long as the addition order nickel nitrate-hydrazine-ammonia solution is followed.

Figure 86: (a) Hydrazine amount decreased to 0.5g; (b) hydrazine addition rate slowed down to
1 drop per minute; nickel nitrate concentration (c) 1.5M and (d) 4M

B.5.2 Synthesis condition for particles size 1~7nm

The following table shows the synthesis parameters to obtain core shell materials with

different nickel particle sizes ranging from 1nm to 7nm in non-cavity core shell materials.
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Table 7: Key synthesis parameters for particle size 1~7nm

Particle size Nickel conc. Anhydréus Addition order
hydrazine
<d>= 1. 23nm 1. 5mL 0. 8M 0 first nickel-then ammonia
<d>= 2.27nm 1. 5mL IM 0 first nickel-then ammonia
<d>= 2.95nm 1. 5mL IM 1. 5mL first nickel-then ammonia—then hydrazine
<d>= 4. 12nm 1. bmL 4M 0 first nickel-then ammonia
<d>= 6.87 nm 1. bmL 4M 1. bmL first nickel-then ammonia—then hydrazine

Other conditions: 10g TEOS with 2hrs hydrolysis time with the exception 1 hour hydrolysis
for <d>=6.87nm

B.6 OTHER SYNTHESIS PARAMETER

B.6.1 Different types of surfactant, nickel salt precursor, hydrazine and pH

adjuster

Alternative chemicals in each step are also studied. Surfactant Brij 56 is used instead of
Brij 58, for which the difference is the chain length. The cavity structure is still formed with an
elongated shape (Figure 87-a). Nickel chloride is also used as salt precursor. A similar
phenomenon to nickel nitrate is observed during the synthesis and the cavity structure is also
formed (Figure 87-b). Even though the color of nickel chloride hydrate (yellowed pink) is
different from nickel nitrate hydrate (green) due to different water coordination number, the
green solution color from nickel ion is shown when both salts are dissolved in water. Hydrazine
hydrate was used in the standard synthesis, the use of anhydrous hydrazine also creates the same
structure as hydrazine (Figure 87-c). Ammonia is used to adjust the pH of the solution for faster
hydrolysis. Other basic solution such as NaOH is also used to adjust the pH. However, irregular

morphologies were generated possibly due to the ionic properties of NaOH (Figure 87-d).
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Figure 87: (a) Use of Brij56; (b) Use of nickel chloride as salt precursor; (c) Use of anhydrous
hydrazine; (d) Use of NaOH to adjust the pH

B.6.2 Silica precursor type

The effort is also made to change the porosity of silica by using other silica precursor like
(N-[3-(trimethoxysilyl)propyl]ethylenediamine) TSD or the porogen like C1sTMS [89] other
than TEOS. Instead of the formation of core shell structure, 20nm nickel particles deposited on
the silica are formed (Figure 88). Before adding the silica precursor, the solution color in each
step is exactly as before. However, the pink color changes to a sky blue color after the addition

of TSD or C15TMS, which is different than the retained pink color after the addition of TEOS.
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Figure 88: (a) 5g TSD (b) 10g TSD (c) the mixture of 8g TEOS and 2g C15TMS

B.7 OTHER METAL CORES

B.7.1 Synthesis procedure for monometallic nanoparticles

To obtain other metal core silica shell materials, 1M stock solution of Co(NOs),,
Cu(NOs),, Pd(NOs),, AgNO; were used instead of 1M Ni(NOs),. The rest of the procedure is
exactly the same as described in section 2.1. The following figure shows the color of the

powered sample before and after calcination.
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Figure 89: The color of Co@SiO,, Cu@SiO,, Pd@SiO, and Ag@SiO, before and after air
calcination

B.7.2 Without hydrazine

In section 3.2.3, the cavity structure of Ni@SiO, changes to non-cavity structure in the
absence of hydrazine. We would like to compare Pd@SiO, with and without hydrazine. No
cavity is formed in Pd@SiO, without hydrazine. The reason could be that the Pd?* is too easily to

reduce just in the presence of ammonia solution.
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Figure 90: (left) Pd@SIiO, with hydrazine, (right) Pd@SiO, without addition of hydrazine

B.7.3 Salt precursor concentration

Since Pd@SiO, does not have a cavity structure in the standard synthesis, we would like
to see whether the cavity will be formed at a lower precursor concentration. The decrease in the
Pd salt solution concentration only creates more silica particles without metals (Figure 91). This
also reminds us that more pure silica structure without cavity structure at lower Ni(NO3);
concentrations. The same trend is also observed in Ag@SiO, with different Ag salt

concentrations (Figure 92).

