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In light of the given limited available energy resources and the constant increase
in energy consumption and demand worldwide, the development of sustainable
alternative energy sources has never become more vital. Among the conceivable
renewable energy choices, hydrogen has been considered as one of the most promising
energy carrier especially in the fuel-cell technology. Based on the concept of “hydrogen
economy”, as coined by Bockris in 1970, efficient storage, large-scale production and
convenient distribution of hydrogen are of the utmost importance for successful
utilization of this energy carrier. One of the most promising strategies to achieve the
sustainable hydrogen carriers is through the hydrogenation/dehydrogenation
interconversion reactions involving substances such as formic acid (H. + CO, =
HCOOH) or formate (HCO;™+ H.O - HCOs™ + Hy).2 Other reactions that are also
important for fuel cell applications are the hydrazine oxidation (HOR), oxygen

reduction reaction (ORR), or hydrogen evolution reaction (HER). In this thesis, |



reported the design and synthesis of various nanocatalysts for several important fuel
cell applications including formic acid dehydrogenation, formate/bicarbonate
reversible cycle, and hydrazine oxidation reaction (HOR).

In chapter 2, | have developed a facile synthetic route to amine-functionalized
nanoporous silica-supported ultrasmall Pd nanoparticles (Pd/SBA-15-Amine) that are
proven to be highly active catalysts for formic acid dehydrogenation, producing
hydrogen at ambient temperature with a high turn-over-frequency (TOF). The TOF
values reported for the materials therein are among the highest TOFs ever reported for
the reaction. | have also shown that the catalyst could be easily recyclable multiple
times, without losing their catalytic activity. The catalyst may, therefore, contribute to
some of the solutions of our current renewable energy and sustainability challenges (by
enabling the so-called hydrogen economy).

In chapter 3, | have synthesized new types of palladium nanoparticles (Pd NPs)
supported on amine-functionalized SBA-15, which have high catalytic activity for
formic acid dehydrogenation. In this case, | have also demonstrated the synthesis of
SBA-15 mesoporous silica materials grafted with three different amine groups (primary,
secondary, and tertiary amine) and the interactions between the Pd NPs and the grafted
amine groups to create favorable synergistic catalytic effects toward the reaction. The
effects of the different amine types, their grafted density on the chemical and catalytic
activities of the supported Pd NPs in formic acid dehydrogenation are then thoroughly
investigated using various state-of-the-art characterization techniques. The study has
also allowed some understanding of structure-catalytic activity relationship of such
catalytic materials.

In chapter 4, the formate and bicarbonate reversible reactions are discussed.



Those reversible cycle can be used to store, release and allow hydrogen (H>) to serve
as an effective energy carrier in energy systems such as fuel cells. However, to feasibly
utilize these reactions for renewable energy applications, efficient catalysts are
necessary to promote the formate-bicarbonate reversible reactions. | have reported the
synthesis of novel polyaniline (PANI)-derived mesoporous carbon-supported Pd NPs
that can efficiently catalyze these reversible reactions. The resulting nanomaterials has
been shown efficiently catalyze both reactions, i.e., the dehydrogenation of formate
(HCO2™ + H20 — H2 + HCO3") and the hydrogenation of bicarbonate (H> + HCO3™ —
H2>0 + HCOy"). The study further revealed that having an optimum density of N dopant
species in the catalysts could improve Pd’s catalytic activity toward both reactions.
Among the different materials studied here, the one synthesized at 800 °C with
relatively high amount of colloidal silica templates gave the best catalytic activity and
these TOF and TON values are among the highest reported for heterogeneous catalysts
for these reversible reactions so far.

Lastly, nitrogen and oxygen co-doped metal-free, rice-derived mesoporous
carbons (RDMCs) have been successfully synthesized by a combination of three
synthetic processes: i) a low temperature hydrothermal treatment (HTC), ii) followed
by a high pyrolysis temperature in presence of colloidal silica templates and iii) finally
removal of the silica templates from the carbonized products. The obtained mesoporous
carbons effectively electro-catalyzed the hydrazine oxidation reaction (HOR) with
negative onset and/or peak potentials and high peak current densities, and show long-
term stability. By optimizing the synthetic parameters, such as the amount of colloidal
silica templates and pyrolysis temperatures used for the synthesis, RDMCs possessing
the high electrocatalytic performances have been obtained. It has also been found that

iv



the catalytic activities of the materials would depend on the BET surface area and
amount of dopants in the materials. The material pyrolyzed at 800 °C along with
hydrothermal reaction with moderate silica amount, in particular, gave the best activity

toward hydrazine electrooxidation.

Reference
1. Bockris, J. O. Science 1972, 176, 1323-1323.
2. Grasemann, M.; Laurenczy, G. Energy Environ. Sci. 2012, 5, 8171-8181.
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Chapter 1

Introduction to Nanocatalysis and Their Applications in Renewable

Energy

1.1. Introduction to chemical hydrogen storage

The demands for sustainable and renewable energy sources have been
increasingly rising, as the issues associated with the negative environmental impacts
from fossil fuels have also been growing. One of alternative and ideal solution to meet
these problems is hydrogen.! Hydrogen is considered as promising energy source
because it generates electricity through a fuel cell, in clean and renewable manner by
producing only water as a byproduct. Research efforts to consume and apply hydrogen
in the fuel cell systems have been devoted and well developed so far; however,
delivering and storing hydrogen is still tacking.? In these days, most common methods
to deliver hydrogen are either in the form of cryogenic liquid hydrogen or compressed
hydrogen, which are expensive to be commercialized and still pose major safety issues.
In this regard, based on the concept of hydrogen economy,® developing efficient and
safe storage has been placed as a main issue to become a practical and sustainable fuel
cell. Several attractive alternatives to store and deliver hydrogen in a safe and efficient
manner have been developed by using metal hydrides, complex hydrides, sorbent, or
chemical hydrides. Among them, chemical hydrides have been received great attention
because such systems, especially liquid phase hydrogen, can easily be transported,

stored, and refilled and release hydrogen under mild condition when it is needed. Liquid



phase hydrogen storage media include ammonia borane (NH3:BHs), borohydrides

(NaBHo.), hydrazine (N2H.), formic acid (HCOOH) or formate (HCOO ).

Formic acid (FA) is considered as one of the promising chemical hydrogen
storage systems because of its high volumetric density (4.4 wt.%), which is suitable for
Department of Energy (DOE) 2017 onboard target.? Moreover, FA has several
interesting and advantageous properties than many other chemical hydrogen storage
systems. When FA is heated, it produces carbon monoxide and water (Dehydration
pathway in Scheme 1.1). However, upon exposure to catalysts, FA can decompose to
hydrogen and carbon dioxide (Dehydrogenation pathway in Scheme 1.1). Although it
must be handled safely, unlike more traditional fuels, FA is not flammable in 85 %
concentration. It is also generally non-toxic so FA is also considered a carbon neutral,
renewable energy source, and can be obtained by aqueous catalytic partial oxidation of

wet biomass.

(Dehydrogenatiorﬂ

HCOOH—— > H, + CO,, AG® = -32.9 kJ mol”

Water gas shift

(reversible)
Dehydration

> H,0 + CO, AG° =-20.7 kJ mol™’

Scheme 1.1. Two pathways of FA decomposition.

However, FA has some issues as well. First and foremost, FA does not exist
naturally, and it has to be derived from somewhere. Currently, FA processes are mainly
from two routes: via methyl formate hydrolysis, or free FA from formate.* although

recent developments indicate it can be made from biomass via the Fischer-Tropsch



process and CO2 hydrogenation, possibly using solar-fuel hydrogen.® If these can be
realized, they will constitute renewable and sustainable sources for FA and it requires

good and sustainable catalysts to have FA release hydrogen on it.

FA can undergo two possible decomposition pathways (Scheme 1.1). One
produces H» and CO2, which is a desired process to generate H. from FA as discussed
above. The second one is decarbonylation, or sometimes also referred to as dehydration
process, and it produces H>O and CO (Scheme 1.1). However, this process is undesired
during usage of FA as a fuel, because it forms H>O rather than the desired Ho.
Furthermore, the CO can lead to poisoning of catalysts, both of catalysts used for the
reaction as well as in the fuel cells during formic acid’s uses in the fuel cells. To utilize
FA as a hydrogen storage and release media, catalysts that facilitate and selectively
promote the first desired reaction (HCOOH - H; + COy) are among the major
requirements. Similarly, catalysts that allow the production of FA, especially from CO,
and capable of promoting the reverse reaction are necessary. The CO> for the reversible

reaction could be taken from that generated by many various power plants.

To be an ideal hydrogen carrier for FA/COz system, the back-reaction from
carbon dioxide to FA (H2 + CO2 > HCOOH) should be achieved but trapping and using
the gaseous carbon dioxide product during FA dehydrogenation has not been developed
yet.5 To overcome this, the formate/bicarbonate system was introduced to meet a
rechargeable hydrogen storage. Compared to carbon dioxide, bicarbonate species are
more easy to handle and soluble in aqueous media (NaHCOs3, 96 g/L at 20 °C in H20).
Moreover, formate is also a stable and nontoxic neutral compound with hydrogen

content of 2.4 wt. % (based on NaHCO2/H20). So, some researchers have focused on



formate/bicarbonate reversible system and investigated the potential of this reversible

reaction to store and release hydrogen on demand in presence of suitable catalysts.

1.2. Introduction to fuel cells

In various fuel cells, many substances such as hydrogen, methanol, ethanol,
hydrazine, low molecular weight hydrocarbon etc. have been applied as a fuel.” For
example, proton exchange membrane fuel cell (PEMFC, Scheme 1.2a) is most
commonly used at room temperature but it requires the expensive noble metal catalysis

such as Pt catalysts, which can easily be poisoned by carbon monoxide.

(@) PEMFC (b) DMFC (6)  DHFC
e- e- e- e- e e- 0,
H, - “ ' 0, CI:ISgH - “ - 0, NH, “ H,0
| L | | |
o < @ H |8 ol OH I3
el o o] _— 0 ° — (=]
o = off — = 2 —
- % & — & < 5
‘- - 4 = j ‘- Electrolyteu j ri Electrolyte™ 1
Excess H,O co, H,0 N, H,0
H2 Catalyst Heat Heat HZO Heat

Scheme 1.2. Diagram of (a) proton exchange membrane fuel cell (PEMFC), (b) direct

methanol fuel cell (DMFC), and (c) direct hydrazine fuel cell (DHFC).

Besides hydrogen based PEMFC, direct fuel cells (DFCs) have been interested
because of using a liquid or vapor form of fuel directly without any reforming step.™
Among different types of DFCs, methanol has received attention as a candidate fuel
due to its higher energy density (~20 MJ/kg) and because it can be regenerated from
sources such as natural gas, coal, or biomass. However, there are several disadvantages

in utilization of methanol as a fuel in direct methanol fuel cell (DMFC). Methanol is



toxic and DMFC still suffers from low efficiency due to adsorbed CO intermediate,

which makes the reaction to require high potential to take place.

Hydrazine (N2H4) can be a promising fuel among the series of DFCs because
hydrazine 1) is less costly and less toxic, 2) has no carbon atoms and does not form CO
poison, 3) can be easily generated from mass production of ammonia and decomposed
to N2 and water, which is environmentally free and 4) it consists of high theoretical

electromotive force value of 1.56 V, followed by Eq. 1.1-1.3.7
Overall: N2Hs + O2 2> N2 + 2 H,0 Eq.1.1
Anode: NoHs + 40H > N +4H0+4e Eq.1.2
Cathode: 4H* +4e + 02 > 2H,0 Eq. 1.3

Recent research efforts to sustainable and inexpensive material to catalyze hydrazine
oxidation reaction and several novel metals such Au, Pd, Ag, etc., few of non-metals
including Fe, or Ni, and metal-free carbon materials of polypyrrole derive mesoporous
carbon have been developed.’ However, the demand for developing sustainable and

finding most efficient catalyst is still required for DHFC.



1.3. Nanocatalysts

Catalysts have been generally used as dependent source in nature, industry, and
in our life. The catalysts can be defined as transforming from fine chemicals into value-
added chemicals or synthetic chemicals with efficient ways: 1) giving fewer un-wanted
byproduct, 2) lower energy consumption and 3) obtaining the desired products in larger
amount with short time.® Moreover, the catalysts often contribute to solve
environmental problems, i.e., destruction of pollutants through catalytic converters, so
called three-way catalyst (TWC) on the exhaust system in the vehicles. Besides these
applications, more importantly, catalysts are being developed for the production of

renewable energy and reducing of limited fossil fuel resources.

Two different criteria—homogenous (substrate presents in same phase) and
heterogeneous (substrate presents in the different phase) catalysts have been developed
although their objectives are same: Obtaining a better catalytic performance. The
homogenous catalysts have been considered as attractive materials due to their high
activity and superior selectivity toward formation of a desired product but their
recovery and recyclability are still having difficulties. On the other hand, heterogeneous
catalysts have significant advantage over homogeneous catalysts, which is relatively
easier to handle, separate from reaction mixture and reuse, although their activity and
selectivity are often limited than homogenous catalysts. Interestingly, development of
the nanoscience, which dwells on the 1- 100 nm ranged materials has the unique and
fascinating properties. Moreover, this nanocatalysts have been placed at the interface

between homogenous and heterogeneous catalyst divisions with possessing both



benefits of them, containing excellent catalytic activity, selectivity, stability as well as

ease of separation/recycling.
1.3.1. Catalysis for formic acid and its related chemical hydrogen

The first work on the decomposition of formic acid generating hydrogen was
reported in the late 1960 using iridium phosphine complex as homogeneous catalyst at
relatively high temperature. Following this work, several other research groups
demonstrated similar reactions using other catalysts using noble metals such as Ru, Rh
or Ir. e.g., RUCIz(PPh)s,° [{RuClz(benzene)}2]*° and RuBrssH20,' in the presence of
different amines and different phosphine ligands.?2 More recently, besides non noble
metal-based catalysis, non-noble metal ones that can give high efficiency for such
recyclable reactions have been pursued. These materials are actually more preferable if
they can be made to have good activity and selectivity in the reactions. In this context,
Boddien et al. firstly demonstrated iron-based homogenous catalyst, Fe(BF4)2¢6H20

with additive of 4 eq. of [P(CH2CH2PPhy)s, PP3] and showed a TOF of 9425 h.*2

As mentioned above, homogeneous catalysts usually give excellent catalytic
activity, but their recovery is hard. On the other hand, many heterogeneous catalysts for
FA dehydrogenation including nanostructured metallic systems have recently been
found to have good catalytic activity, some rivaling those of homogenous catalysts,
while being more easily recyclable. Most heterogeneous catalyst systems involve
metallic nanoparticles supported on stable nanostructured support materials. For
example, Solymosi et al. examined vapor-phase catalytic decomposition of FA on
several transition metals, such as Ir, Pt, Pd, Ru, and Rh. Only Ir catalysts showed the

best catalytic activity and selectivity at 383-473 K.'® Ojeda et al. studied Au-based



catalysts and proved that catalytic activities of the materials were dependent on the
metal’s particle size (<5 nm).!* Furthermore, they showed that Au/Al,Os shows better
catalytic activity than Pt/Al,O3 catalysts at 343-383 K, which was opposite direction
from previous studies. Compared with gas based reaction, liquid based reaction is more
favorable because the former needs higher temperature and inert carrier gas. Several
research works devoted to increase catalytic activity of the materials in liquid phase
reaction, and Pd and Pd based catalysts have been particularly found to be among most

active and suitable catalysts in terms of selectivity and conversion for such reactions.*®

Although the exact roles and key factors of secondary metal in Pd based alloy
catalysts are not clarified and still being debated, several Pd alloy catalysts including
AuPd®® and AgPd®® have showed enhanced activity and selectivity than pure metals.
For examples, AuPd showed a higher turnover frequency (TOF) of 230 h' than Pd
(TOF value of 30 h't) or Au (TOF value of 80 h'),1>¢ and AgPd-NH2-SBA-15 showed
enhanced TOF of 1555 h™! than Pd/NH,-SBA-15 (TOF of 293 h!) or Ag/NH2-SBA-15
(no reaction) itself, t0o.® Few experimental and computational studies were conducted
to understand the relationship between structure and catalysis. Mullin et al. verified that
the geometrical (ensemble) effect through distinct surface atomic arrangement on the
Au(111) surface is an important factor for both the reactivity and selectivity of the
catalysts. However, Lee et al.1® demonstrated the roles of PdAu alloys for facilitating
FA dehydrogenation arise from both ensemble effects and ligand effects. Furthermore,
Hu et al.1” also showed that the enhanced catalytic activity by PdAg bimetallic catalysts
is due to both geometric and electronic effects. Besides alloy catalysts, several core-
shell nanocatalysts have been developed. Tsang’s group'® studied several different

metal cores such as Ru, Rh, Pt, Ag, Au and Pd shell They found that Ag-Pd core-shell



structure has better catalytic activity than AgPd alloy due to strong electronic promotion

from Ag (core) to Pd (shell), which is ligand effect.

One of drawbacks in most of mono- and multi-metallic catalysts is that they
often require bases or additives for FA dehydrogenation, which are however difficult to
separate after the reactions. To overcome this issue, strongly metal-support interacted
Pd based catalysts have been developed under ambient temperatures without any
additives at room temperature. Lee et al.!® demonstrated Pd catalyst supported on
mesoporous graphitic carbon nitride (Pd/mpg-CsN4) catalyzes the decomposition of
formic acid with TOF of 144 h’. Due to Lewis basic sites located at mpg-C3sNa, electron
density is transferred from the nitrogen atoms to Pd NPs, stabilizing the Pd NPs as well
as synergistically initiating the decomposition of formic acid (Figure 1.1). Another
seminal work was demonstrated for Pd NPs supported on amine functionalized SBA-
15 mesoporous silica (detail in Chapter 2), in which the amine functional groups
stabilized Pd NPs and also resulted in charge transfer from amine functional groups to
Pd NPs. This gave the material a high catalytic activity (TOF of 293 h™1).2° Moreover,
the materials showed better activity than Pd catalysts with external bases (Pd/SBA-15

with n-propylamine).
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Figure 1.1. (a) Molecular structure of graphitic carbon nitride (mpg-CsN4), (b) DFT-

optimized structure, (c) the calculated HOMOs of mpg-CsNj4, and their catalytic activity

for formic acid dehydrogenation after loading Pd NPs (Pd/mpg-CsNas). Reproduction

from reference. 1%2
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1.4. Mesoporous Silica (Soft Template Method)
1.4.1. Synthesis of mesoporous silica

Due to their high surface area (>600 m?/g), narrow pore size distribution,
tunable pore size (1.5-10 nm), and high thermal stability, mesoporous materials have
been considered as suitable inorganic nanomaterial to support catalytic group or host
bioactive guest molecules.?! Synthesis of mesoporous materials are preferably achieved
by supramolecular assembly of surfactant (S) and inorganic (1) sol-gel precursors. In
briefly, self-assembly undergoes through the hydrolysis and condensation of silica
precursors (e.g., tetraethoxysilane or tetraethyl orthosilicate (TEOS)) in presence of
surfactant templates at aqueous solution (soft template method). Followed by removal
of surfactant templates via calcination at air above 350 °C or solvent extraction with

acidic or organic solution, the mesoporous silica are obtained (Scheme 1.3).2%°

HO OH;
7
acidic s,/
T N
Hydroly H,0 OH
. ydrolysis
S;(.OR)" Condensation
lica ith template
precursor HO\_\ /O
—] Si —_—
basic / \.\ £ !
(8] OH .
Calcination
_—
Condensation o}ganic-
with silica inorganic hybrid Mesoporous
silica
Surfactant 0 0
self-assembly o S
Si
ol
: O, O, Yo
True'l “d stal template S N
‘True'liquid crystal temp i i’
Surfactant micelle //S'\\ /'S'-\
(8} 0 ()
Polymerized and
cross-linked silica

Scheme 1.3. Stepwise formation of mesoporous silica. Reproduce from reference.?%®
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The synthesis pathways of mesoporous silica materials can be widely varied
depending on synthetic conditions, such as temperature, pH, concentration of reagent,
and organic surfactant molecules, employed in the synthesis. In basic condition (pH
range of 9.5 to 12.5), during hydrolysis, the silica precursor remains as silicate anion.
The silicate anion condenses with cationic surfactant, undergo polymerization and
cross-linking and results in mesoporous MCM-41, MCM-48, etc.?? depending on the
type of surfactant and specific synthetic conditions used. Under acidic condition, silica
precursor forms cationic species and condenses with non-ionic surfactant micelles such
as P123, F127 or SDA to form SBA type mesoporous silica with thick pore walls and
large pores (Figure 1.2).2%?% Compared with the synthetic condition of MCM-41,
condensation of silica in SBA-15 are under acidic condition and normally slower than
that in basic conditions. Heteroatoms such as Ti, V, Co, Fe, Mn, Cr, Zn, Cu, or W, are
often used for coordination site same as Si to incorporated into silica framework to give

more stabile and high surface area mesoporous materials.?
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Figure 1.2. (a-d) TEM images of calcined hexagonal SBA-15 mesoporous silica with
different average pore sizes and (e) their nitrogen adsorption/desorption curve.

Reproduced from reference.?°
1.4.2. Functionalized mesoporous silica

One of most important and easiest method to tailoring the physical and chemical
properties of mesoporous silica is incorporating organic components on the mesoporous
silica surface or wall through grafting. In post-synthesis modification, hybrid organic-
inorganic mesoporous silica materials are obtained, in which different types of
functional organic groups can be placed selectively on the internal or external surfaces
of inorganic mesoporous silica. Organic functionalization can tune or improve the
surface properties such as hydrophilicity, hydrophobicity, binding affinity to guest
molecules, surface reactivity, stability and bulk properties of the mesoporous

materials.?1¢
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The typical post-grafting methods are held with extracted mesoporous silica
(surfactant removed mesoporous silica). Surface silanol (Si-OH) group of mesoporous
silica give convenient anchoring point for functionalization and the pathway of

silylation is followed by one of Eq. 1.4-1.6.%

=Si-OH + CI-SiRs =22°S =g 0-SiRs+ HCl'Base ~ Eq. 1.4
=Si-OH + R’0-SiRs —=—» =Si-0-SiRs+ HOR’ Eq. 1.5

. . 25°C . .
2 =Si-OH + HN(SiRs), —> 2 =Si-O-SiRs + NHs Eq. 1.6

In this process, the extraction methods are important due to silylation occurring on free
=Si-OH and =Si-(OH)2. The common extraction method, calcination of the material at
temperatures between 400 - 550 °C can strengthens the walls and increase surface
reactivity; however, it may make many surface =Si-(OH). groups to be lost. The silanol
groups can be regenerated often through re-hydration by boiling the materials in water
or acid or treating it in steam. Solvent extraction involving a mixture of acid and alcohol
or using pure alcohols to remove the templates minimizes the loss of surface silanol;

however, this method leaves behind some residual of surfactant after extraction.

In the typical grafting reactions, the external surface is more easily to be
approached so functional groups are predominantly grafted more external surface than
internal mesoporous surface (Pathway | in Scheme 1.4). Controlled functionalization
internal wall rather than outer wall can achieve through passivating outer surface with
hydrophobicity group prior to extracting surfactant and functionalized inner surface

(Pathway Il of Scheme 1.4).
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Scheme 1.4. Selective grafting methods of mesoporous silica. Grafting functional
group in external and internal surface (pathway 1) and grafted selectively internal wall

(pathway I1).

The functionalized mesoporous silica materials can serve as good heterogeneous
catalysts for several reactions as they offer high surface area and provide a significant
number of accessible catalytic active sites. For example, tertiary amine functionalized
SBA-15 show as an effective catalyst for Michael addition reaction between various

nitro-alkenes and active methylene compounds (Figure 1.3).%°

/
o

 |—0-5i-0H---- 0.4 - X X
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- =
.4 o OH NMe; l)x\ o
T |l-o-siro-si T A

O\ OH

Figure 1.3. Schematic description of plausible mechanism of bifunctional mesoporous

catalysts in Michael addition reaction. Reproduction from reference [25].
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1.5. Mesoporous Carbon (Hard Template Method)
1.5.1. Synthesis of Mesoporous Carbon

Porous carbon materials have been received great attention due to their diverse
application in several areas such as gas separation, water purification, catalyst support,
or energy storage applications. These porous carbon materials are commonly made
through several synthetic methods including: i) physical and chemical activation
processes, ii) catalytic activation of carbon precursors using metal salts or
organometallic compounds, or iii) carbonization of polymer, or polymer aerogel.?®
Although various synthetic methods have been developed to make carbon materials,
making those with uniform pore structures still remains challenging. One of the most
up-to-date synthetic procedures to make porous carbon materials with uniformly pore
structures is utilizing mesoporous structured silica as hard template, as shown in
Scheme 1.5. In this method, carbon precursors are first immobilized inside the pores of
the inorganic mesoporous silica. This is followed by carbonization of the materials
under desired temperature in inert gas atmosphere. Finally, the silica template is etched
with HF or NaOH solution, e.g., SiO2 + 2NaOH - Na»SiOs + H20. Using this synthetic
method with different mesoporous silica materials as hard templates (such as SBA-3,
HMS, MSU-H, MCM-41, MCM-48, SBA-15, KIT-6, FDU-5, SBA-16), different types
of porous carbon materials with different surface areas, pore sizes and uniformly

ordered mesoporous structures can be obtained.?’
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Scheme 1.5. Schematic illustration of the synthesis of mesoporous carbon using
mesoporous silica as hard templates. In this case, SBA-15 mesoporous silica use as a

hard template to make a mesoporous carbon material designated as CMK-1.

Furthermore, colloidal silica are often used for as hard template to obtain porous
carbon materials with narrow distribution of pore sizes, as shown in Scheme 1.6. This
method also can obtain from different polymers carbon sources including sugar,
polyaniline?® or polypyrrole?® and followed by pyrolysis at desired temperature and

removal of silica and uniformly formed mesoporous carbon is obtained.

NH,

(NH,).8,0,

1. Polymerization/ X
Self-Assembly 2. Pyrolysis

3. Etching

Scheme 1.6. Schematic description of colloidal silica templated mesoporous carbon

from polyaniline. Reproduced by reference.?®
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Figure 1.3. TEM images of polyaniline derived mesoporous carbon. Reproduced by

reference.?®
1.5.2. Hetero-atom doped mesoporous carbon

One of the major advantages for the hard templating strategy for synthesis of
porous carbon materials is that it allows the synthesis from a variety of carbon
precursors, including those already naturally possessing different elements, such as
nitrogen, boron, sulfur, boron or iron. Various heteroatom-doped porous carbon
materials, synthesized from this methods, often result in perturbation of the electronic
structure of the carbon lattice, and generate partially positive or negative charged
groups on the material.®! So, heteroatom dopants endow the carbon species not only

tailoring the chemical properties but also physical properties thereby giving the
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sustainable materials with more controllable electronic features. This surface
modification makes the materials to be more suitable for several applications, especially
as catalysts in fuel cells. For example, although the exact mechanism is not well
understood, heteroatom dopant often enhances the catalytic activity of carbon materials
toward the oxygen reduction reaction (ORR).2% It is believed that the charge
redistribution around the heteroatom dopants in carbon materials makes the materials
more active in catalyzing the ORR. Similarly, boron-doped carbon material (e.g., B-
CNT) is found to an effective catalyst for nitrobenzene reduction, again due to the boron
species present in the material .>°° Moreover, in the energy storage, nitrogen (or electron
rich atoms) often donate electron to metal nanocatalysts (Pd, Pt, or Au) and perturb the
electron density around the metals and thereby enhancing the catalytic activities of the
latter for various reactions, e.g., formic acid dehydrogenation, formate/bicarbonate

reversible cycle and so on.

Among the heteroatom doped carbon materials, electronegative nitrogen easily
donates electrons and it delocalizes in the @ system of carbon matrices which creates
positive and negative charged groups on the materials to increases carbon’s conductive
properties.® In this case, nitrogen is ideal dopants due to its’ similar size with carbon
so it is easily replaced carbon atom. Moreover, nitrogen doped carbon has the n-type
conductivity which increases the metallic properties and its’ higher electron affinity
causes their charge delocalization/distribution, changes in their spin density (doping-
induced spin redistribution), and increases the density of donor states closed to the
Fermi level of carbon. Nitrogen doped carbon materials can be divided by chemical
nitrogen and structural nitrogen: The chemical types of nitrogen are either amines or

nitro group, and different types of nitrogen (structural nitrogen) can be found with
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varied nitrogen types and density of nitrogen through preferably pyrolysis procedure
(Figure 1.4). The structural nitrogen types can be determined by X-ray photoelectron
spectroscopy (XPS) and the pyridinic N species are located at ca. 398.4 eV, pyrrolic N
species at 399.8 eV, quaternary N species are at 401.0 eV and N-oxide are at 402.9 eV.*

Pyrigone

N7,

o) "/
\<\ 3
9\@@ d
<t

Figure 1.4. Schematic illustration of pyritic, pyridinic, quaternary and pyrrolic nitrogen

species. Reprinted by reference.!

1.6. Palladium nanocatalyst
1.6.1. Pd nanocatalysts

The major advantages for metal nanoparticles (NP), comparing to their bulk
counterpart, are high catalytic activity and excellent selectivity toward the desired
products mainly due to their high surface area to volume ratios and thereby obtain the
unique surface atom/surface faceted structures of nanoparticles. The history of
nanoparticles dates back to the work of Michael Faraday, who discovered the wet
chemical reduction method to make metal nanoparticles some 150 years ago. This wet

chemistry method has been commonly used even today in synthesis of nanoparticles.”
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After Faraday’s attribution, Turkevish firstly prepared Au NPs from [AuCls] precursor
by stepwise formations including: i) nucleation, ii) growth and iii) agglomeration
(Figure 1.5). In this synthesis, the reducing agents such as hydrogen, alcohol, hydrazine

or borohydride are involved and so stabilizer on (e.g., ligand, polymer or surfactant).

metal cations
in scdution

metal atoms

) - stable nanoparticles
in solution

in suspension

Figure 1.5. Synthesis of metallic nanoparticle through reduction of metal salt precursor.

Reprinted from reference.®®

Among several metal nanoparticles are well developed and used for many
application, palladium catalysts are widely used as catalysts for such catalytic reactions,
which are Suzuki reaction®* Heck coupling reaction,® hydrogenation and
dehydrogenation of formic acid,? or other renewable energy application and several
palladium nanocatalysts have been shown as similar catalytic activity as homogenous

catalysts with ease of recycling.
1.6.2. Palladium nanoparticles supported on functionalized mesoporous silica

As mentioned previous section, Pd catalysts both homogeneous and
heterogeneous catalysts, show interesting and promising catalytic activity so widely
used in many reactions. Significant effort has been achieved to improve catalytic

activity but several Pd nanocatalysts still have problems of leaching or aggregation,
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which lead to the deactivation of the catalysts’ activity. To solve these problems, one of
commonly used solution is adapting stabilizer, which often strongly adsorbs between

metal-stabilizer.”-33:36

To avoid and solve the Pd catalysts’ leaching and losing their catalytic activity
problems, functionalized solid support materials for Pd NPs are one of developed option.
Among the various solid support materials ranging from polymer to ordered
mesoporous and modified silica, silica remains among the top choices due to its wide
accessibility, excellent stability, porosity and inert environmental for metal
nanoparticles.” Furthermore, pre-functionalized mesoporous silica materials often role
as ligands or stabilizer such as phosphines, carbenes, pincer ligands, or palladacycle, to
name a few. For example, Gao group functionalized highly branched and well defined
polyamidoamine (PAMAM) onto SBA-15 mesoporous silica and loaded palladium
nanoparticles (Figure 1.6).%” The Pd nanoparticles as catalysts were shown to catalyze

the hydrogenation of ally alcohol high catalytic activity as well as selectivity.
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Figurel.6. (a) Preparation of PAMAM dendrimers supported SBA-15 and (b)
formation of Pd NPs onto PAMAM supported SBA-15 mesoporous silica. Reprinted

from reference.®’
1.6.3. Palladium nanocatalysts supported on N-doped carbon materials

As discussed above section, heteroatom such as N, B, P and S doped carbon
materials are proven to have improved catalytic properties toward various reactions.
Different structural nitrogen properties such as pyridinic, pyrrolic, and quaternary
interact with metal nanoparticles and leading to unique catalytic behavior through
metal-support and metal-support-reactant interactions. Arrigo et al.*® studied the nature
of interaction between the N species on the carbon support materials and the supported
Pd centers. Pd loaded onto nitrogen doped carbon nanotubes (NCNTSs), nature of N
species immobilizing onto NCNT and doing o-type donation from the filled n orbital

to empty d-orbitals of Pd as well as © back-donation from the filled Pd atomic d orbital
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to the * antibonding orbital of N atom. These ¢ donation and m back-donation induce

the charge transfer with ionic character and results in chemical shift of Pd 3d level.

1.7. Summary and outlook

Despite various nanocatalysts have been developed for hydrogen storage and
hydrazine oxidation, most of them still rely on noble metals such as Pt, Pd, or Au.
However, these noble metals are expensive and less earth abundant. So most of catalytic
research works over the past few years have focused on the development of sustainable
nanocatalysts with optimized structures, high surface areas and efficient catalytic

properties to enable these reactions.

One of drawback to be focused in transition and noble nanocatalysts is its’ high
surface area with high free energies, which tend to agglomerate to reduce their surface
area. This often ends up with reducing their catalytic activities. For obtaining
sustainable novel metal catalysts, stabilization of metal nanoparticles is one of
important factors and the modified support materials can ideally contribute to this
problem, i.e., functional groups on the support materials can serve as the role of
stabilizer as well as provide favorable strong metal-support interaction (SMSI) to the
catalytic sites. In next few chapters, the design and synthesis of the nanocatalysts
supported on functionalized mesoporous silica and investigation of strong metal-
support interaction (SMSI) along with their catalytic activity are described for the
various fuel cell applications such as formic acid dehydrogenation, formate/bicarbonate

reversible reaction, and hydrazine oxidation.
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In conclusion, the development of sustainable and efficient catalyst for fuel cell
applications can impact and make contributions to the next generation of energy
systems. The studies in this thesis will provide some opportunities for developing
similar or better catalysts for renewable energy systems involving formic acid
dehydrogenation, formate/bicarbonate dehydrogenation/hydrogenation cycles, and
hydrazine oxidation for fuel cells. The work would also document intricate details of
reaction mechanisms and fundamental studies regarding these reactions as related to

various alternative energy systems.
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CHATPER 2

Ultrasmall Palladium Nanoparticles Supported on Amine-

functionalized SBA-15 Efficiently Catalyze Hydrogen Evolution from

Formic acid

2.1. Overview

The success of the so-called “hydrogen economy” for large-scale applications will
ultimately depend on efficient and sustainable production, storage and distribution of
hydrogen. Owing to its low toxicity, high volumetric H> storage capacity and
availability both from renewable resources (e.g., biomass) as well as non-renewable
resources (e.g., fossil fuel feedstocks), formic acid (FA) is one of the most favorable
chemical hydrogen storage media for large-scale energy storage applications. However,
for FA to become a viable hydrogen storage medium, efficient catalysts that enable it
to release H> at low cost are necessary. Herein | report a facile synthetic route to amine-

functionalized nanoporous silica-supported ultrasmall Pd nanoparticles (Pd/SBA-15-
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Amine) that are highly active catalysts for formic acid dehydrogenation, producing
hydrogen at ambient temperature with a high turn-over-frequency (TOF) of 293h"1—
which is among the highest TOFs ever reported for the reaction by a heterogeneous
catalyst. | also show that the material is easily recyclable multiple times, without losing
its catalytic activity. So, the catalyst | developed might contribute to some of the

solutions of our sustainability challenges
2.2. Introduction

Given the current energy landscape, where the consumption of fossil fuels
continues to rise while the negative environmental impacts associated with burning
fossil fuels continues unabated, the search for alternative, benign and sustainable energy
sources is a burgeoning interest. In this context, hydrogen—as one of the most
promising clean energy carriers—can play pivotal roles to meet these challenging issues
facing the world, as already successfully demonstrated with clean hydrogen-fed fuel
cell technologies.!* Despite the progress made since the 1970s, when the term
"hydrogen economy" was coined by Bockris,? it has become apparent that the ultimate
success of hydrogen-based energy cycle for large scale applications heavily hinges
on efficient, large-scale production, storage, and distribution of hydrogen. In particular,
the development of safe and reversible hydrogen storage systems is a key technical
issue that must be fully addressed to successfully realize an “ideal” hydrogen
economy.>”’

Because of its low toxicity and high availability both from renewable resources
(e.g., biomass) as well as non-renewable resources (e.g., fossil-feedstock), formic acid

(FA) has recently attracted significant attention for its potential as favorable chemical
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hydrogen storage medium for large-scale energy storage applications.®° FA’s appeal as
favorable hydrogen carrier also stems from the fact that it has a high volumetric H:
storage capacity of 53 g/L, which is suitable for many on-board energy applications.
Moreover, FA can be dehydrogenated to produce hydrogen it carries under ambient
conditions, making it auspicious for direct utilization within hydrogen-fed polymer
electrolyte membrane-based fuel cells (PEMFCs).

For FA to be used as a viable hydrogen storage medium though, efficient
catalysts that enable it to generate Hy at low cost are critically needed. In recent years,
various homogeneous catalysts based on metals such as Ru'''* and Ir*® and
heterogeneous catalysts including AuPd/C,'® AgPd’, CoAuPd/C,*® Pd/C3sN4**% for
dehydrogenation of FA have been reported. Generally, homogeneous catalysts are
highly active and exhibit higher turnover frequencies (TOFs) than heterogeneous
catalysts for many reactions including formic acid dehydrogenation. However, the
heterogeneous catalysts are generally advantageous over homogeneous ones in terms
of recoverability of the spent-catalysts from the reaction mixtures.?! By immobilizing
homogeneous catalysts onto solid support materials, the benefits attainable by both
types of catalysts can sometimes be realized. This approach of ‘heterogenization of
homogeneous catalysts’ can also be successfully applied for catalytically active
ultrasmall metallic nanoclusters, which have been increasingly become promising
catalysts for formic acid dehydrogenation.?226 Furthermore, functional groups such as
amines could easily be supported on the surfaces of such heterogeneous catalysts to
serve as interaction sites for supported metallic nanoclusters and serve as co-catalytic

species, which in the case of FA-dehydrogenation can function as deprotonation sites
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for FA molecules, synergistically assisting FA’s catalytic dehydrogenation. This
hypothesis, in conjunction with the recent success of other gold (Au) nanoparticles
encapsulated in silica nanospheres?® and Pd supported catalysts over materials such as
silica microspheres?? or metal-organic frameworks (MOFs)?* for FA dehydrogenation,
has prompted us to develop an efficient hybrid catalyst based on ultrasmall Pd
nanoparticles (Pd NPs) supported on amine-functionalized mesoporous silica for FA

dehydrogenation, as shown in Scheme 2.1.
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SBA-15 SBA-15-Amine SBA-15-Amine/Pd

Scheme 2.1. A synthetic scheme employed for making ultrasmall Pd nanoparticles
supported on amine-functionalized SBA-15 mesoporous silica, which can efficiently

catalyze formic acid (FA) dehydrogenation

2.3. Experimental section
2.3.1. Materials and reagents

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
copolymer (Pluronic® 123, with an average molecular mass of 5800 Da) was purchased
from BASF. (3-Aminopropyl)triethyoxysilane (APTES), ammonium hydroxide
(NH4OH), formic acid (HCOOH), anhydrous toluene, tetraethyl orthosilicate (TEOS),

n-propylamine, and palladium chloride (PdCl2) were obtained from Sigma-Aldrich.
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Hydrochloric acid (36.5%) was purchased from Fischer Scientific. Anhydrous ethanol
was purchased from Pharmco-Aaper. All the reagents were used as received without
further purification.