Figure 91: Pd@SiO, with low Pd salt concentration (0.1M)
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Figure 92: Ag@SiO, with different precursor concentrations (a, b) 0.1M Ag (c, d) 0.5M Ag

B.8  CORE SHELL USING STOBER METHOD

B.8.1 Synthesis procedure NiPd coated silica using Stober method

The synthesis of NiPd nanoparticles is followed by the recipe reported by Toshima’s
group [71]. Palladium (11) acetate (Aldrich) and Ni(NOs),- 6H,0 (Aldrich) were used as starting
materials. 0.1767g Pd(Ac), was dissolved in 50mL dioxane (Aldrich) and stirred for 1 day,
resulting in a clear yellow solution. 0.145g Ni(NO3),: 6H,0 was dissolved in 300mL glycol at

80°C with stirring. 2g PVP with the molecular weight 55,000g/mol was added to the above
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solution to make sure the molar ratio of PVP monomeric units to the both Ni** and Pd** metal
ions is 14.3. To this solution, 48mL dioxane solution of Pd(Ac), (15.6mmol/L) was added at ~0-
5°C with stirring. The pH of the solution was adjusted to 9-11 by dropwise addition (about 150
drops with 2uL/drop) of an aqueous solution of sodium hydroxide (NaOH, 1M). The solution
was stirred and refluxed at 198°C for 3 hours with a nitrogen flow passing through the reaction
system to avoid the reoxidation of the nanoparticles during the synthesis. The color was a
transparent black homogenous solution. Afterwards, 10mL solution was removed, washed, and
redispersed with 40mL acetone for one time. It is noted that the reason to use acetone to
precipitate the nanoparticles is that PVP can be dissolved in both ethanol and water but not in
acetone. A TEM picture is taken afterwards to make sure the NiPd bimetallic nanoparticles are
formed. The most critical step is to add the right amount of NaOH to adjust the pH of the
solution. The successful synthesis of bimetallic NiPd protected PVP leads to a stable black
solution. The NaOH is added dropwise while counting the drops. For example, 330 drops of
NaOH solution was added one time, the precipitation at the bottom of the flask is observed with
the indication of the failed synthesis.

To coat the silica shell on the NiPd nanoparticles, 4mL D.l water was added to the
precipitated nanoparticles. The solution is transferred to the mixture with 64g ethanol and 23g
ammonia solution. With stirring, 1.5mL TEOS in 8mL ethanol was added to the solution at room
temperature and reacted for 1 hour. The solution is washed, precipitated and redispersed with
ethanol afterwards.

(Special thanks to the help of A. Cao)
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B.8.2 Silica shell-reaction time in Stober method

In Stéber method, the hydrolysis takes place very fast. Figure 93 shows the silica shell
thickness of bimetallic NiPd@SiO; is the same at 30 minutes reaction time as that of 20 hours
reaction time. Other parameters (e.g. the ammonia concentration) instead of the reaction time

need to be adjusted to modulate the shell thickness.

Figure 93: Silica shell thickness with reaction time in Stéber method (a) 30min (b) 20hrs
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APPENDIX C

ETCHING

C.1 CAVITY STRUCTURE

C.l1 Acids

Figure 94-97 show the TEM pictures of the Ni@SiO, after 1 hour and 24 hours etching
with and without stirring using different types of acids. The core shell structure does not change
after etching process. Even though the loss of nickel clusters are hard to spot in TEM images, a

decrease in nickel loading as a function of etching time in Figure 98 indicates the nickel particles

are indeed etched away.

Figure 94: 3M HCI with different etching time (a) without stirring-1hr; (b) without stirring-24
hrs; (c) with stirring-24hrs
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Figure 95: 3M HNO; with different etching time (a) without stirring-1hr; (b) without stirring-24
hrs; (c) with stirring-24hrs

Figure 96: 3M H,SO, with different etching time (a) without stirring-1hr; (b) without stirrin-24
hrs; (c) with stirring-24hrs

1002 Am

Figure 97: Highly concentrated 12M HCI with different etching time (a) without stirring-1hr;
(b) without stirring-24hrs; (c) with stirring-24hrs
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Figure 98: Nickel loading determined by EDX as a function of etching time with different acids

C.l2 Uncontrollable etching process

Figure 99 shows the difficulty of controlling etching rate and degree of etching to achieve
complete removal external nickel particles while retaining all internal nickel particles. As seen in
Figure 99-a,b, ome internal nickel particles are etched away while a significant amount of nickel

is still sitting outside of the silica shell even after 1 hour. Even though no external nickel is

present after 2 hour etching, a large amount of internal nickel is depleted as well.

Figure 99: TEM pictures of non-cavity sample with etching time (a) 10min (b) 65min (c) 120min
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APPENDIX D

CHARATERIZATION

D.1 XRD

Figure 100 demonstrates that small sized nickel particles are very easily oxidized after
exposure to air. NiO peaks were observed even when the sample is isolated in a vial for one
week. It is suggested that XRD should be performed as soon as the sample is reduced. The same
observation is also reported in literature that 5Snm nickel particles will have NiO pattern within 1
day [64].

N —— Exposure to air 30 minutes

) —— Exposure to air 1week
sio no
Ni

Ni

NiO

Intensity (a.u.)