2.3.2. Instrumentation

Transmission electron microscopy (TEM) and scanning transmission electron
microscope (STEM) were performed with a FEI Tecnai™ F20 instrument equipped
with Schottkey FEG electron gun and operating at 200 kV. FA dehydrogenation
experiments were performed using a laboratory-made customized system (please see
the procedure above for details). Gaseous products were identified using an in situ FT-
IR spectrometer (Nicolet iS10, Thermo Scientific) equipped with an MCT detector and
a customized gas cell. Spectral data were collected using a scan rate of 8 scans min™
with a resolution of 4 cm™. Elemental analysis (EA) and inductively coupled plasma
atomic emission spectrometer (ICP-AES) were done at Korea Institute of Science and
Technology Advanced Analysis center. ICP-AES analyses of all samples were done
using a Varian 710-ES (Varian, Australia). X-ray Photoelectron spectroscopy (XPS)
were performed using a PHI 5000 VersaProbe (Ulvac-PHI) instrument, equipped with

Al Ko (1486.6 eV) monochromator, Anode (25W, 15kV), operating at background

pressure is 6.7x10® Pa and has 100 pm x 100 um sample size.

2.3.3. Synthesis of materials

Synthesis of SBA-15 Mesoporous Silica

SBA-15 was synthesized using Pluronic® 123 as templating agent in acidic

solution, as reported previously by Zhao et al.?” Typically, a solution of Pluronic® 123
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/ 12 M HCI / tetraethyl orthosilicate (TEOS) / H2O (2:12:4.3:26, mass ratio in grams)
was prepared and stirred at 40 °C for 24 h. The solution was then aged at 65 °C for
another 24 h. The resulting solution was filtered, and the solid material was washed
with copious amount of water and dried, giving a white powder labeled as “as-
synthesized SBA-15”. As-synthesized SBA-15 (1 g) was then dispersed in ethanol (100
mL) and diethyl ether (100 mL) and stirred at 50 C for 5 h to remove Pluronic® 123.
After filtration and washing with ethanol, the final solid material was dried in oven,

giving the template extracted SBA-15 mesoporous silica, denoted as “SBA-15.”
Synthesis of ultrasmall Pd nanoparticles-loaded amine-functionalized SBA-15

100 mg of SBA-15 was mixed and stirred with 1.37 mmol of (3-amonopropyl)-
triethoxysilane (APTES) in 50 mL of anhydrous toluene for 6 h at 80 °C to graft the
mesoporous channel surfaces of SBA-15 with primary amine groups. After filtration
the mixture, the solid product was washed with toluene and ethanol and let to dry at
ambient condition, producing amine-functionalized SBA-15 that was denoted as “SBA-

15-Amine”.

A solution of PdCl; (56.3 pmol) in 100 pL of 14 M of ammonium hydroxide
(NH4OH) and 5 mL ethanol:DI water (1:4 v/v) was prepared. After mixing this solution
with SBA-15-Amine, the mixture was stirred at 80 °C for 3 h. The solid material was
recovered by filtration, washed with water and ethanol, and finally dried, yielding
Pd(Il)-functionalized SBA-15-Amine. The resulting material was then treated at 250 °C
for 3 h with 10% H> : 90% N> affording ultrasmall Pd-NPs-containing SBA-15-Amine,

denoted as Pd/SBA-15-Amine.
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Synthesis of palladium nanoparticles (control sample)

PdCl> (56.3 umol) of Palladium chloride (PdCI2) was dissolved in 100 uL of 14
M of ammonium hydroxide (NHsOH) and sonicated until a colorless solution was
obtained. The resulting solution was allowed to undergo reduction under the same
conditions as above, i.e., at 250 °C for 3 h with 10% H. : 90% Ny, yielding palladium

nanoparticles, denoted as “Pd NPs”.

Catalytic formic acid dehydrogenations

Formic acid dehydrogenation reactions in the presence of the materials
synthesized above were conducted in a modified glass reactor (volume, 40 mL)
possessing two necks (one for inlet and another for outlet). The inlet was employed to
purge the reactor with N2 gas. During consecutive H2 generation tests, the outlet goes
directly to gas burette system for real-time measurement of the rate of H, + CO> release
as well as the accumulative amount of Hz, as | have demonstrated previously. The
overall experimental apparatus for H> measurement is shown in Figure 2.1. The
reactions were performed using 10 mL of 1 M formic acid at room temperature. 50 mg
of catalyst was used in each reaction. The reactor was stirred at room temperature (299
K) with vigorous stirring at a rate of 300 rpm. The gases evolved from the reaction were

directly delivered into a gas burette system and their volumes were quantified.
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Figure 2.1. An experimental set up used for measuring volume of Hz + CO, (mL).
Recyclability Studies of Catalysts

After the initial catalytic test involving 50 mg of Pd/SBA-15-Amine and 10 mL
of 1 M FA was performed, the catalyst was recovered and washed with copious D.I
water and dried under vacuum for 4 h. It was then used in the next reaction cycle in the

same way as above and by keeping the same ratio of substrate to catalyst.
Leaching Studies in Catalysis

To determine whether or not palladium nanoparticles or some palladium species
leach into the reaction mixture during the catalytic reaction or not, the supernatant was
taken 50 min after FA dehydrogenation reaction started. The recovered Pd/SBA-15-

Amine catalyst was analyzed for the amount of palladium in it using ICP-AES.
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2.4. Result and Discussion

First, SBA-15 type mesoporous silica was synthesized using soft templating-
based, supramolecular self-assembly synthetic technique, as demonstrated by Zhao et
al.?’ By using the residual surface silanols (=Si-OH) located on the pore walls of SBA-
15, the material was functionalized with organic functionalities, which were then
utilized to anchor metal ions onto the surfaces of the nanoporous material.?2?° In this
current effort, primary amine groups were anchored on SBA-15 by grafting (3-
aminopropyl)triethoxysilane (APTES) onto the surfaces of SBA-15, producing a
material denoted as SBA-15-Amine (Scheme 2.1). Then, Pd?* ions were supported onto
the surfaces of SBA-15-Amine by mixing the latter with ammonical palladium solution
(Pd(NH3)4Cl,).*° Subsequent reduction of the resulting material using H2/N2 mixture
(2:9 v/v) at 250 <«C for 3 h afforded SBA-15-Amine-suppported Pd NPs (denoted
hereafter as Pd/SBA-15-Amine) that are highly catalytically active for FA
dehydrogenation (see detailed experiment in experimental section).

The structures and morphology of Pd/SBA-15-Amine were first analyzed by high-
resolution transmission electron microscopy (HRTEM) and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM). The Pd
nanoparticles in Pd/SBA-15-Amine were found to be ultrasmall, having an average size
of 1.9 nm (Figure 2.2 a-b). In contrast, the unmodified Pd/SBA-15 prepared under
otherwise identical synthetic conditions afforded relatively bigger Pd NPs (Figures 2.2
c-d). The latter is not surprising since ultrasmall Pd NPs are often too difficult to obtain
with conventional reduction methods employing NaBH4 and/or without capping agents

because they tend to aggregate easily due to their relatively high surface energies (vide
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infra). In our other control experiment, the Pd NPs formed following the reduction of
the ammonical Pd(Il) species in the absence of SBA-15-Amine were also,
unsurprisingly, significantly bigger in size, having particle sizes as high as 150 nm
(Figure 2.3). Thus, the amine functional groups inside the mesoporous silica and their
ability to stabilize the Pd NPs must have played important roles in keeping the Pd NPs
quite small during reduction of Pd?* ions under H; at 250 <C. The amounts of Pd in the
Pd/SBA-15-Amine and Pd/SBA-15, as characterized by ICP-AES, were found to be
identical (0.32 mmol/gca, 3.4 Wt. %). On the basis of other previous report,3! it is
conceivable that the amine functional groups grafted in our Pd/SBA-15-Amine could
serve as Brgnsted basic sites, facilitating the deprotonation of FA into formate
intermediate, while the ultrasmall Pd NPs around them catalytically activate the C-H
bonds of the resulting formate species. Besides this, the amine groups help with both
the formation as well as stabilization of the ultrasmall Pd NPs (or protect them from

undergoing aggregation during the catalytic reactions (see below)).
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Figure 2.2. TEM (a) and STEM (b) images of Pd/SBA-15-Amine. TEM (c) and STEM
(d) images of Pd/SBA-15. The insets show the size distributions of the particles

obtained from the TEM images.
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Figure 2.3. TEM image of Pd NPs synthesized using any support materials such as
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SBA-15 and SBA-15-Amine.

Furthermore, the amine groups supported onto the SBA-15 can donate electron
density to Pd, thereby enhancing the Pd’s catalytic activity of towards FA
dehydrogenation.3! To elucidate this possible electronic effect of the amine groups on
Pd, X-ray photoelectron spectroscopy (XPS) was employed to analyze the materials
and the results are displayed in Figure 2.4-2.7. As depicted in Figures 2.4-2.7, while
the peaks corresponding to Pd(0) in Pd/SBA-15 with maxima are centered at 341.0 eV
(3da. state) and 335.8 eV (3ds, state),*? the corresponding peaks in the case of Pd/SBA-
15-Amine are shifted into lower binding energies of 340.1 eV and 335.0 eV,
respectively. This is likely due to the interaction between Pd NPs and amine groups in
Pd/SBA-15-Amine; i.e., the amine groups donating some electron density to Pd NPs
and producing electron- rich Pd centers with lower binding energies. These
electronically perturbed Pd centers in Pd/SBA-15-Amine could thus be partly
responsible for the material’s improved catalytic activity towards FA dehydrogenation
compared with that of Pd/SBA-15 (vide infra). It is worth-adding here that the Pdsq
spectra for both materials showed two small peaks corresponding to Pd?* centered at
343.2 eV and 337.9 eV, respectively, clearly indicating negligible presence of Pd?

species.



40

Pd(0)3d,,
Pd/SBA-15 Pa(0) 30, [

Intensity (a.u)

. i
344 342 340 338 336 334

Binding Energy (eV)

Figure 2.4. The high resolution Pdsq peaks in the XPS spectra of Pd/SBA-15-Amine

and Pd/SBA-15.
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Figure 2.5. The high-resolution C1s peaks (a) and Si2p (b) in the XPS spectra of

Pd/SBA-15 and Pd/SBA-15-Amine.
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Figure 2.6. The survey spectrum of (a) Pd/SBA-15-Amine and Pd/SBA-15. Enlarged
(b) Pd3d peaks and (c) Si2s peaks of the survey spectra. The peaks are assigned using
Si2p peak as reference. (d) Enlarged XPS survey spectra of the materials with some

of the important peaks.
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Figure 2.7. N1s XPS results of Pd/SBA-15-Amine catalysts after 0" and 6™ cycle of

the reaction.

Next, | evaluated the catalytic activities of Pd/SBA-15-Amine, SBA-15-Amine,
Pd/SBA-15, and bare Pd NPs toward FA dehydrogenation at room temperature in the
absence of external bases using the set-up shown in Figure 2.1. As illustrated in Figure
2.8, among these various materials | investigated Pd/SBA-15-Amine showed superior
activity towards FA dehydrogenation. The rate and amount of total Ho-release from FA
over Pd/SBA-15-Amine were quite good with an initial TOF of 293 h't in 10 min, which
is among the highest TOF for FA dehydrogenation compared with the TOF values
previously reported for other heterogeneous catalysis under ambient condition without
bases.!?® The TOFs of recently developed heterogeneous catalysts without additives
at ambient temperature are compared in Figure 2.9 and Table 2.1 entries 1-6. It is also
valuable to compare with recent most active palladium catalyst, Pd/MSC-30, under
ambient condition with using base (sodium formate) (Table 2.1, entry 7)% The control
materials, Pd/SBA-15 and Pd NPs, showed only little catalytic activity, again

supporting that the amine functional groups in Pd/SBA-15-Amine play a pivotal role in



43

accelerating FA dehydrogenation. It is also worth noting that the mesoporous silica

material has no activity on its own towards the reaction.
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Figure 2.8. FA dehydrogenation catalyzed by the various materials synthesized and

investigated here. (a) The volume of total gases produced versus time (min) curves. (b)

TOFs at 10 min calculated based on the mol of Pd in the materials (catalysts). Reaction

condition: 10 mL of 1 M FA was stirred with 50 mg of a desired catalyst (16 umol of

palladium) at room temperature at 300 rpm.
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Figure 2.9. Comparison of TOFs at 10 min of Pd/SBA-15-Amine catalyst with other

recently reported catalysts.
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Table 2.1. Comparison of TOFs at 10 min of Pd/SBA-15-Amine catalyst with other

recently reported catalysts without additives.

Entry Catalyst Temp. Volume TOF  Additives Ref.
[K] [mL] [h-]

This

1a Pd/SBA-15-Amine 299 38.5 300 None
work
Pd/SBA-15- This

1b 299 38.5 377 None
Aminel®! work
2 AgPd/C 298 80 309 None [33]
3 Pd/mpg-CsN4 298 52 144 None [20]
4 PdAu/C 298 30 63 None [16]
5 Pd/C3Na (+ hv) 288 [ 8 68 None [19]
6 CoAuPd/C 298 50 61 None [18]
7 Pd/MSC-30 298 440 600 SF [ [34]

@ The TOFs of some of the materials were calculated based Eq. 2.1-2.2 in below. I
For recycled catalyst (activity increased due to its treatment with Ha, see discussion). [°]
Please note that the temperature is different from others.[9 The ratio of Formic acid :

Sodium formate (SF) was 1:1.

Moles of HCOOH at 10 min (n) = =~ = -t Z0lmedtiings x 2 gq 21

RT 0.082 X Temperature
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moles of HCOOH at 10 min
moles of metal used X time

TOF (h) =

Eq. 2.2

To further scrutinize the potential roles of the covalently tethered amine
functional groups in the catalytic activity of the material towards FA dehydrogenation,
| carried additional controlled experiments by using the physical mixtures of Pd/SBA-
15 and various quantities of n-propylamine (PA) as catalyst. Compared with Pd/SBA-
15, the physical mixture of Pd/SBA-15 and 0.1 mmol of PA showed an increased
catalytic activity (Figures 2.8 a-b). Note that the amount of amine or PA added is 0.1
mmol, which is almost equal to that covalently tethered amines in Pd/SBA-15-Amine.
Upon addition of higher amount (5 mmol) of PA (Figure 2.8a, indicated with pink
triangles), the corresponding activity increased slightly, but was still significantly lower
than that obtained with Pd/SBA-15-Amine. Nevertheless, these results strongly imply
that the added amine clearly acted as a Brgnsted base, helping the deprotonation of FA.
The results also suggest that the amine functional groups on the pore walls of Pd/SBA-
15-Amine play multiple functions; i.e., effectively deprotonating FA, besides allowing
the synthesis of well-dispersed, electron rich, and catalytically active ultrasmall Pd NPs
for FA. As a result, the rate of dehydrogenation of FA over the Pd/SBA-15-Amine is
much more enhanced.

FA is known to decompose via two possible pathways: (1) dehydrogenation
(HCOOH — Hz + CO,) and dehydration (HCOOH — H,0 + C0).* To obtain better
FA dehydrogenation systems for hydrogen production, catalysts that favor the former
and suppress the latter are unquestionably preferred. This is because the second
(dehydration) process does not produce Hz, not to mention it forms CO-a common

poison for many catalysts, including the Pt catalysts typically used in hydrogen-fed
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PEMFCs.%%0 To examine the selectivity of the overall reaction to the one leading to
the desired product, i.e., Hz, as defined as [moles of Ho/moles of (H2 +CO)]x100, FT-
IR spectroscopy was employed to detect CO directly (Figure 2.10). The FT-IR
spectrum obtained using Pd/SBA-15-Amine after 50 min gave a doublet peak located
at ca. 2300 cm, indicating the evolution of CO.. The peak at ca. 2100 cm™

corresponding to CO was barely observable, strongly suggesting that H» selectivity is

close to ca. 100 %.
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Figure 2.10. In situ FT-IR spectra of gases generated during FA dehydrogenation over
Pd/SBA-15-Amine after 50 min: (a) CO2and CO stretch ranges (3000-1800 cm™). (b)
Enlarged area of CO stretching range (2200-2000 cm™).

Recyclability studies of the catalytic material were additionally carried out for
Pd/SBA-15-Amine . The result revealed that the catalyst was reusable at least six times
without losing its activity (Figure 2.11). Interestingly, the TOFs were, in fact, found to
increase after the 1% run becoming nearly identical for 2" — 6" runs, reaching values as
high as 377 h’. Consistent with these results, the TEM images of Pd/SBA-15-Amine
revealed no appreciable change in the structure of mesoporous silica even following

completion of 6" catalytic recycle run. Moreover, the size of Pd NPs also remained
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unchanged (Figure 2.12). The improved performance of the recycled catalysts
particularly after the first cycle can be attributed to the reductive environment (due to
the H> produced by the reaction) that the catalyst is exposed to during the catalytic
reactions, which can convert any surface-oxidized PdO possibly present on the original
catalyst back to the catalytically active Pd-NPs. The condition which can convert any
possibly oxidized PdO back to catalytic be active Pd and also prevents the Pd NPs from
undergoing oxidation and losing their activity. Finally, to determine possible leaching
of Pd from Pd/SBA-15-Amine during the reactions, the supernatant obtained after 150
min was examined by ICP-AES. The amount of Pd in the supernatant was found to be
only ca. 10 ppm, indicating that the Pd NPs remain supported on Pd/SBA-15-Amine
during the dehydrogenation reaction. In amine case, analyzed by atomic percentage of
XPS (Table 2.2), the nitrogen after 6th recycle, the amount of amine (based on nitrogen)

remains almost constant.
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Figure 2.11. Recyclability results of Pd/SBA-15-Amine used in FA dehydrogenation:

Volume (mL) of gas products (Hz + CO2) versus time (min). Inset shows a plot of initial

TOFs versus catalytic recycle runs.
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Figure 2.12. TEM images of spent Pd/SBA-15-Amine catalysts after each catalytic

reaction cycle.

Table 2.2. Atomic percentages of elements as obtained from XPS results of the catalyst

Pd/SBA-15-Amine after 0™ and 6™ cycle.

No. of Cls N1s Ols Si2p Pd3d
Cycle
ot 30.2 2.40 47.4 19.5 0.44

Bt 22.3 2.98 52.4 21.9 0.54
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2.4. Conclusion

In conclusion, amine-functionalized SBA-15-supported ultrasmall Pd NPs are
synthesized and shown to have excellent activity towards FA dehydrogenation at room
temperature in the absence of any external base, giving an initial TOF of 293 h™>—one
of the highest values reported so far for heterogeneous catalysts, to the best of our
knowledge (Table 2.1 and Figure 2.9). Despite the difference in synthetic strategies,
the support materials, the metals involved and the catalytic procedures used in our case
and in some of the previous related works, based on the catalytic outcomes there
appears to be the so-called ““strong metal-molecular support interaction (SMMSI)”
reported by Xu group?® at play in our material as well, or is more likely to be responsible
for the enhanced catalytic activities attained in it. But some other subtle metal-ligand
interactions may have also additionally contributed to the higher catalytic activity in
our case as compared with the non-ligand counterparts because: 1) the surface
properties, the size of the metal-nanoparticles of the amine-grafted catalysts and non-
amine catalysts like ours are quite different and 2) based on recently reported
mechanistic details®! as well as some of our ongoing work, 1 also believe, the supported

amine groups play an additional role as a base.
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CHATPER 3

Formic Acid Dehydrogenation over Pd NPs Supported on Amine-

Functionalized SBA-15 Catalysts: Structure-Activity Relationships

= -NH,
= -NHMe
= -NMe,

OH R

HCOO H 1 fo's;) V\O& 7 g

fop” a=PdNPs

3.1. Overview

Palladium nanoparticles (Pd NPs) supported on organoamine-functionalized SBA-
15 mesoporous silica are known to have higher catalytic activity for formic acid
dehydrogenation than Pd NPs supported on plain, unmodified SBA-15 mesoporous
silica (chapter 1). The organoamine groups present around the Pd NPs play
important roles in stabilizing the Pd NPs, providing strong metal-molecular support
interaction (SMMSI) to the Pd NPs, and rendering enhanced catalytic activities to
the materials toward formic acid dehydrogenation. However, detailed studies on
the effects of different types of amine groups on the catalytic activities of

mesoporous silica-supported Pd NPs toward formic acid dehydrogenation have not
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been reported. Herein, | describe the synthesis of SBA-15 mesoporous silica grafted
with three types of organoamine groups (primary, secondary, and tertiary amine),
whose pores are further introduced with tetraamine palladium(ll) complexes that
are then reduced to Pd NPs in situ with 10 % of H2/N> at 250 °C. The effects of the
different compositional and steric properties associated with the amine groups on i)
the electronic properties of the Pd NPs, ii) the size of the Pd NPs, and iii) the
structure-property relationships of the materials were closely examined. Based on
the results, the materials’ catalytic activities toward dehydrogenation of formic acid

to generate hydrogen (H.) for fuel cells were determined.

3.2. Introduction

To address current energy and environmental issues associated with the rapid
consumption of fossil fuels, major research on alternative, clean and sustainable energy
sources is continuing worldwide.>? Among the plausible alternative energy sources and
carriers that have received significant attentions and that are expected to contribute to
the solutions of these issues in the future, hydrogen (H.) stands out. In fact, H> has long
been considered as one of the most notable and propitious energy carriers for portable
and stationary energy systems. Furthermore, successful usage of H> as a plausible
energy carrier in fuel cells for transportation applications and many other commercial
alternative energy systems has long been proven.'-® However, Hz-based energy systems
have so far not made it into large scale applications, mainly due to the unavailability of
efficient and economically feasible technologies that allow sustainable production,

reliable storage, and cost-effective distribution of H. So, the development of safe and
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inexpensive hydrogen storage systems is one of the major requirements to enable
hydrogen energy technologies to become a reality in a wide range of applications.®’
This has therefore led to extensive investigations, over the last decade, of numerous
types of potential chemical-based H» storage compounds and materials.

Owing to its high stability, relatively low toxicity, high volumetric hydrogen
storage density (53 g/L), and ease of portability, formic acid (FA) has recently been
recognized as a good liquid phase chemical hydrogen storage medium. Furthermore,
compared with Hz, FA can easily be stored, transported and delivered to desired sites
more economically using existing infrastructures.®® In addition, FA can readily release
H> on demand under ambient conditions in the presence of the right catalysts through
the reaction. HCOOH — H; + CO>. Moreover, FA can potentially be regenerated by
catalytic hydrogenation of CO>—the greenhouse gas that is often released by power
plants and other industries—using the reaction: Hz + CO2 — HCOOH.° This whole
process will be appealing especially if the H2 needed to carry out this reaction comes
from water via renewable energy-driven water electrolysis. FA can also be produced
from biomass by various processes such as biomass gasification, the Fischer-Tropsch
process, etc.!! Hence, FA is a highly attractive hydrogen carrier for decentralized fuel
cell power generation sites, hydrogen refueling stations, large-scale renewable energy
storage systems, and so forth.

To make FA-based hydrogen storage systems usable in practical fuel cells, the
rate of Ho-release from FA needs to be sufficiently fast though. While the
dehydrogenation process of FA can be accelerated by increasing the reaction

temperature, this process often leads to an undesired dehydration pathway that releases
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CO via the reaction: HCOOH — H20 + CO. This reaction is undesired because one of
its products, CO, is detrimental to the catalysts used in many fuel cells. Besides, the
reaction does not generate the desirable product H> anyway, but rather H>O. So, it is of
significant importance to develop selective catalysts that can promote only the desirable
dehydrogenation pathway, besides being able to do so with high activity.® To attain this
goal, a number of homogeneous and heterogeneous catalysts, which work either in the
absence or in the presence of external bases, have been explored for FA
dehydrogenation. Among them, heterogeneous mono- and bi-metallic materials,
particularly those containing Pd, such as Pd,!?% PdAg,'” and AuPd NPs,'%2° were
found to be excellent catalysts for the release of H, from FA, in addition to being
convenient to use.

In chapter 2, | recently demonstrated that the surface functional groups around
Pd NPs could boost Pd’s catalytic activity toward FA dehydrogenation reaction, besides
stabilizing the Pd NPs (i.e., the catalytically active sites).'? In particular, ultrasmall Pd
NPs supported on primary amine-functionalized SBA-15 were found to exhibit high
catalytic activity and selectivity for dehydrogenation of FA at room temperature, even
in the absence of external base in the reaction mixture. Similarly, several other studies
demonstrated that multifunctional heterogeneous catalysts modified with primary
amine groups, such as Pd-Amine-MIL-125, Au-Amine-SiO;,?* and Pd/PDA-rGO
(PDA= 1,4, phenylene diamine)?> had good catalytic activity toward FA
dehydrogenation. Moreover, the immobilization of ultrafine metal nanoparticles on
high surface area materials and their catalytic application including FA were reviewed

by Q. Zhu et al.2 Meanwhile, some studies indicated that modifying the electronic
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properties and geometries of Pd active sites using amine-containing polymers could
improve Pd’s catalytic activity toward FA dehydrogenation.?* Despite these interesting
previous studies, the effects of different amine ligands and their structures on the size
of Pd NPs as well as the materials’ electronic properties and catalytic activities toward
FA dehydrogenation have not yet been profoundly established.

In this contribution, a series of nanoporous silica materials modified with
different types of amine groups and Pd NPs are synthesized, and the relationships
among the types of amine functionalities, the Pd NPs forming in the materials, and the
materials’ catalytic properties toward FA dehydrogenation are elucidated. The materials
include SBA-15 functionalized with different amine groups and Pd NPs, named
Pd/SBA-15-Amine, where “Amine” represents primary, secondary, or tertiary amines.
After investigating the structures and compositions of the materials obtained after each
synthetic step, their catalytic properties are studied with particular focus being paid to
the relationships among the amine functionality, the size of Pd NPs, and the materials’
catalytic properties. Based on the results, the roles of the amine groups and the
structural features of the Pd NPs in the materials toward the catalytic dehydrogenation

reaction are determined.
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3.3. Experimental section
3.3.1. Materials and reagents

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(Pluronic® P123) was obtained from BASF. (3-Aminopropyl)trimethoxysilane
(APTMS), ammonium hydroxide solution (NH4OH, 28-30 %, NHz3 basis), formic acid
(HCOOH), anhydrous toluene, tetraethyl orthosilicate (TEOS), methylamine solution
(CH3NHz, 40 wt.% in H20), dimethylamine solution ((CHz)2NH, 40 wt.% in H20) and
palladium(Il) chloride (PdCIl2) were all purchased from Sigma-Aldrich. N-
methylaminopropyltrimethoxysilane (MAPTMS) and 3-(N,N-dimethylaminopropyl)-
trimethoxysilane (DMAPTMS) were acquired from Gelest, Inc. Hydrochloric acid
(36.5 %) was purchased from Fischer Scientific. Anhydrous ethanol was acquired from
Pharmco-Aaper. Different deuterated formic acids (DCOOH and HCOOD) were
purchased from Cambridge Isotope Laboratories, Inc. All the reagents were used as

received without further purification.
3.3.2. Instrumentations
The following analytical instruments and methods were used to characterize the

structures and compositions of materials and to evaluate their catalytic properties.

(A) Thermogravimetric analyses of the materials were performed with TGA 7
(PerkinElmer) in a temperature range of 50 to 900 °C and at a heating rate of 10 °C/min
in air.

(B) The N2 adsorption/desorption data for the materials were obtained with a

Micrometrics ASAP 2000 instrument using N2 at 77 K. Based on the data, the surface
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areas of the materials were calculated using the Brunauer-Emmett-Teller (BET) method.
The pore volume and pore size distributions of the materials were determined based on
the amount of N> adsorbed at a relative pressure of 0.99 and with the Barrett-Joyner-

Halenda (BJH) method, respectively.

(C) High-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) images were acquired using a field emission

FEI Tecnai microscope G2 F20 operating at 200 kV.

(D) X-ray photoelectron spectroscopy (XPS) was performed with a PHI 50000
\ersaProbe instrument (ULVAC PHI) operating with an Al Ka X-ray beam at a
background pressure of 6.7 x 1078 Pa. The spectra were calibrated using C1s’s peak at

284.6 eV.

(E) The amount of Pd in the catalysts was determined by means of inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Varian 720ES, Agilent), and the
amount of nitrogen in the materials was analyzed with an elemental analyzer (EA)
(FLASH 2000, Thermo Scientific).

(F) All gaseous products generated by the catalytic reactions were analyzed by an in
situ FT-IR spectrometer (Nicolet iS10, Thermo Scientific) equipped with a MCT
detector and a customized gas cell. Spectral data were collected using a scan rate of 8

scans mint with a resolution of 4 cm™.

(G) UV-Vis diffuse reflectance spectroscopy was carried out with a Cary 5000 UV-Vis

spectrometer (Agilent).

(H) Gas chromatography (GC) used by a Model 7890A instrument (Agilent
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Technologies) equipped with a TCD detector and two columns: Hayesep D and MS13X.
3.3.3. Synthesis of catalysts

Synthesis of SBA-15 mesoporous silica (Ext-SBA-15)

SBA-15 was synthesized in acidic solution using Pluronic® 123 as a templating
agent according to a previously reported procedure.?® In a typical experiment,
Pluronic® 123, HCI (12 M), TEOS, and deionized (D.l.) water were mixed with a mass
ratio of 2:12:4.3:26, and stirred together at 40 °C for 24 h. The solution was then aged
at 65 °C for an additional 24 h. After filtration of the solution, a solid product was
recovered and washed several times with D.l. water. To remove the Pluronic® 123
templates from the resulting dried white powder product, 1.0 g of the material was taken
and dispersed in a solution containing ethanol (100 mL) and diethyl ether (100 mL),
and the mixture was stirred at 50 °C for 5 h. After filtering the mixture, then washing
the resulting solid product with copious amount of diethyl ether and then ethanol, and
letting it to dry at 40 °C in vacuum, a surfactant-extracted powder SBA-15 mesoporous

silica material, named Ext-SBA-15, was obtained.

Synthesis of SBA-15-functionalized with three different types of amines (SBA-15-Amine,

where Amine is PA, SA, or TA) (Step I)

To introduce different types of organoamine functional groups onto the surfaces
of Ext-SBA-15, 1.0 g of Ext-SBA-15 was dispersed in anhydrous toluene (50 mL)
containing 1.4 mmol of APTMS, MAPTMS, or DMAPTMS, and the mixtures were
stirred at 80 °C for 6 h. The mixtures were then filtered, and the resulting solid products

were washed with toluene and then ethanol, and let to dry at 40 °C in a vacuum oven.
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White powder products, denoted as SBA-15-PA, SBA-15-SA, and SBA-15-TA,
respectively, in which PA, SA, and TA stand for primary amine (PA, -NH), secondary
amine (SA, -NHCH3), or tertiary amine (TA, -N(CH?a)2) groups, were finally obtained.
The three resulting amine-functionalized SBA-15 materials were generally labeled also
as “SBA-15-Amine”. The synthetic procedure leading to the materials and their

structures are illustrated in Scheme 3.1.
Synthesis of Pd(I1)/SBA-15-Amine materials (Step 1)

First, tetraaminepalladium(ll) complex was synthesized by mixing PdCl; (5.6 x
102 umol) with 1.0 M of ammonium hydroxide (NH4OH, 1.8 umol NH3) and then
sonicating the solution until the dark red solution associated with PdClI turned colorless
(or until complete complexation occurred). The resulting solution was added into a flask
containing ethanol (1.0 mL), D.I. water (4.0 mL), and SBA-15-Amine (1.0 g), where
Amine is PA, SA, or TA. Pd/SBA-15 were synthesized with using
tetraaminepalladium(11) complex with Ext-SBA-15. The mixtures were stirred at 80 "C
for 3 h. Pd/SBA-15 was synthesized by mixing the solution of tetraaminepalladium(Il)
chloride, was prepared above, with Ext-SBA-15 and stirring the two together at 80 °C
for 3 h. After the mixtures were filtered, the solid products were washed with copious
amounts of water and let to dry at 40 "C under vacuum. This led to different Pd(II)-
anchored SBA-15-Amine materials (Pd(I1)/SBA-15-Amine), as shown in step Il in

Scheme 3.1. The latter gave the corresponding control material Pd(I11)/SBA-15.
Reduction to Pd (0)/SBA-15-Amine (Step I11)

The Pd(I1)/SBA-15-Amine and Pd(I1)/SBA-15 materials prepared above were all

subjected to reduction using 10 % of H2/N2 at 250 °C for 3 h to convert the Pd(II) ions
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in them into Pd NPs, and then yield Pd(0)/SBA-15-Amine or Pd(0)/SBA-15 materials.
Here, the respective materials obtained were named as Pd(0)/SBA-15-PA (1),

Pd(0)/SBA-15-SA (2), Pd(0)/SBA-15-TA (3), and Pd(0)/SBA-15 (a control material).
Synthesis of control materials

Control materials containing Pd(Il) species supported on unfunctionalized (or
unmodified) Ext-SBA-15 were synthesized by immobilizing three different
tetraaminepalladium(1l) complexes into the mesopores of amine-free Ext-SBA-15.
Specifically, different tetraaminepalladium(ll) complexes were synthesized by mixing
PdCl; (5.6 x 10 umol) with solutions containing three different amines (1.8 pmol of
ammonia (NH4OH), methylamine (NH>CHs), or dimethyl amine (NH(CHs)2). The
solutions were sonicated until they turned colorless, or the desired palladium(ll)-amine
complexes formed. The resulting different tetraaminepalladium(ll) complexes were
mixed and stirred with 1.0 g of unmodified Ext-SBA-15 at 80 °C for 3 h. This led to
[Pd(NH3)4Cl>]/SBA-15, [Pd(NH2CH3)4Cl2]/SBA-15, and [Pd(NH(CHs)2)sClo]/SBA-
15 materials, respectively. These control materials containing Pd?* complexes (i.e.,
(Pd(NH3)4Clo-SBA-15, Pd(NH3CH3)4Cl-SBA-15 and Pd(NH2(CHs)2)4Cl-SBA-15)
were prepared mainly for comparative studies of the potential effect of organoamine
ligands on the electronic properties or UV-Vis absorption properties of the Pd(I1)-amine
complexes vis-a-vis those of SBA-15-Amine-supported Pd(II)’s species before being

subjected to reduction.
Catalytic dehydrogenation to release H> from FA

Catalytic FA dehydrogenation reactions were performed in a modified glass

reactor (volume, 40 mL) containing an aqueous solution of FA (1.0 M, 10 mL) and the
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catalyst (1, 50 mg; 2, 46 mg; or 3, 43 mg). Note that different masses of catalysts were
used in the three cases in order to keep the amount of N (or amine groups) in them the
same (i.e., 64 pmol of N in each case, based on EA). The reactor was kept at room
temperature for 15 min under N2 atmosphere, and the quantity of the gas produced by
the reaction was determined using an automatic gas burette system. To examine whether
or not CO formed during the reaction, a portion of the gaseous products generated by
the reaction was taken and analyzed by in-situ FT-IR spectroscopy and gas
chromatography (GC). Unless otherwise noted, the catalytic activities for FA
dehydrogenation reaction presented here were for catalysts prepared from the same
batch of Ext-SBA-15. The values of catalytic turnover frequency (TOF) were calculated
using Eq. (3.1-3) below.

moles of hydrogen in 10 min, nx2 = Pam(Vgas/2)/RT Eq. 3.1

where Pam IS pressure, Vgas is the total volume of gases, R is the gas constant, and T

represents a reaction temperature in Kelvin.

_1) - moles of hydrogen in 10 min

Turnover frequency (TOF, h Eqg.3.2

(moles of metal used)*time

The selectivity of the FA dehydrogenation reaction in giving H2 as a product was

examined in-situ using a FT-IR spectrometer and quantified using equation (3) below.
H: selectivity = [moles of Hz/moles of (H2 + CO)] x 100 Eq. 3.3
Recyclability tests

During the recovery of solid catalysts for recycling tests, it is common to lose a
small amount of the catalysts. To minimize possible experimental errors arising from

such possible loss of catalyst during the catalytic FA dehydrogenation tests, the
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following procedure was employed. The same amount of catalyst (50 mg of 1, for
example) was added into four different identical reactors containing aqueous solution
of FA (1.0 M, 10 mL). After letting the FA dehydrogenation reaction run for 2.5 h, D.I.
water (10 mL) was added into each reactor. The spent catalysts were recovered by
filtration and then washed with copious amount of D.l. water. The resulting recycled
catalysts were let to dry in a vacuum oven before being used in the next cycle. Typically,
they were combined, and the same procedure as the ones described above was
performed in three reactors this time, with each containing 50 mg of the recovered

catalyst 1.
Kinetic isotope effect (KIE) studies

For Kinetic studies, similar catalytic dehydrogenation reactions using deuterated
FA (DCOOH and HCOOD), instead of FA, were carried out. Typically, 10 mL of 1.0 M
of deuterated FA and the required amount of catalyst (1, 50 mg; 2, 46 mg; or 3, 43 mQ)
were used. The remaining steps and characterizations were the same as those employed

above.
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3.4. Result and discussion

3.4.1. Synthesis and characterization of amine-functionalized SBA-15 mesoporous
silica

A series of SBA-15 mesoporous silica materials functionalized with primary
amine (PA), secondary amine (SA), and tertiary amine (TA) were synthesized by
following a procedure reported previously,*? with a slight modification. In short, the
surface Si-OH groups of surfactant-extracted SBA-15 mesoporous silica (Ext-SBA-15)
were grafted with three different 3-aminoalkoxysilanes, namely ATPMS, MAPTMS,
and DMAPTMS, in toluene at 80 °C for 6 h.

The Ext-SBA-15 was prepared by removing the Pluronic® P123 templates from the
as-prepared mesostructured silica with a solvent-extraction method. This solvent
extracted method was purposely chosen for removing the templates, because it leaves
behind the much-needed, especially higher density of Si—OH groups. A higher density
of Si—OH groups are necessary as they enable higher concentration of organoamine
groups grafted onto the SBA-15 material, which those amine groups that can serve as
co-catalysts in formic acid dehydrogenation catalysis (vide infra). Furthermore, higher
concentration of organoamine groups helped for loading the materials with a larger
density of Pd(I1) ions, and thereby Pd nanoparticles, the actual groups that catalyze the
dehydrogenation reaction. Besides, a substantial amount of the remaining P123
templates after the solvent-extraction process come off the material during the
subsequent grafting step at 80 °C for 6 h, followed by washing, and then reduction step
at 250 °C for 3 h while producing the Pd nanoparticles. Based on TGA analysis,

Pluronic P123 is known to start to undergo degradation around 250 °C,?® and over
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longer time treatment even at 250 °C, a lot of the templates can be removed. So, there
are negligible P123 remaining in the very final product or catalyst.