NiO

10 20 30 40 50 60 70 80
26/degree

Figure 100: XRD pattern of fully reduced Ni/SiO, after exposure to air for 30min and 1 week
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D.2 TPO

There is no pronounced O, consumption peak in core shell materials. The reason could be
that nickel clusters in core shell materials are easily oxidized after exposure to air at room
temperature.

_— Cavity Ni@SIO,, <d, ><1nm
1— Cavity free Ni@SIiO,, <d,;>=1.29nm

Cavity free Ni@SIiO,, <d,,>=4.12nm
41— IMP Ni/SiO,,<d, >=20nm

O, consumption (a.u.)

T T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)

Figure 101: TPO of cavity Ni@SiO,, non-cavity Ni@SiO, with different nickel sizes in
comparison with IMP-Ni/SiO,
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APPENDIX E

THERMAL STABILITY

E.11 Treated in air

In Chapter 4.0, the stability of core shell material is studied in a H, environment. Minimal
sintering of nickel particles in the air is also observed. The majority of sub-nanometer nickel

clusters are maintained at temperatures as high as 800°C.

(3) 500:€
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Figure 102: Elongated Ni@SiO, treated in the air at each different temperature for 2hrs

E.1.2 BET surface area for different shell thickness

The BET surface area was measured of Ni@SiO, with different silica shell thicknesses
after thermal treatment at various temperatures (from 200-800°C) in air for 2 hours. The surface
area reaches its maximum at 400°C and decreases thereafter (Figure 103-left). This maximum
surface area is achieved due to the complete removal of surfactant, which produces a porous
structure in the silica shell. The decrease in surface area indicates that this porous structure is
sintered above 400°C. However, the surface area gradually drops only by 20% after 12 hours
thermal treatment at 800°C (Figure 103-right). The silica support obtained in our method is much
more stable compared than that synthesized by modified Stéber method, where surface area

drops from 320m?/g to nearly zero from 400°C to 800°C [80].
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Figure 103: BET surface area of Ni@SiO, (left) with 3nm and 6nm shell thickness after
calcination at different temperatures for 2hrs in air; (right) with 7nm and 20nm shell thickness
after calcination at 800°C for different period of time in air

E.1.3 Sintering at 800°C as a function of time

A nickel sintering study at 800°C as a function of time ranging from 2 to 12 hours is also
performed. Even though there is a slight increase in nickel particle size, the sintered nickel

particles move towards the center of silica particles.
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Figure 104: TEM images and particle size distribution of 4nm Ni@SiO, after thermal treatment
at 800°C in H, for 2hrs and 12hrs
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APPENDIX F

F.1.1 Catalysts information

Figure 105 shows the TEM pictures of the catalysts with controlled shell thickness from
~3-20nm used in the reactions. Table 8 lists the nickel loading and BET surface are of the

corresponding samples.
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Figure 105: TEM pictures of Ni@SiO; with the controlled shell thickness from 3nm to 20nm

b

Table 8: BET surface area and nickel loading of the materials used for reactions

Silica shell thicknesses | BET surface area (m°/g) | Nickel loading
3nm 285 5%
5nm 239 4%
7nm 217 4%
10nm 164 4%
12nm 114 3.5%
20nm 73 1.2%
F.1.2 Feed in ratio of CO methanation reaction

Different H,/CO ratios are studied to obtain reasonable CO conversion. Minimal change

in CO conversion is observed when H,/CO ratio is higher than a stoichiometric ratio of 3.
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Figure 106: Impact of different H,/CO ratios on the CO conversions of cavity-Ni@SiO, with
7nm shell thickness

F.1.3 Robustness of hysteresis in CPOM reaction

The unchanged reactivity and selectivity in the extinction curve at different temperature

points as low as 500°C indicates the robustness of the hysteresis loop in core shell materials.

CHas Conversion CO Selectivity
100 100
20 a0
= — 85— ® 83 5 @5 @-u —_ —e—a——p 5 a5 u8-g5 g
g\_; 60 X w0
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T g (@]
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=il 500C
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700c
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o 2 3 4 5 s 1 2 4
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Figure 107: Methane conversion and carbon monoxide selectivity of cavity-Ni@SiO; at different
temperatures in the extinction operation for 5hrs (CH4/O,=2)
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F.14 Calculation of O, depletion

The amount of O, depletion during the dip is calculated by the integration of peak area.

The flow rate of different O, level is determined by GC and denoted as below:

30minutes

5

4.4 sccm
3.3 sccm

Am,,_ (reaction) =AV,_ X t X p,, /2=(3.3-2) X 30 X (1.43 X 10®)/2=0.025¢

The O, amount for oxidizing nickel catalyst is calculated based on 0.03g catalyst with 5%
nickel loading. The calculation is as below

Am,, (Ni oxidation) = myi/ MWyiXx MW, =(0.03 X 5%)/58 X 16=0.004g

The result suggests that the consumption of O, is one order of magnitude higher than the

amount for complete nickel oxidation.
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