During this grafting process, the Si-OH groups of the Ext-SBA-15 materials act
as nucleophiles and attack the 3-aminoalkoxysilanes, generating grafted organoamine
groups covalently attached to the surfaces of Ext-SBA-15 through Si-O-Si bonds and
methanol as byproduct (see step | in Scheme 3.1). By following this procedure, three
different types of amine groups (PA, SA, and TA) were then anchored onto Ext-SBA-
15 from their respective alkoxysilane precursors, resulting in three different types of

amine-functionalized SBA-15 (i.e., SBA-15-Amine, where “Amine” is PA, SA, or TA).
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Scheme 3.1. Synthetic procedures leading to the different Pd/SBA-15-Amine
materials/catalysts (in which “Amine” represents PA, SA, and TA) that were employed

as catalysts for FA dehydrogenation.
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The resulting SBA-15-Amine materials (where Amine represents PA, SA or TA)
as well as the control material Ext-SBA-15 were all characterized by various analytical
techniques including elemental analysis (EA), thermogravimetric analysis (TGA), and
N2 porosimetry. EA showed the presence of similar amount of nitrogen (ca. 2.2 - 2.5
mmol/gcat) in all of the SBA-15-Amine materials (Table 3.1). The TGA results of the
control material Ext-SBA-15 and all the SBA-15-Amine materials are depicted in
Figure 3.1. In the case of the control material, the first weight loss (of ca. 0.62 %) was

observed from room temperature (RT) to 120 °C, which is due to evaporation of
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physisorbed water. A second weight loss (of ca. 16 %) was observed in the range of 120
°C to 700 °C, and it is most likely due to the loss of residual polymer templates and
water as a result of condensation of Si-OH groups. In the case of the SBA-15-Amine
materials, the TGA showed two distinct weight losses (Figure 3.1a). The first weight
loss was observed from RT to 120 °C and attributed to the evaporation of physisorbed
water from the surfaces of the materials. In all of SBA-15-Amine materials, a weight
loss due to desorption of water (ca. 1.6 %) was also seen in the range of RT to 120 °C.
The second weight loss was seen in the range of 120 °C to 700 °C, and it was due to the
removal of residual polymer templates, water due to condensation of Si-OH groups,
and more importantly, organoamine groups due to their combustion as:
NR1R2(CH2)3SiO15 + xO2 = SiO, + combustion products.?” After correcting for the
loss of polymer templates and condensation of water, a weight loss due to the
decomposition of organoamine moieties was determined to ca. 11 % for all these
organoamine-functionalized materials. This result suggested that the three SBA-15-
Amine materials had a similar amount of grafted organoamine moieties.

Based on N adsorption/desorption measurements, the amine-functionalized
SBA-15 generally showed lower surface areas than Ext-SBA-15 (Table 3.1 and Figure
3.1b-c). Lower surface areas and pore diameters were to be expected in the former as
the pores in the materials were partly occupied by surface organoamine groups, which
resulted from organosilane grafting. Furthermore, the gas adsorption/desorption data of
all the materials gave type 1V isotherm with hysteresis loops, indicating the presence of
mesoporosity or mesopores in the materials as well as the retention of the mesoporous

structure in the materials after organoamine grafting. However, as organoamines were
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grafted and as the grafted organoamines got bulkier, the pore sizes of the materials got
increasingly reduced. Notably, the average BJH pore diameters of Ext-SBA-15, SBA-
15-PA, SBA-15-SA and SBA-15-TA were found to be 6.4, 5.1, 4.4, and 3.3 nm,
respectively (Figure 3.1c and Table 3.1). The materials also got concomitantly lower

pore volumes (Table 3.1).
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Figure 3.1. (a) Thermogravimetric analysis (TGA) traces, (b) N2 Absorption and

desorption profiles and pores size distribution of amine-modified SBA-15 materials.
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Table 3.1. Textural properties of Ext-SBA-15 (a control material) and the three SBA-

15-Amine materials derived from it by grafting organosilane.

Amountof N BET Surface Pore Size Pore

(mmol/ Area (nm)°¢ \Volume

g cat)® (m/g)° (cm?/g)°
Ext-SBA-15 N/A 378 6.4 0.48
SBA-15-PA 2.3 200 5.1 0.23
SBA-15-SA 2.2 195 4.4 0.19
SBA-15-TA 2.5 237 3.3 0.17

Obtained based on EA. ? Obtained based on N, adsorption/desorption data. ¢ Obtained

from the BJH adsorption branch of the isotherms.

Despite its containing bulkier grafted groups, the surface area of SBA-15-TA was
found to be slightly higher than those of SBA-15-PA and SBA-15-SA. Part of the
reason behind this intriguing trend may have to do with the fact that SBA-15-TA is
functionalized with more non-polar groups than SBA-15-PA and SBA-15-SA. The
modification of the silica surface with hydrophobic groups is known to complicate the
value used for the cross-sectional area of the adsorbate molecules in the conventional
BET surface area analysis of materials.?3%° The degree of interaction of the non-polar
adsorbate N> with the adsorbent is of great importance in adsorption and surfaces
exhibiting weaker interactions can ultimately determine the effective molecular area of
N2 molecules occupying the surface. It was shown that the effective cross-sectional area
for N2 on silica surface could vary between 16.2 to 21 A2 depending on the surface

modification of silica.?®%° Furthermore, the adsorption isotherms for organic-modified
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silicas in the low relative pressure region could be less convex than those of bare silica,
and an extreme example of which would be the concave low-pressure regions seen with
type 11 isotherms which are characterized by weak interactions.* Although several
types of corrections to obtain the effective cross-sectional area of N2 were considered
or developed, the BET surface area analysis results by the very nature has been not be
precise, especially for non-polar modified porous materials. So, | believe that the BET
surface area calculation may have over-exaggerated the value for relatively
hydrophobic sample SBA-15-TA (3) compared with those of SBA-15-PA (1) and SBA-
15-SA (2).
3.4.2. Synthesis and characterization of Pd(11)/SBA-15-Amine

The immobilization of palladium(ll) ions into SBA-15-Amine was achieved by
contacting SBA-15-Amine materials with a solution containing tetraaminepalladium(ll)
chloride, or  [Pd(NHz3)4Cl2]. The latter was generated in situ by mixing PdCl> and NH3
(ag) (Part 1 in Step Il in Scheme 3.1 and Figure 3.2). To monitor the interactions
between the tetraaminepalladium(Il) complexes and the amine groups (i.e., PA, SA or
TA) grafted onto Ext-SBA-15, all the resulting three different Pd(11)/SBA-15-Amine
materials were analyzed by UV-Vis diffuse reflectance spectroscopy (Figure 3.3a). The
Pd(I1)/SBA-15-Amine materials exhibited an absorption maximum (Amax) Centered
between ca. 285 to 300 nm, attributable ligand-metal (L-M) charge transfer or interband
transitions in the metal-amine complexes.®2® Notably also, the absorption spectra of
all the Pd(I1)/SBA-15-Amine materials showed bathochromic shifts compared with that
of the control material Pd(I11)/SBA-15 (whose Amax Was at ca. 282 nm). The extent of

the shift in the absorption maxima increased as the number of methyl substituents on
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the nitrogen atom of the amine group was increased: i.e., Pd(11)/SBA-15-PA (Amax = 285
nm), Pd(I11)/SBA-15-SA (Amax = 292 nm), and Pd(I1)/SBA-15-TA (Amax = 300 nm).
These results implied that a ligand exchange reaction between the
tetraaminepalladium(I1) ([Pd(NH3)4]?*) complexes and the amine moieties grafted on
Ext-SBA-15 (NR:R2 ~~SBA-15) occurred, ultimately leading to [Pd(NH3)s(NR1R2)]**
--SBA-15 materials (Part 2 of Step 11 in Scheme 3.1). Similar bathochromic shifts were
seen in the three control materials prepared by mixing unmodified Ext-SBA-15 with
different  tetraaminepalladium(ll) complexes, namely [Pd(NH3)4Cl2]*",
[Pd(NH2CH3)4Cl2]?*, and [Pd(NH(CHs)2) 4Cl2]%* (Figure 3.3).

Ext-SBA-15

il

=

Pd(Il)/SBA-15-Amine

Pd(0)/SBA-15-Amine

Figure 3.2. Photographs of Ext-SBA-15 (1% row) , Pd(11)/SBA-15-Amine (2" row),

and Pd(0)/SBA-15-Amine (3" row). (a) Pd(11)/SBA-15-PA, (b) Pd(11)/SBA-15-SA, (c)

Pd(11)/SBA-15-TA, (d) Pd(0)/SBA-15-SA, (e) Pd(0)/SBA-15-SA, and (f) Pd(0)/SBA-
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15-TA materials.
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Figure 3.3. UV-Vis diffuse reflectance spectra of (a) Pd(I11)/SBA-15-Amine materials
and (b) Ext-SBA-15 immobilized with different tetraamine palladium(Il) complexes
([PA(NH3)4Cl>], [Pd(NH2CH3)4Cl], and [Pd(NH(CHs3).)4Clz]).

The corresponding UV-Vis spectra for the Pd-amine complexes in solution are
shown in Figure 3.4. The red shift in the absorption band of the complexes as the
number of amine groups on the amine moiety is increased is not unusual. N-methylation
of amino-ligands is known to induce a marked red shift of the L-M charge transfer
bands of many metal complexes comprising Pd(Il), Pd(I), Cu(ll) ions, etc. and amine
ligands.3232 This red shift is often due to the following three possible factors of: i) N-
methylation of amine causes an anodic shift in the redox potential or a reduction in the
electrode potential of the metal ions in the complexes. ii) The N-methyl groups decrease
the degree of solvation of the complexes. iii) N-methylation of amine groups increases
the electron density of the nitrogen donor atom, and makes the amine moiety a better o
donor and the metal-amine complex to have a lower optical electronegativity. In the
presence of polar hydrogen bond capable solvents though, the methyl groups around

the amines can make the latter a weaker o-donor to the metal ions. As a result, tertiary
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amines are widely reported to be poorer o-donors and poorer ligands than the
corresponding primary and secondary amines.®*3* The effect of N-methylation on the
o-donating properties of the non-bonding electron pairs of the nitrogen atoms can, in
turn, be attributed to two main factors: a) the formation of M-N-H--O hydrogen bonds
to the solvent molecules make the nitrogen atoms of primary and secondary amines
stronger s-donors (conversely, the absence of this effect in the nitrogen atoms of tertiary
amine ligands make them weaker ¢ donors) and b) the steric hindrance due to the
insertion of methyl groups within the ligand framework which can cause elongation of
the M-N bond and distortions of the coordination sphere around Pd(11) in the complexes.
Since in our spectra the experiments were conducted on complexes in which the
organoamine ligand molecules themselves are used as solvent or the complexes are
present on dried powder materials, there is no additional effect due to the solvents. So,
any possible effect due to solvents can be ruled out. This then leaves the observed red
shift in the charge transfer band upon more N-methylation of the ligands to be
exclusively due to the increasingly weakening ¢ electron-donating properties of the

nitrogen atoms of the amine ligands and the anodic shift of the redox potential 3334
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Figure 3.4. The UV-Vis spectra of the aqueous solutions containing three different
tetraamine palladium(ll) complexes, [Pd(NHs)sCl2], [Pd(NH2CH3)4Cl2], and
[PA(NH(CHs3)2)4Cl2]: (a) for the same concentrations and (b) for similar absorbance

using different concentrations.

3.4.3. Synthesis and characterization of a series of Pd(0)/SBA-15-Amine

materials/catalysts

Following the grafting of the organoamine groups and immobilization of Pd(I1)
ions into the Ext-SBA-15, the materials were reduced using Hz gas (10/90 % of H2/N2)
at 250 °C. This afforded black or greyish colored, powder SBA-15-Amine materials
containing different amine groups and supported Pd NPs. The materials were named
Pd(0)/SBA-15-Amine, where “Amine” is PA, SA or TA (see Step Il in Scheme 3.1 and
Figure 3.2). The materials were characterized first by EA, ICP-OES, and N
porosimetry, and the results are summarized in Table 3.2 and Figure 3.5. The EA and
ICP-OES results indicated the presence of different amounts of nitrogen and palladium
in the materials. While the amount of nitrogen in the catalysts was nearly identical (ca.

1.4 mmol/gcat), the amount of palladium in them varied, where 1 had 0.41 mmol/gcat, 2
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had 0.11 mmol/gcat, and 3 had 0.16 mmol/gcat.

Table 3.2. Textural properties and elemental compositions of Pd(0)/SBA-15-Amine

materials.
Amount  Amount BET Pore Pore
of N of Pd(0) Surface Size  Volume
(mmol/ (mmol/ Area (nm)*  (cm?/g)°
Jcat)? Jeat)” (mg)°
Pd/SBA-15° N/A 0.32 166 8.1 0.27
1 1.3 0.41 186 7.5 0.29
2 1.4 0.11 196 4.6 0.26
3 1.5 0.16 242 4.4 0.30

& Analyzed by EA; ® Analyzed by ICP-OES; ¢ Obtained from the N
adsorption/desorption data using the BET method; ¢ Obtained from the adsorption
branch of the gas adsorption/desorption isotherm using the BJH method. ¢ A control

material made from unmodified SBA-15.
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Figure 3.5. (a) N2 Absorption and desorption profiles and (b) thermogravimetric
analysis (TGA) traces of Pd/SBA-15-Amine materials (where Amine = PA, SA, or TA
groups).

Although I used identical amount of Pd(ll) precursor moles during the synthesis
of the materials 1, 2, and 3, | found that the final amount of Pd loaded in the materials
varied. These differences are likely to do with the differences in hydrophobicity of the
organoamine groups grafted in the materials. More specifically, the loadings of Pd in 2
and 3 were lower than that in 1 (Table 3.2) because of the relatively weaker ability of
[Pd(NH3)4]?" species to anchor onto SBA-15-grafted tertiary and secondary amine

groups than SBA-15-grafted primary amine groups. In other words, the Pd(ll)
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complexes anchor less favorably in SBA-15-SA and SBA-15-TA than in SBA-15-PA.
The slightly higher amount of Pd in 3 (0.16 mmol/g) compared with that in 2 (0.11
mmol/g) is because 3 has slightly more amount of amine groups than 2.

Their N2 adsorption/desorption data of these materials also gave a type IV
isotherm with some hysteresis loops, again indicating that the original mesoporous
structures of the materials remained intact even after they were treated at relatively high
temperature in Ho/N> to reduce the Pd(I1) ions to Pd(0) (Figure 3.2a). Furthermore, the
BET surface areas of the Pd(0)/SBA-15-Amine materials were found to reduce
compared with the corresponding SBA-15-Amine materials or the materials before
reduction (Table 3.2). Furthermore, these materials too showed increasingly lower
average BJH pore diameter and pore volume, as the types of organoamine groups

grafted in them were increasingly bulkier (Table 3.2 and Figure 3.5).
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Next, the three Pd(0)/SBA-15-Amine materials and the control material
Pd(0)/SBA-15 were all analyzed by TGA (Figure 3.5¢). All the Pd(0)/SBA-15-Amine
materials exhibited an initial weight loss of ca. 0.75 % between RT to 120 °C and a
second weight loss of 11% between 120 to 700 °C. The former was attributed to the
loss of physisorbed water and the latter was attributed to the decomposition of
organoamine groups, residual templates and water due to condensation of Si-OH groups
in the materials. In contrast, the control material Pd(0)/SBA-15 showed a weight loss
of ca. 1.1 % in the temperature range of RT to 120 °C (due to the removal of water) and
a weight loss of ca. 7.5 % in a temperature range of 120 to 700 °C (due to the removal
of residual Pluronic polymer templates and water due to condensation of Si-OH groups).
The latter value was smaller because this material did not contain organoamines, as the
Pd(0)/SBA-15-Amine materials did (Figure 3.5c).

To examine the effect of the type of amine groups in the SBA-15-Amine
materials on the size and size distribution of the Pd NPs, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) was employed. As
depicted in Figure 3.6., the as-synthesized catalysts displayed well-dispersed,
supported Pd NPs throughout their structures. However, the sizes of the Pd NPs were
found to vary from material to material. The average size of Pd NPs in Pd/SBA-15
(Figure 3.6) was 2.5 nm, but those in catalysts 1 and 2 were almost similar in size and
much smaller: 1.5 nm and 1.6 nm, respectively (Figure 3.6b-c). On the other hand, the

average size of Pd NPs in 3 was much bigger (2.9 nm) (Figure 3.6d).
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Figure 3.6. STEM images of different catalysts: (a) Pd/SBA-15, (b) Pd/SBA-15-PA (1),
(c) Pd/SBA-15-SA (2), and (d) Pd/SBA-15-TA (3). The average size of Pd NPs in

Pd/SBA15 (a) is taken from reference 13.

The observed difference in the size of Pd nanoparticles formed in the different
catalysts can be accounted based on the relative ability of the SBA-15-grafted
organoamine ligands in stabilizing the Pd(I1) complexes, and then Pd NPs, just like
many other organic ligands and surfactants, such as poly(ethylene glycol) (PEG),
polyvinylpyrrolidone (PVP), etc., used as capping agents to synthesize various metallic
nanoparticles do. The different amine functionalities existing in the as-prepared SBA-
15 materials in our case can render different degrees of stability to the Pd species

forming in the materials. In other words, the Pd(Il) complexes or Pd nanoparticles in
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the materials reported herein are expected to have different degree of interaction with
different SBA-15 grafted amine ligands, and thus end up with different sizes. More
specifically, compared with secondary and primary amine ligands, tertiary amine
ligands are weaker ¢ electron donors to Pd(II) in solution, due to their poorer ability to
undergo solvation, and also form less thermodynamically stable Pd(11) complexes.®® N-
methylation can also lead to a molecular crowding, more steric hindrance and stiffening,
and elongated and relatively more distorted Pd-N bonds in the Pd(11)-amine complexes.
Pd(I1) has a higher tendency to impose its own geometry on the ligands as well, and
this can in turn reduce the ability of the ligands to adapt to the stereochemical
requirements of Pd(ll) species well enough. Hence, Pd(ll) complexes or metallic
species (or Pd nanoparticles forming from the reduction) in the presence of more N-
methylated ligands are less stable than their unmethylated counterparts. As a result, the
tertiary amine ligands interact less strongly with the Pd nanoparticles than the primary
amine groups do, resulting in less stabilized Pd nanoparticles that have greater chances

to grow and form relatively bigger Pd particles.

To elucidate the potential electronic interaction between the amine groups and
the Pd NPs, X-ray photoelectron spectroscopy (XPS) was applied and the peaks
associated with Pd 3d in the spectra were carefully analyzed (Figure 3.7). When
organoamine functional groups were present in the materials (or for Pd(0)/SBA-15-
Amine materials), the peaks for Pd(0) 3ds. and Pd(0) 3ds. were shifted to lower
binding energies of 340.6 eV and 335.3 eV compared with the corresponding peaks for
Pd(0)/SBA-15 (341.2 and 335.7 eV, respectively). This indicated the presence of

electron transfer from the amine functional groups (PA, SA, or TA) to the Pd centres,
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which is consistent with the results reported previously for related systems.'® However,
there were barely any difference among the peak positions of the three materials
functionalized with organoamine groups. In other words, as the number of methyl
substituent in the Pd(0)/SBA-15-Amine was varied (PA, SA, or TA), there was barely

any shift in the Pd(0) 3ds2 and Pd(0) 3ds,2 peak positions or binding energies.

Pd(0) 3d3/2 Pd(0) 3ds/2

PN 3ds2 PII 395~ pa(oysea-15

Intensity (a.u.)

344 340 336 332
Binding energy (eV)

Figure 3.7. Comparison of Pd 3d peaks of Pd(0)/SBA-15 and different Pd(0)/SBA-15-
Amine materials (where Amine = PA, SA, or TA groups).
3.4.6. Catalytic activities of the materials toward FA dehydrogenation and the effects

of their structures and compositions

FA dehydrogenation reaction was then carried out by placing the series of
Pd/SBA-15-Amine materials (1, 2, and 3), with each containing identical amount of
nitrogen (64 umol), in 10 mL of 1 M of FA at room temperature. As illustrated in Figure
3.8, among the three catalysts, 1 exhibited the highest catalytic activity. The activity of
the catalysts, as measured based on initial TOF and TON, decreased in the order of 1

(whose TOF was 355 h, TON value of 59) > 2 (whose TOF was 190 h! and whose
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TON was 32) > 3 (whose TOF value of 70 h™ and whose TON value was 12) (Figure
3.8a-h).

In order to probe the reasons behind the relative catalytic activity of these three
catalysts, possible roles played by their structures and compositions were all taken into
consideration. Recently, primary amine-functionalized mesoporous silica containing Pd
NPs was found to have a good catalytic activity toward FA dehydrogenation.'? The high
catalytic activity of the material was due to the transfer of electron density from the
primary amine groups to the Pd NPs, and thereby the electron-richness of the Pd centers
in it. Similar electron transfer process from secondary and tertiary amine groups to Pd
NPs and similar peak positions for Pd 3d in XPS were also seen in catalysts 2 and 3; so,
it is reasonable to expect high catalytic activity for these two materials as well. Indeed
catalysts 2 and 3 also catalyzed FA dehydrogenation well enough. However, besides
electronic effects between amine groups and Pd NPs, other factors such as the size of
Pd NPs can affect the catalytic activity of the materials in FA dehydrogenation. This
was found to be the case, especially when comparing catalysts 1 and 2 with catalyst 3
(Figure 3.8c). Catalyst 3 showed the lowest catalytic activity, which must largely be
due to the relatively large sized Pd NPs it owned. Although catalyst 2 had similar sized
Pd NPs (ca. 1.6 nm) as catalyst 1 (ca. 1.5 nm), catalyst 2 showed lower activity than
catalyst 1 (Figure 3.8c). This, on the other hand, suggested that the type of amine
functional groups in these materials also directly or indirectly dictated the materials’
catalytic activities in FA dehydrogenation. More specifically, the organoamine groups
appeared to have the ability to affect the size and the quantity of Pd active sites forming

in the Ext-SBA-15 material, and also exert different degrees of steric hindrances around
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the catalytic sites, as discussed further below. Furthermore, the organoamine groups
dictated the pore diameters in the catalysts. So, the superior catalytic activity exhibited
by catalyst 1 compared with catalyst 2 can be due mainly to combined effects of these
(Figure 3.8c). On the other hand, Pd/SBA-15’s poor catalytic activity compared with
catalyst 3, despite the former had smaller Pd NPs (2.5 nm) than the latter had (2.9 nm)
(Figure 3.8c) must have largely been an indication of the importance of electronic
effect in dictating the catalytic activity of these materials, like those reported in few
previous studies.?!

Additionally, the observed trend in catalytic activity between these three catalysts
may also partly be due to the presence (or absence) of methyl groups on the grafted
amine moieties. The methyl groups have an ability to increase the hydrophobicity of
the ligand, and then indirectly influence the degree of formic acid (FA) dehydrogenation
reaction. In other words, the hydrophilic formic acid/formate anion species would have
difficulty to undergo mass diffusion into the pores of the catalysts in the initial step of
the reaction, in the order of 3 > 2 > 1. So, the hydrophobicity of the three organoamine
groups should be another likely reason behind the trend in catalytic activity | observed

for the three catalysts: 3<2<1(orl1>2>3).
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Figure 3.8 FA dehydrogenation over the as-synthesized catalysts: (a) volume of the
produced gases (H2 + CO>) as a function of reaction time, (b) catalytic TOF of the

reaction at 10 min, and (c) catalytic TOF as a function of size of Pd NPs on the catalysts.
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2.4.7. Governing factors for FA dehydrogenation over Pd(0)/SBA-15-Amine catalysts

To gain insight into the mechanism of the dehydrogenation reaction over the
catalysts, the reaction was performed using HCOO-D and D-COOH, instead of FA
(HCOOH). As depicted in Figure 3.9, the kn/kp values over catalysts 1, 2, and 3
obtained using HCOO-D were similar, suggesting that the Br@ nsted basicity of the
amine functional groups in Pd(0)/SBA-15-Amine did not contribute much to the
activity of the catalysts during FA dehydrogenation. On the other hand, the kn/kp values
obtained using D-COOH were higher than those obtained using HCOO-D, indicating
that C-H bond cleavage was likely the rate-determining step for all the Pd/SBA-15-
Amine catalysts under the reaction conditions employed herein. In addition, the kn/kp
values obtained with D-COOH increased in the order of 1 < 2 < 3, which was in line

with the catalysts’ activity toward FA dehydrogenation: 1 >2 > 3.

I DCOOH
3t 1HCoOOD

Figure 3.9. Comparison of the kinetic isotope effect (KIE) of the series of Pd catalysts

synthesized and studied.

These differences in catalytic activity exhibited by the series of Pd(0)/SBA-15-

Amine catalysts (1, 2, and 3) may have once again originated from the differences in (i)
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the electronic effect, (ii) size of Pd NPs, (iii) steric effect in their tethered amine
functional groups, and (iii) pore diameters in the materials. Given the relatively small
differences in the size of Pd NPs and electronic effect a, as evidenced by XPS, among
the three Pd(0)/SBA-15-Amine catalysts studied herein, the steric effect due to the
organoamine groups appeared to have played more dominant roles in their catalytic
properties (see further discussions below). However, it should be noted that the better
catalytic activity exhibited by Pd(0)/SBA-15-Amine, compared with Pd/SBA-15 (the
control material containing no amine groups), may have also partly originated from
electronic interaction between Pd NPs and amine groups, as supported by XPS (see
above), as well as the ability of the amine groups in being able to cooperatively dictate
the reaction pathways as illustrated in Scheme 3.2.

Based on the results presented above, it is plausible that FA initially undergoes
deprotonation due to the amine group, affording formate (HCO, ) and ammonium
(NHR1R2)" species as intermediates (Scheme 3.2, Step 1). Note that the formation of
formate in the first step can also come from the chemical equilibrium between formic
acid and formate ion in aqueous media (HCO2H(aq) «» HCOO(aq) + H*(aq)), which
can lead to a small difference in the kinetic isotope effect among catalysts 1, 2, and 3
during dehydrogenation of HCOO-H/HCOO-D. Next, the C-H bond in the H-COO
intermediate species can then cleave at the Pd sites and generate CO and Pd-H species
(Scheme 3.2, Step 2). Lastly, the hydridic species (Pd-H) undergoes protonation by the

acidic proton of the protonated amine species to release Hx (Scheme 3.2, Step 3).
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Scheme 3.2. A possible reaction pathway for FA dehydrogenation over Pd(0)/SBA-15-
Amine catalysts (1, 2, and 3). Note that step 1 represents the deprotonation of FA both
by water and amine group. Obviously, the latter is a more dominant reaction and is also
more responsible for the formation of the formate species in the reaction. In 1, R1 and

Rz are H; in 2, R1 is CHz and Rz is H; and in 3, R1 and R» are both CHs.

Recent detailed studies, however, have shown that the rate determining step (Step
2 of Scheme 3.2) can have two sequential transition states, one of which involves the
rotation of formate (HCOO*) species over the Pd NPs.®>% So, in the as-developed
catalysts reported herein, the rotation of the formate species can be the first step. This
way, the Pd-H species generated by C-H bond activation can become near the acidic H
atom present on NR1R>-H moiety and be able to interact with the latter, finally forming
H (due to H™ atom approach H™) (Scheme 3.3). Consequently, it is believed that the

degree of rotation of the formate species adsorbed on Pd can dictate the rate of the
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reaction. The rotation of formate species adsorbed on 1 can be expected to have a lower
activation energy than those adsorbed on 2 and 3 due to i) the less steric hindrance and
ii) the better mass diffusion (due to the relatively bigger pores in 1) the former
experience. On the other hand, in the catalysts, which have one or two methyl groups
on their amine groups (catalysts 2 or 3), the adsorbed formate species require more
energy to undergo the rotation due to the steric hindrance they experience, thanks to the
methyl groups present around the N atoms of the amine groups in them (Scheme 3.3).
These are most likely part of the reasons behind the trend in catalytic activity among

catalysts 1, 2 and 3 (or 1 > 2 > 3).

Scheme 3.3.  Schematic description of detailed mechanism of the catalytic
dehydrogenation of FA over Pd/SBA-15-PA (1). Inserted in the orange and cyan boxes

are Pd/SBA-15-SA (2) and Pd/SBA-15-TA (3) catalysts, respectively.
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3.4.8. Recyclability studies and analysis of by-products

Recyclability studies were additionally conducted on catalysts 1, 2, and 3 to
determine their stability and reusability. Interestingly, in the case of catalyst 1, the once
and twice recycled catalysts actually showed higher catalytic activity for FA
dehydrogenation than did the original catalyst (Figure 3.10). In the other two cases, the
catalytic activities of the catalysts toward FA dehydrogenation remained almost
unchanged for, at least, up to 3 cycles. Catalyst 1’s higher catalytic activity after the 1%
run was most likely due to the possible reduction of residual PdO species by the H: gas
produced during the FA dehydrogenation, and the formation of more catalytically active
Pd sites.*2 This possible reduction could be relatively insignificant in for catalysts 2 and
3 because these two produced much less amount of H> compared with that produced by
catalyst 1. In other words, most of the possible PdO species present on the former two
catalysts remained more likely in oxidized forms even after FA dehydrogenation
reaction. Although TEM analysis of the spent-catalysts indicated that the average sizes
of Pd NPs increased after the 3" cycle in all cases (for 1, from 1.5 nm to 2.3 nm; for 2,
from 1.6 nm to 2.1 nm; and for 3, from 2.9 nm to 4.4 nm), the catalysts largely retained
their activity, and even became more active in some cases, for the reaction. This is
possible due to most of amine protonated by formic acid at first step and thereby ligand
strength between amine-palladium would be weaken.

Furthermore, in-situ FT-IR spectroscopy revealed that the reaction over the
catalysts did not generate CO gas. In other words, the catalysts did not favor the
undesired FA dehydration reaction (HCOOH — CO + H20) (Figure 3.11). The absence
of CO byproduct during FA dehydrogenation was further confirmed by GC analysis

(Figure 3.12) and comparison of recent catalysts were in Table 3.3.
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Figure 3.10. Recyclability test results of Pd/SBA-15-Amine: (a) Pd/SBA-15-PA (1), (b)
Pd/SBA-15-SA (2), and (c) Pd/SBA-15-TA (3). The average sizes of Pd NPs after 3™

cycle were presented inside the TEM images.
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Figure 3.12. GC result after reaction (180 min) with Pd/SBA-15-PA for FA

dehydrogenation. Blue line is peak of CO> and red line is peak of Hz.

Table 3.3. Comparison of TOFs at 10 min of Pd/SBA-15-Amine catalysts with other

recently reported catalysts without additives.

Entry Catalyst Temperature TOF Reference
] ]
la Pd/SBA-15-PA 299 355 This work
1b Pd/SBA-15-SA 299 190 This work
1c Pd/SBA-15-TA 299 70 This work
2 AgPd/C 298 309 [37]
3 Pd/mpg-C3Na 298 144 [20]
4 PdAU/C 298 63 [38]
5 Pd/C3Ng (+ hv) 288 [Pl 68 [19]
6 CoAuPd/C 298 61 [40]
7 Pd/CN 298 70 [41]
8 Pdo.sAUo.3Mno2/N-SiO; 298 295 [42]

9  Ag-Pd/UIO-66 298 183 [43]
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10 AuPd-CeO/N-rGO 298 122 [44]

[ The TOFs of some of the materials were calculated based on information provided

in the manuscripts. ! Please note that the temperature is different from others.

The slight increase in the size of Pd nanoparticles after recycling can be explained
based on the weakened interaction between the Pd nanoparticles and the grafted amine
functional groups during the reactions. Given the fact that the adsorbed formic acid
molecules undergo deprotonation with grafted organoamine groups (via Pd-
HCOOH-~NR2-SBA-15 > Pd-HCOO~ + NHR>"-SBA15; please also see Step 1 in
Scheme 2), the resulting SBA-15-supported quaternary ammonium groups (NHR2")
would have no ability to interact with and cap the Pd nanoparticles as much as the NR»-
SBA-15 groups do. As a result, the Pd nanoparticles would have a greater chance to
diffuse over the catalyst surface, aggregate with each other and grow into larger
nanoparticles during catalysis. Note that unprotonated amine groups donate electron

densities into Pd nanoparticles via Pd-N interaction, as evidenced by XPS (Figure 3.7)
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3.5 Conclusion

In conclusion, I have successfully synthesized and characterized the structures,
compositions and catalytic properties for FA dehydrogenation of a series of Pd/SBA-
15-Amine materials containing different types of amine groups and Pd NPs. Using the
results, the relationships between amine groups and the Pd NPs forming in the materials
have been investigated. The catalytic activity of the materials have been found to
directly and indirectly relate to the terminal amine functional groups present in the
materials. Specifically, the types of amine functional groups are found to dictate the
size of the Pd NPs forming in the materials, the electronic properties in the materials,
and the pore diameters and pore volumes in the materials. These have, in turn, dictated
the overall degree of catalytic activities of the materials toward FA dehydrogenation.
The structural and composition parameters identified for the materials in relation to
their catalytic properties toward FA dehydrogenation reaction here may provide
valuable guidelines for the development of other efficient catalysts to generate H2 on-

board for Ha-powered fuel cells.
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CHAPTER 4.
Novel Nanoporous N-doped Carbon-supported Ultrasmall Pd

Nanoparticles: Efficient Catalysts for Hydrogen Storage and Release

4.1. Overview

The reversible reactions involving formate and bicarbonate can be used to store and
release hydrogen (H>), allowing H> to serve as an effective energy carrier in energy
systems such as fuel cells. However, to feasibly utilize these reactions for renewable
energy applications, efficient catalysts that can reversibly promote both reactions are
required. Herein | report the synthesis of novel polyaniline (PANI)-derived mesoporous
carbon-supported Pd nanoparticles, or materials that can efficiently catalyze these
reversible reactions. The synthesis involves pyrolysis of PANI/colloidal silica
composite materials at temperatures above 500 °C and then removal of the colloidal
silica from the carbonized products with an alkaline solution. The resulting

nanomaterials efficiently catalyze the reversible reactions, i.e., the dehydrogenation of
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formate (HCO;™ + H20 - H; + HCO3") and the hydrogenation of bicarbonate (H> +
HCO3™ = H20 + HCO"). The porosity and the catalytic property of the materials can
be tailored, or improved, by changing the synthetic conditions (in particular, the
pyrolysis temperature and the amount of colloidal silica used for making the materials).
The study further reveals that having an optimum density of N dopant species in the
catalysts makes Pd to exhibit high catalytic activity toward both reactions. Among the
different materials studied here, the one synthesized at 800 °C with relatively high
amount of colloidal silica templates gives the best catalytic activity, with a turnover
frequency (TOF) of 2,562 h! for the dehydrogenation reaction and a turnover number
(TON) of 1,625 for the hydrogenation reaction. These TOF and TON values are among
the highest values ever reported for heterogeneous catalysts for these reversible

reactions
4.2. Introduction

In the face of the rising energy consumptions worldwide and the continued
negative environmental impacts caused by fossil fuels, there are burgeoning efforts to
find alternative energy sources and carriers.’® These efforts include research in
hydrogen (H2), which has long been regarded as one of the most promising energy
carriers, because it is a clean and renewable fuel.*® While hydrogen’s use in fuel cells
has long been successfully demonstrated, finding efficient hydrogen storage systems
that can make hydrogen-based energy technologies sustainable and widely applicable
still remains a challenge.®” To address these issues, several chemical systems that
inherently possess high hydrogen density and that can release H> hydrolytically or

thermally, such as sodium borohydride or ammonia borane, have been widely studied.?°
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However, the reaction pathways that these systems follow while releasing H> make
them difficult to deploy, because their spent fuels are in solid phase or in slurry form,
and are thus hard to regenerate back to fuels.!®!! This is, in fact, one of the major
stumbling blocks limiting the utilization of these systems as efficient, safe, and

reversible hydrogen storage/release media.

Owing to their regenerability and high volumetric hydrogen content, formic acid
(HCO2H) and related compounds are more interesting reversible hydrogen
storage/release systems.213 Recently, the Beller**%® and the Jo6® groups showed that
the formate/bicarbonate (HCO2/HCO3") reversible reactions over homogeneous Ru-
based catalysts enable a rechargeable hydrogen battery. In fact, compared with the
HCO2H/CO; system, a system that has been more widely studied for H storage/release,
the HCO,/HCOs~ system can be more advantageous, especially for fuel cell
applications. This is because the latter can: 1) release H> without producing CO, a
known poison for the Pt and other catalysts commonly used in fuel cells, and 2) release
the H2 under non-acidic media, the media that is sometimes preferred for reactions
employed in various fuel cells. However, so far only few heterogeneous catalysts have
been studied for catalytic inter-conversions of HCO,/HCOz3", and they include Pd/C
1718 “and reduced graphene oxide-supported Pd nanoparticles (Pd/r-GO).1® More
importantly, some of these previous studies have revealed that, when supported on
carbon materials, Pd could give comparable catalytic activity as, and better selectivity
and reversibility than, its homogenous counterparts for the HCO>,/HCOs3™ reversible

reactions.t’-21

Meanwhile, it has been reported that by doping the structure of carbon support
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materials with heteroatoms (e.g., N,22* B, % or P %), not only the physical and chemical
properties of the materials can be favorably tailored, but also the ability of the materials
to assist supported catalytically active metallic species on them (e.g., Pd nanoparticles
or Ru complexes) can be improved.?>?” Moreover, although the exact mechanisms are
not yet well understood, N-based species in amine-functionalized mesoporous silicas
or carbon nitrides have been known to provide some synergetic effects with various
metallic catalytic groups, especially Pd nanoparticles, cooperatively promoting the
deprotonation step involved in formic acid dehydrogenation.?>?® Besides, many N-
based moieties are known for their ability to stabilize Pd nanoparticles, increasing the
latters’ shelf-lives during catalysis. However, despite their similar, favorable surface
properties as amine groups (such as polarity and basicity), the potential ability of the
N-dopants of N-doped carbon materials to assist with the HCO,7/HCO3™ reversible
reactions have only been rarely explored.}”?! In other words, generally the ease of
tailorability of the properties of carbon support materials via heteroatom doping,?’ and
the possible advantages this may have on the catalytic activity of the resulting
heterogeneous catalysts toward HCO>,/HCOz™ reversible reactions, have not been

explored.

To this end, herein | report the synthesis of novel polyaniline (PANI)-derived
mesoporous N-rich carbon materials with Pd nanoparticles (Pd/PDMCs) (Scheme 4.1)
that show efficient catalytic activity toward HCO2/HCOs3™ reversible reactions. To
synthesize the catalysts, PANI is used as a precursor and silica nanoparticles are used
as templates. PANI is purposely chosen as a precursor because it has a high N/C atomic
ratio (0.167), and can thus give a high yield of N-dopant species in the carbon materials

upon pyrolysis.?® The silica nanoparticles are used as templates in order to render the
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carbon support material high porosity and large surface area so that the catalyst can
have better diffusion pathways for the reactants and products, and achieve better
catalytic activity.?® Additionally, by applying different pyrolysis temperatures, the
density and the type of N-dopant species in the PANI-derived mesoporous carbon
materials are tailored, and the materials’ catalytic properties are further are optimized

and improved.

] Pyrolysis NaOH i) Pd(NOy), e
i Under Ar (Removal of Si0, ii) Hy, 250 °C \ bl

Polyaniline (PANI) . .
Polyaniline PDMC-SiO, PDMC
(PANI)-SiO,

=Pd NPs

Scheme 4.1. Schematic illustration of the synthesis of PANI-derived mesoporous N-

doped carbon-supported Pd nanoparticles (Pd/PDMC) materials.

4.2. Experimental Section

4.2.1. Chemicals and Materials

Aniline, ammonium persulfate ((NH4)2S20s), colloidal silica (Ludox-HS-40, 40
wt. % suspension in H20), formic acid (HCOOH), palladium on carbon (Pd/C, 10
wt. %), and palladium nitrate (Pd(NOz)2-2H>0) were obtained from Sigma-Aldrich.
Sodium formate (HCOONa) and sodium bicarbonate (NaHCO3) were purchased from
Alfa-Aesar. Sodium formate-d (DCOONa) and deuterium oxide (D20), which were
used for Kinetic isotope effect (KIE) studies, were obtained from Sigma-Aldrich. All

the reagents were used as received without further purification.

4.2.2. Instrumentations

The following analytical instruments and methods were used to characterize the
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structures and compositions of materials and to evaluate their catalytic properties.

(A) The Brunauer-Emmett-Teller (BET) surface area, the Barrett-Joyner-Helenda (BJH)
pore size distribution, and the pore volumes of the materials were obtained with a

Micrometrics ASAP 2000 instrument using N2 at 77 K.

(B) High-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) images were acquired using a field

emission, FEI Tecnai microscope G2 F20 operating at 200 kV.

(C) X-ray diffraction (XRD) studies of the materials was done using a Rigaku Mini

Flex II instrument operating with Cu Ka X-ray source at 40 kV and 20 mA.

(D) XPS spectra were acquired with an XPS instrument equipped with a PHI 50000
Versa Probe operating with an Al Ko X-ray beam at a background pressure of 6.7

x 1078 Pa. The spectra were calibrated by using C1s’s peak at 284.6 eV.

(E) The amount of Pd in the catalysts was determined by means of inductively coupled

plasma-optical emission spectrometry (ICP-OES) (Varian 720ES Agilent).

(F) Gas chromatography (GC) was performed using a Model 7890A instrument
(Agilent Technologies) equipped with a TCD detector and two columns: Hayesep

D and MS13X.

(G) High performance liquid chromatography (HPLC) analysis was performed using a
(1200 series HPLC instrument from Agilent Technologies that is equipped with a
UV detector at 210 nm. To analyze the concentration of formate (HCO>") in the
reaction mixtures, samples were separated with an YMC-pack C18 column (250

X 4.6 mm 1.D.), using H20 containing 0.1 % H3PO4 as the mobile phase at a flow
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rate of 1 mL/min.

(H) Extended X-ray absorption fine structure (EXAFS) was performed at the Pd K-

(M

edge region using the 10C Wide-Energy XAFS beamline at the Pohang Light
Source (PLS-I1), Republic of Korea, in the 3.0 GeV storage ring, with a ring current
of 320 mA. The measurement was conducted in the transmission mode. After
subtracting its background, the EXAFS data were normalized and transformed to
k- and R-space using standard data reduction protocols. A k-range of 3-13 A * was
used for the Fourier transformation to R-space. Simulated Pd-O and Pd-Pd
scattering parameters used to fit Pd K-edge EXAFS data were generated using

FEFF8.2 computational software.®

Near edge X-ray absorption fine structure (NEXAFS) was performed with 10D
XAS (X-ray absorption spectroscopy) using KIST B/L at the Pohang Light Source,
South Korea, and the data were processed using the WinXAS program. The pre-
edge background was subtracted by a linear function, and the post-edge
background was not subtracted due to the complicated fine structure shape. For

comparison purpose, the first peak was normalized to 1.

4.2.3. Synthesis of materials

Synthesis of polyaniline-derived mesoporous carbons (PDMCs)

First, a polyaniline (PANI)/silica nanocomposite material was synthesized with

oxidative polymerization® of aniline in the presence of silica nanoparticles. Typically,

an aqueous solution (100 mL) containing 1.0 M formic acid was stirred with 20 mmol



104

of (NH4)2S20g at 2 °C until all the reagents were completely dissolved. Then, various
amounts (0, 4, 8 or 16 g) of Ludox® HS-40 colloidal silica (40 wt. % in H>O) were
slowly added, drop-wise, into the solution under vigorous stirring. Into the stirring
reaction mixture, 20 mmol of aniline was slowly added. The mixture was stirred at 2 °C
for 24 h and then purified (via centrifugation at 15,000 rpm for 20 min, followed by
decantation, and washing with H.O (3 times) and EtOH (2 times)). The resulting
material was dried at 60 °C in vacuum oven for 12 h. Finally, a dark blue-to-greenish

colored product, i.e., a PANI/silica nanocomposite material, was obtained.

The resulting material was subjected to pyrolysis under Ar atmosphere in a
temperature-programmable tube furnace at various temperatures (500, 700, 800, 900,
or 1000 °C). The pyrolysis process was programmed to involve: 1) heating at 300 °C
at a heating rate of 1 °C-min’* and keeping the temperature at 300 °C for 3 h and 2) then
increasing the pyrolysis temperature from 300 to 500, 700, 800, 900, or 1000 °C at a

heating rate of 10 °C-min and keeping the temperature there for an additional 2 h.

The resulting black powdered products were treated with 1.0 M NaOH solution in
an autoclave at 100 °C for 18 h to remove the silica templates in them. After filtration,
the solid products were washed with copious amounts of water and EtOH, and let to
dry at 40 °C under vacuum. This finally yielded a series of black powdered materials,
labeled as PDMC-T-x (where T represents their pyrolysis temperature and x represents
the amount of colloidal silica in g per 0.02 mole of aniline used to make the precursors

of the PDMCs).
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Synthesis of Pd/PDMC materials

To generate supported Pd nanoparticles in the PDMCs materials, typically 200
mg of each one of the PDMC-T-x materials was placed in an aqueous solution (40 mL)
containing Pd(NO3)2-2H2O (56 umol). (For the synthesis of PDMC with a lower
loading of Pd nanoparticles, 18 umol of Pd(NOs)2-2H20 was used instead). The
mixtures were stirred for 3 h at room temperature, and then centrifuged. The resulting
solid products were washed with distilled H>O (via stirring, centrifugation and
decantation) and then dried at 40 °C under vacuum. Finally, the Pd(I1)-loaded PDMC-
T-x materials were subjected to thermal treatment at 250 °C in N2/H2 (90/10 %)
atmosphere for 3 h to reduce the Pd(Il) to Pd(0). This led to brown-colored, Pd
nanoparticles-containing PDMC-T-x powder materials. The materials were denoted as
Pd/PDMC-T-x, where again T represents their final pyrolysis temperature and x
represents the amount of colloidal silica in g used per 0.02 mole of aniline to make the

PDMCs.

Catalytic dehydrogenation of sodium formate

To test the catalytic properties of the materials toward formate dehydrogenation,
typically 25 mg of one of PA/PDMC-T-x materials was added into a solution of 1.0 M
sodium formate (HCO2Na) (5.0 mL). The reaction mixture was stirred, and the amount
of Hz evolved from the reaction was determined as follows. The gaseous products
produced by the reaction were let to pass through a NaOH (10 M) trap to remove the
CO: byproduct, and the remaining gaseous products were then measured using a gas

burette in real time. The blank experiments with the same experiment set up (5 mL of
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1 M of sodium formate) without a catalyst and checked possible errors involving H>

evolution.

To analyze the type(s) of gaseous product(s) evolved, one of the outlets of the
reactor was connected with gas sampling bag, and the product(s) collected there from
the reaction was/were analyzed with gas chromatography (GC). For kinetic isotope
effect (KIE) studies, two deuterated reagents (DCO2Na and D20) were used instead of

HCO2Na and H20 under otherwise similar experimental procedures.

Catalytic hydrogenation of sodium bicarbonate

Typically, a mixture of 50 mg of one of the PA/PDMC-T-x catalysts and 10 mL
of 1.0 M aqueous solution of sodium bicarbonate (HCO3Na) were mixed in a stainless
steel reactor and then purged with N.. H2 gas was then let to flow into the reactor till
the pressure in the reactor reached 40 bar. The reaction mixture was heated to a desired
temperature (i.e., 80 °C in our case) and stirred for 24 h while continuously flowing Hz
gas in it and while maintaining the reactor’s pressure constant (40 bar). After letting it
to cool down to room temperature, the reactor was depressurized, and the reaction
mixture was purged with N> before it was finally exposed to air. The catalyst was
removed from the reaction mixture by a syringe filter, and the liquid collected was

analyzed using high-performance liquid chromatography (HPLC).

Recyclability tests of the catalysts

The recyclability of the catalysts was evaluated by recovering them from the

reaction mixtures. Typically, after the first reaction, the spent catalyst was recovered by
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filtration, and washed several times with deionized water and then ethanol (via stirring,
centrifugation, and decantation). The recovered catalyst was then dispersed in
deionized water (100 mL) and stirred overnight to remove the products or reagents
adsorbed on its surfaces. The catalyst was dried under vacuum oven after filtration, and
then used as catalyst in the next reaction cycle. This procedure was repeated several

times as necessary.

4.3. Results and Discussion

4.3.1. Synthesis and characterization of catalysts

The synthetic procedure used to make Pd/PDMCs consists of three steps. First,
in-situ polymerization of PANI within the void spaces of colloidal silica templates is
carried out (Scheme 5.1). The resulting PANI-silica composite material is pyrolyzed at
300 °C for 3 h, and then at 500, 700, 800, 900 or 1000 °C for 2 h, under argon
atmosphere. Following this, the silica nanoparticles in the carbonized products are
etched with an aqueous NaOH solution. The resulting PANI-derived mesoporous
carbons, denoted PDMCs, are immobilized with Pd(Il) ions, and the Pd(ll) ions-
immobilized PDMCs are then subjected to reduction at 250 °C in Hz atmosphere to
generate Pd(0) nanoparticles in the PDMCs. Finally, Pd/PDMC-T-x materials, in which
T represents the final pyrolysis temperature and x represents the amount of colloidal
silica (in g) per 0.02 mole of aniline used to make the PDMCs, are obtained. The as-
synthesized Pd/PDMC materials prepared using different (i) amounts of colloidal silica
(see below) and (ii) calcination temperatures (see below) are then used as catalysts for

formate-bicarbonate reversible reactions to provide valuable information about the
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effect of the synthetic conditions on the structures, compositions, and catalytic

properties of the materials.

4.3.2. Effect of colloidal silica on the structures of PDMC-T-x materials

First, the effect of the added colloidal silica on the textural properties and morphology
of the PDMC-T-x materials are examined by using N2 gas adsorption/desorption,
scanning transmission electron microscopy (STEM), and high-resolution transmission
electron microscopy (HR-TEM). In all the cases, the adsorption/desorption isotherms
are found to be Type IV with hysteresis loops, indicating the presence of mesoporous
structure in them (entries 1-4 in Table 4.1 and Figure 4.1). However, larger surface
areas are found in the materials synthesized using colloidal silica as templates, and a
relatively much lower surface area is obtained in the material prepared without colloidal
silica template. These results are further confirmed by HR-TEM images. Similarly,
while HR-TEM images indicate the presence of porosity in the materials (Figure 4.2a,b
and 4.3), higher porosity is observed in Pd/PDMC-1000-16 (the material synthesized
using relatively higher amount of colloidal silica as template) and lower porosity is
observed in Pd/PDMC-1000-0 (the control material synthesized without using colloidal
silica as template). So, these results reveal that the structures of the PdA/PDMC materials
vary depending on whether as well as how much colloidal silica is used as template for

the synthesis of the materials.
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Table 4.1. Textural properties of Pd/PDMC-T-x materials and their average size of their
Pd nanoparticles as a function of the amount of colloidal silica templates and pyrolysis

temperatures used to synthesize the materials.

Entry Pd/PDMC-T-x AgeT DsanH Vv Pd Size of Pd
mege M [em?g]t [umoligea]® - NPs
T X

[nm]°®

1 1,000 0 260 25 0.2 70 16.0
2 1,000 4 817 7.4 15 230 15
3 1,000 8 919 8.0 1.8 200 15
4 1,000 16 994 9.7 24 180 1.7
5 900 16 934 9.2 2.2 150 1.6
6 800 16 1,080 9.4 25 140 1.6
7 700 16 845 8.4 1.8 150 15
8 500 16 510 3.4 0.4 130 1.7

ABET surface area. ® Average pore diameter obtained from the desorption branch of N2
absorption/desorption data. © Pore volume. 9 Measured by ICP-OES. ® Determined by

STEM.
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Figure 4.1. N2 adsorption/desorption isotherms of: (a) Pd/PDMC-1000-x and (b)

Pd/PDMC-T-16 materials.

Figure 4.2. STEM and TEM images (inset) of Pd/PDMC-T-x materials: (a) Pd/PDMC-
1000-0 (a control material), (b) Pd/PDMC-1000-16, (c) Pd/PDMC-500-16, (d)

Pd/PDMC-700-16, (¢) Pd/PDMC-800-16, and (f) Pd/PDMC-900-16.
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Figure 4.3. STEM images (Upper Panel) and HR-TEM images (Lower Panel) of the
series of PDMC-1000-x materials, where x is 0 g (a), 4 g (b), 8 g (c) and 16 g (d) of
colloidal silica that were used with 20 mmol of aniline for the synthesis of the respective

materials. The inset in each figure shows particle size distribution of the Pd

nanoparticles (Pd NPs) in the materials.

Besides aiding with the formation of porous structures, the colloidal silica used as
template in the syntheses of the materials appear to have indirectly played some roles
in the formation of small Pd nanoparticles in the final materials. Specifically, when x
(the amount of colloidal silica) is increased from 0 to > 4 ¢, the size of the Pd
nanoparticles in Pd/PDMC-1000-x materials becomes smaller, and the average size of
the Pd nanoparticles decreases from ca. 16 nm to ca. 1.5-1.7 nm (Figure 4.3).
Additionally, results obtained by inductively coupled plasma optical emission
spectrometry (ICP-OES) show that the colloidal silica templates seem to assist with the
loading of Pd onto the PDMC materials. In other words, although 282 umol

Pd(11)/gcatayst 1s employed to synthesize the Pd nanoparticles in all the materials, the
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umol Pd/gcat that ended up residing in the final materials after the reduction step varies.
More specifically, the amount of Pd in Pd/PDMC-1000-0 (made without silica
templates) is much smaller (70 pumol/geat) than the amounts (180-230 pmol/geat)
obtained in the materials synthesized using colloidal silica templates (i.e., Pd/PDMC-

1000-4, Pd/PDMC-1000-8 and Pd/PDMC-1000-16 (Table 4.1)).

4.3.3. Effect of pyrolysis temperature on the structures of PDMC-T-x materials

The textural properties of the series of Pd/PDMC-T-16 materials prepared at
different pyrolysis temperatures (500, 700, 800, 900, or 1000 °C) are then evaluated
(Figure 4.2 and entries 4-8 in Table 4.1). Compared with Pd/PDMC-500-16 (whose
BET surface area is 510 m2.g%), the materials obtained at 700 °C or higher pyrolysis
temperatures all show significantly higher surface areas and porosity (with BET surface
areas of 845-1080 m?.g). Close examination of the materials’ morphologies by STEM
and TEM reveal that Pd/PDMC-500-16 has larger, elliptical-shaped mesoporous carbon
nanoparticles (ca. 101 nm) whereas those obtained at higher pyrolysis temperatures
(700 °C and higher) have relatively smaller, spherical mesoporous carbon nanoparticles
(with sizes ranging from 73 to 84 nm) (Figure 4.2). The size of the Pd nanoparticles in
the materials is, however, reasonably similar in all of them (with an average size of ca.
1.6 nm), except in the one made without using colloidal silica as templates, in which
case the size of then Pd nanoparticles is much higher and ca. 16 nm. The amount of Pd
in the PDMC-T-16 materials (T = 500, 700, 800, 900 and 1000 °C) determined by ICP-
OES is ca. 130-180 umol/geat (Table 4.1). Furthermore, varying the loading amount of
Pd(Il) from 282 to 94 pmol/gcat On PDMC-800-16 support, 80 umol/geat Of

Pd(0)/PDMC-800-16 was obtain. The XRD patterns of the materials show a weak peak
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at around 20 = 40° corresponding to the (111) Bragg reflection of Pd, besides a peak at

ca. 20 = 24° corresponding to the (002) plane of amorphous/graphitic carbon (Figure

4.4).

—— Pd/PDMC-500-16
—— Pd/PDMC-700-16
C (002) ——— Pd/PDMC-800-16

Pd (111) Pd/PDMC-900-16
W% —— Pd/PDMC-1000-16

s

. IMWWWMMWM

20 40 60 80
Degree (2 theta)

Figure 4.4. XRD patterns of the series of Pd/PDMC-T-16 materials synthesized.

4.3.4. Catalytic properties of Pd/PDMC-T-x for HCO>~dehydrogenation

Next the catalytic properties of the Pd/PDMC-T-x materials are tested, first for

the HCO>~ dehydrogenation reaction (Table 4.2). The control material (Pd/PDMC-

1000-0, entry 1 in Table 4.2) shows barely any catalytic activity toward the reaction

(Figure 4.5). On the other hand, the materials prepared using colloidal silica templates

show good catalytic activity toward the reaction. Furthermore, their catalytic

performance (conversion and turn-over-frequency (TOF)) increases when the amount

of colloidal silica (x) used to make the materials is increased from 4 to 16 g (see entries

2-4 in Table 4.2 and Figure 4.5a,b). Since the size of the Pd nanoparticles is nearly

identical in all the PdA/PDMC-T-x materials, this trend in catalytic activity is most likely
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to do with the increase in surface area in the Pd/PDMC-1000-x (as the relative amount
of colloidal silica used (x) to synthesize them is increased).
Table 4.2. Catalytic TOF values for the dehydrogenation of sodium formate (NaHCO)

over the Pd/PDMC-T-x materials/catalysts.?

Pd/PDMC-T-x TOF
Entry
T X [h-1])
1 1,000 0 N/A
2 1,000 4 813
3 1,000 8 1,054
4 1,000 16 1,396
5 900 16 1,570
6 800 16 1,854
79 800 16 2,562
8 700 16 1,515
9 500 16 1,281
1098 Pd/C N/A 1,034

All the reactions are carried out in 5 mL of 1 M of sodium formate with 25 mg of
catalyst at 80 °C; ® TOF is calculated using the data obtained at 10 min using Eq. 4.1-
4.2; © 94 pmol/geat of Pd (11) is loaded on the support material; 9 5.0 mg (4.7 umol) of
commercially available Pd/C (from Sigma-Aldrich, 10 wt. %) is used; ® Note that the
surface area of this material is also high (745 m?/g) or is comparable to those of most

of the Pd/PDMC materials.

The equations used to determine the amount of the desired product (i.e., H2) and the
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reaction’s turnover frequency (TOF) value are given as:
mole of hydrogen (H2) at 10 min, nH2 = Pam(Vgas)/RT (Eq. 4.1)

where Pam is atmospheric pressure, V is total volume of gas generated by the reaction,

R is gas constant, and T is temperature.

Total moles of hydrogen at 10 min
f hydrogen at (Eq. 4.2)
moles of metal used x time

Turnover frequency (TOF) =

(a) [ - pdaPDMC-1000-0 (b) 2000
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Figure 4.5. Amount of catalytically produced H. versus reaction time during the

dehydrogenation of 1 M of aqueous NaHCO: over the different Pd/PDMC materials

(left panels) and comparison of the relative catalytic activity of the materials in the

catalytic reaction (right panels) for: (a,b) the series of Pd/PDMC-1000-x materials and

(c,d) the series of PA/PDMC-T-16 materials.
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Additionally, the catalytic activity of the materials toward the reaction (i.e., HCO>~
dehydrogenation) is found to depend on the pyrolysis temperature used to synthesize
them. The relationship follows a volcano type trend, where the catalytic activity of the
materials increases as the pyrolysis temperature is raised from 500 to 800 °C, but then
decreases afterwards (see entries 4-9 in Table 4.2 and Figure 4.5c-d). Based on this
result, it can be said that Pd/PDMC-800-16 is the best catalyst for HCO2~
dehydrogenation reaction among the series of materials | have investigated here.
Actually, when the loading of Pd(Il) on PDMC-800-16 is lowered from 282 to 94
umol/geat, by decreasing the relative amount of Pd(Il) used to synthesize the Pd
nanoparticles, the TOF of the resulting material for HCO2;~ dehydrogenation is
significantly higher, with a TOF value of 2,562 h' (entry 7 in Table 4.2). Since the size
of the Pd nanoparticles in the two materials is found to be about the same and the
loading efficiency is effectively similar, there must have been relatively less number of
Pd in the pores of the latter material. This, in turn, makes the latter material to provide
better pathways for diffusion of reactants and products, and then yield better catalytic
outcomes. This is what, | believe, is responsible for the higher TOF value obtained for
the PDMC-800-16 material containing less amount of Pd compared with the one with
higher amount of Pd.

Notably also, the catalytic activity of Pd/PDMC-800-16 is higher than those of
Pd/C "1 and PA/NMC? (or the few heterogeneous catalysts reported for the reaction
in the literature) (Table 4.3). Moreover, Pd/PDMC-800-16’s catalytic activity for the
dehydrogenation reaction is better than that of the Pd/C material | have synthesized
with no N dopants in its carbon structure as well (entry 10 in Table 4.2). So, based on

these comparative results, it appears that the N sites incorporated into the PDMC
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support material are instrumental to the enhanced catalytic activity exhibited by the
Pd/PDMC-800-16 as well as the other Pd/PDMC materials. This point is discussed
further in the sections to follow.

Table 4.3. Comparison of the catalytic activity of Pd/PDMC for formate
dehydrogenation with respect to various notable heterogeneous Pd-based catalysts

reported in the literature for the same reaction.

Entry  Catalysts Initial TOF  Temp. (°C)  Type of formate  Reference

at 10 min (HCO2)
1 Pd/C 375 70 KHCO, (10 M) 17 and 18
2 Pd/AC 250 80 NH4HCO2 (1 M) 21
3 Pd/r-GO 12,235 80 KHCO: (4.8 M) 19
4 Pd/NMC-8 2,243 60 KHCO: (2 M) 22
5 Pd/PDMC 2,562 80 NaHCO2 (1 M)  This work

It is worth adding that the dehydrogenation reaction over the Pd/PDMC-T-x
materials does not release CO, as characterized by gas chromatography (GC) (Table
4.4 and Figure 4.6). Conversely, the dehydrogenation over Pd/PDMC-T-x catalysts
goes through the desirable process of HCO2™ + H.0 - Hz + HCO3™, without forming
the undesired byproduct CO, which sometimes forms by such reactions over some
catalysts. In addition, the Pd/PDMC-T-x catalysts are proven to be easily recyclable and
reusable several times without significant losing their catalytic activity. For example,

Pd/PDMC-800-16 is recycled and reused up to at least three times, giving nearly similar



118

TOF values (of 1854 h', 1753 h't and 1477 h'* for the 1%, 2" and 3" runs, respectively)
(Figure 4.7). Consistent with this result, STEM indicates that the size of the Pd

nanoparticles in the Pd/PDMC-T-x remain nearly unchanged after recycling (see, for

example, the STEM image of Pd/PDMC-800-16 after the 3" reaction cycle, Figure 4.7).

Moreover, tests by ICP-OES for possible leached Pd species in the reaction mixture
reveal only < 2 ppm of Pd, indicating the high stability of the Pd/PDMCs catalysts

during catalysis.

Table 4.4. The type and amount of gaseous products obtained/expected from the

dehydrogenation reaction, as determined by GC.

Pd/PDMC-1000-16 Hz O2 N CO COq

Result (%) 387 76 481 0 0

TCDA A, Front Signal (KYC\DCA_5_6 2015.09-17 17-45-50\001F0101.D)

Figure 4.6. Typical gas chromatograms (GC) of the gaseous products formed during

formate dehydrogenation using the Pd/PDMC catalysts.
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Figure 4.7. (a) Recyclability results of Pd/PDMC-800-16 catalyst in dehydrogenation

reaction and (b) STEM image of the catalyst after 3" cycle.

4.3.5. Catalytic properties of Pd/PDMC-T-x for HCO3~hydrogenation

To assess the ability of PA/PDMC-T-16 materials to promote the Hz recharging
reaction, the hydrogenation of HCOs™ (to HCOy") in the presence of the materials is
evaluated (Table 4.5). The catalytic activity of the materials toward this reaction as a
function of their pyrolysis temperature also followed a volcano type trend, in the same
way as the result obtained for the dehydrogenation reaction above. Moreover, the
Pd/PDMC material synthesized at 800 °C (Pd/PDMC-800-16), once again, shows the
best catalytic activity for this reaction, while those prepared either at lower or higher
temperatures than 800 °C give lower catalytic activities. The general trend of the
materials’ catalytic activity for the HCO3™ hydrogenation reaction is found to be
Pd/PDMC-800-16 > Pd/PDMC-700-16 > Pd/PDMC-900-16 > Pd/PDMC-1000-16 >>
Pd/PDMC-500-16. Notably, the turnover numbers (TONs) of all the Pd/PDMC
materials, even the poorly performing ones, is comparable to those of other previously

reported Pd-based catalysts for the HCOs™ hydrogenation reaction (Table 4.6).17%
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Table 4.5. Turnover number (TON) values for the hydrogenation of sodium bicarbonate

(HCOs") over Pd/PDMC-T-16.?

PDMC-T-x Conv.
Entry TON®
T X [%]°)
1 500 16 22 338
2 700 16 74 087
3 800 16 82 1,171
49 800 16 65 1,625
5 900 16 73 973
6 1,000 16 70 778
790 Pd/C N/A 52 369

% Reaction conditions: 50 mg catalyst with 10 mL of 1 M of HCO3Na at 80 °C with 40
bar for 24 h; ® Conversion values are calculated from the amount of formate produced
from the reaction and measured by HPLC; ©® TON values are calculated using Eq. 4.3;
9 94 pumol/gea (i.e., less amount) of Pd is loaded on same batch of PDMC-800-16
support material; ® 15.0 mg (14 umol) of commercially available Pd/C (from Sigma-
Aldrich, 10 wt. %) is used; ? Note that the surface area of this material is also high (745

m?/g) or comparable to those of most of the Pd/PDMC materials.
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Table 4.6. Comparison of the catalytic activity of Pd/PDMC for bicarbonate
hydrogenation reaction with respect to the various notable heterogeneous Pd-based

catalysts reported in the literature for the same reaction.

Entr  Catalysts Press. Temp. Time Type of TON Ref.
y (bar) (°C) (h) Bicarbonate
1 Pd/AC 28 20 15 NH4HCO3 1,769 18
(1 M)
2 Pd/r-GO 40 80 10 KHCO3 1,555 19
(4.8 M)
3 Pd/NMC-8 60 80 4 KHCOs (4 M) 1,598 21
4 Pd/PDMC 40 80 24 NaHCOs 1,625 This
1 M) work

The turnover number (TON) of the reaction was calculated by the following formula
(Eq. 4.3). The moles of the catalysts for the equation were obtained by ICP-OES

analyses.

Total moles of formate

Turnover number (TON) = Eq. 4.3

Moles of catalyst used

An additional control experiment involving a commercially available Pd/C (10
wt. %) that does not have N-dopants in its carbon (Figure 4.8). Despite its high surface
area (745 m2/g) or comparable surface area as those of Pd/PDMC materials, the Pd/C

(10 wt. %) shows a significantly lower catalytic activity and gives a lower TOF value
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than most of the Pd/PDMC materials | have investigated, for the hydrogenation reaction

(entry 7 in Table 4.5), just like in the hydrogenation reaction above.
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Figure 4.8. (a) N2 adsorption/desorption isotherm, (b) BJH pore size distribution curve,
(c) TEM image, and (d) catalytic activity toward HCO,~ dehydrogenation of a
commercially available Pd/C (Sigma-Aldrich, 10 wt. %). The catalytic reaction

conditions were: 4.7 umol of Pd/C in 5 mL of 1 M of NaHCO..
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4.3.6. Investigation of chemical states of N-dopant sites and their effect on the

materials’ catalytic properties

Although Pd nanoparticles remain the major species responsible for PA/PDMCs’
catalytic activity toward both reactions, the superior performances of the Pd/PDMC
catalysts in both reactions appear to be due to the presence of N-dopant-related species
on their carbon support materials. This hypothesis is further supported by the result
obtained from an additional control experiment involving a commercially Pd/C (10
wt. %) that I discussed before.

To further elucidate the effect of N-dopant sites in the PA/PDMC materials on the
materials’ catalytic activity, the density and chemical states of nitrogen in the catalysts
are analyzed using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
The XPS survey spectra show that the atomic ratios of N to C in the Pd/PDMC-T-16
catalysts decreases from 11 to 3 % when their pyrolysis temperature is raised from 500
to 1000 °C (Figure 4.9a). The N1s peak in the spectra can be deconvoluted into four
distinct peaks, corresponding to pyridinic-N (398.7 eV), pyrrolic-N (400.3 eV),
quaternary-N (401.2 eV), and pyridinic-N*-O" (403.3 eV) species.®® The relative
density of the different N-doped species in the materials varies as a function of pyrolysis
temperature (Figure 4.9b and Figure 4.10). The best catalyst for both reactions,
Pd/PDMC-800-16, has a relatively higher density of electron-rich pyrrolic-N and
pyridinic-N groups than the other Pd/PDMC-T-16 materials. Moreover, the density of
these groups is higher than the quaternary-N (electron-deficient) species not only in
Pd/PDMC-800-16 but all also in all the other PA/PDMC-T-16 materials. On the other
hand, the poorly performing catalyst, PdA/PDMC-500-16, has the least amount of

electron-rich pyrrolic-N and pyridinic-N groups. Since the electron-rich pyrrolic-N and
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pyridinic-N groups are generally unlikely to form at pyrolysis temperatures less than

600 °C,%%3 their absence in Pd/PDMC-500-16, and thus Pd/PDMC-500-16’s low

catalytic activity, are perhaps not surprising.
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Figure 4.9. Results based on XPS and Raman spectra for different Pd/PDMC-T-16

materials (where T = 500, 700, 800, 900, and 1000 °C): (a) N/C atomic ratio for the

total N and C in the materials, (b) N/C ratio for the different types of N species analyzed

by XPS, (c) Ip/lg ratio (ratio of intensity of D and G bands based on Raman spectra,

and (d) plausible structures of the N species present in the N-doped carbon materials.
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Figure 4.10. High-resolution, deconvoluted XPS spectra of C1s (left panels) and N1s
(right panels) for the series of PA/PDMC-T-x materials synthesized: (a-b) Pd/PDMC-
700-16, (c-d) Pd/PDMC-800-16, (e-f) Pd/PDMC-900-16, and (g-h) Pd/PDMC-1000-

16.

The deconvoluted XPS C1s peaks of the Pd/PDMC materials (Figure 4.11) also
show peaks corresponding O and N species.® In the case of the XPS spectra of Pd3d,
doublet XPS peaks corresponding to Pd(l1) at ca. 343.0 eV (Pd 3dz) and 337.6 eV (Pd
3ds2) and doublet peaks corresponding to Pd(0) at 340.9 eV (Pd 3d3) and 335.6 eV
(Pd 3ds2) are observed in all the materials.®*** The observed Pd(lI) species are most
likely due to the presence of Pd-O and/or Pd-N bonds in the materials (Figure 4.11).
This is further corroborated by extended X-ray absorption fine structure (EXAFS) and

near extended X-ray absorption fine structure (NEXAFS) analyses (vide infra).
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Figure 4.11. High-resolution XPS spectra of Pd3d region of the series of PDMC-T-
16/Pd materials, namely: (a) Pd/PDMC-500-16, (b) Pd/PDMC-700-16, (c) Pd/PDMC-

800-16/Pd, (d) Pd/PDMC-900-16, and (e) Pd/PDMC-1000-16.

Additionally, the PDMC-T-16 materials are characterized by Raman spectroscopy.
Their Raman spectra show two first-order bands at 1345 cm™ and 1580 cm™ (Figure
4.9). These correspond to the characteristic D band (which is associated with the defects

in carbon materials or which in our case is to do with the presence of N dopants in the
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materials) and G band (due to the typical Eog modes), respectively, of graphitic carbon
materials. The ratio of intensity of the two peaks (Ip/lg ratio) decreases from 0.97 to
0.91 as the pyrolysis temperature is raised from 500 to 1000 °C, indicating the increase
in the degree of graphitization in the PDMC materials at higher pyrolysis temperatures
(Figure 4.9 and Figure 4.12). According to these results, particularly the ones
displayed in Figure 4.9b and Figure 4.10 the different N-dopant-associated species,

which are present in the PDMC-T-x materials, are compiled and illustrated in Figure

4.9d.
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Figure 4.12. (a) Raman spectra of PDMC-x-16 materials and (b) their Iq4/lg ratios as a

function of their pyrolysis temperature.

4.3.7. Investigation of metal-support interactions

To obtain more structural information about Pd/PDMC-T-x materials, including the
possible presence of metal-support interactions in them, the materials are analyzed by
EXAFS at Pd K-edge region (Figure 4.13 and Table 4.7) and by NEXAFS (Figure

4.14). The coordination numbers (CNs) of Pd-Pd bonding in all the Pd/PDMC-T-x
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materials (CNpg.pa= 2 to 4) are significantly less than that of bulk Pd foil (CNpg.pd = 12),
confirming the presence of well dispersed Pd nanoclusters, each containing only few
atoms, on the N-doped carbon support materials. This is also consistent with the
observation made by STEM, in which small Pd nanoparticles with an average size of
ca. 1.6 nm are seen (Figure 4.2). In addition, the EXAFS results indicate that the Pd
nanoparticles in the PDMC materials are at least partially coordinated with O, N and/or
C atoms of the support material, strongly suggesting the presence of metal-support

interactions.
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Figure 4.13. Fourier transformed EXAFS (black) of Pd/PDMC-T-16 materials (where

T =500, 700, 800, 900, or 1000 °C) and their best fits (red).
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Table 4.7. Table for structural parameters obtained from EXAFS analyses.

Path  Coordination  Bond o’ AEq
Number Length 1155 [ev]
(CN) [A] A?]

Pd/PDMC- Pd-X 2 24(2) 202(6) 46(7) 0(Q1)

500-16 Pd-Pd 2.4(3) 2.74(1) 88(8) -4(2)

Pd/PDMC-700-  Pd-X? 2.03) 202(8) 40(1) 1(2

16 Pd-Pd 3.6(4) 27309)  70(7) -2(1)

Pd/PDMC-800-  Pd-X? 2.0(3) 197(1) 70(1) -8(3)

16 Pd-Pd 43(3) 274(3)  76() -1(3)
Pd/PDMC-900-  Pd-X? 1.8(2) 201(5) 09(9) -0.4(7)

16 Pd-Pd 3.4(5) 2.7455)  80() -2(1

Pd/PDMC- Pd-X 1.8(3) 201(1) 30(1) -2(3)

1000-16 Pd-Pd 4.5(5) 275(2) 6.6(7) -2(1)

Pd foil Pd-Pd 12(9) 274(4) 55(8) -2(7)

& X could be O, C, or N, which are indistinguishable in EXAFS fitting analysis.
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Figure 4.14. NEXAFS spectra of (a) Pd/PDMC-700-16, (b) Pd/PDMC-800-16, and (c)
Pd/PDMC-900-16, along their corresponding control materials that contain no Pd

nanoparticles.

Among all the Pd-X bond length of Pd/PDMC samples, Pd/PDMC-800-16 shows
the shortest length, 1.97 A (Table 4.7). This suggests that Pd/PDMC-800-16 has the
strongest metal-support interaction. The shortest bond length and the strongest metal—
support interactions of Pd/PDMC-800-16 (1.97 A) may have been the result of the
relatively higher density of electron rich pyrrolic and pyridinic groups in its N-doped
carbon nanostructure.

The interface between Pd nanoparticles and PDMC is further investigated with

NEXAFS, and the results are displayed in Figure 4.15. In the NEXAFS spectra,
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Pd/PDMC-800-16 is the only material that shows two different features of peak
broadenings, the first at ca. 399.4 eV and the second at ca. 400.2 eV (Figure 4.14b).
Both peaks can be assigned to Pd-N type interactions,® where the unoccupied N 2p
states hybridize with the Pd 4d orbitals.®® The result suggests that Pd/PDMC-800-16
displays a distinct, strong interaction between its Pd nanoparticles and the N-species on
its support material. This result is in agreement with the one obtained by EXAFS above.
So, it is not surprising then that this material is also the one that shows the highest

catalytic activity for the HCO2,7/HCOg3™ reversible reactions.

4.3.8. Mechanistic studies

To elucidate the plausible reaction pathways by which the reversible
HCO>/HCOs™ reactions take place over Pd/PDMCs, isotopic labeling studies are
performed. Specifically three different kinds of isotopic labeling reactions are
conducted with Pd/PDMC-800-16. The first one is D-CO2™ + H>0O, which is named as
Reaction 1; the second one is H-CO2™ + D20, which is named as Reaction 2; and the
third one is D-CO2™ + D20, which is named as Reaction 3. The reactions are illustrated
in detail in Scheme S1. The results from the reactions show kinetic isotope effects (KIE)
(Figure 4.15,1), where the values of kn/kp follow the trend of: Reaction 3 (15.4) >>
Reaction 1 (8.3) > Reaction 2 (3.9). The results also indicate that both H>O and HCO,~
are involved in the rate-determining step. Moreover, the fact that Reaction 1 gives
higher KIE value than Reaction 2 suggests that the bond cleavage of HO-H takes place
prior to that of H-CO2™ during the dehydrogenation reaction (Figure 4.15, 1). In the

reaction mechanism, the final step involves the release of H> via reductive elimination
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from the H-Pd-H species.!’ The hydrogenation of HCO3™ can essentially be thought of

as the reverse of the above-discussed HCO™ dehydrogenation processes.

(1)

16 15.4

kHkD
oo

Rxn 2 Rxn 1 Rxn 3
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Figure 4.15. (1) Results of kinetic isotope effect (KIE) for different reactions over
Pd/PDMC-800-16. Rxn 1 is for D-COz™ + H20, Rxn 2 is for H-CO2™ + D20, and Rxn
3 is for D-COz~ + D2O. (Il) Plausible reaction mechanisms for the HCO,/HCO3~
reversible reactions over the Pd/PDMC materials. The reactions allow reversible H>
storage/release: a) dehydrogenation pathway and b) hydrogenation pathways. (The pink
and green colored H’s indicate the H atoms originated from HCO;  and H20,

respectively). The detailed stepwise pathways are further depicted in Scheme 4.16.

Supported by our various methods including XPS, Raman, EXAFS, NEXAFS, and
isotopic labeling studies, the reaction mechanisms for the HCO,7/HCOs™ reversible
transformations over the Pd/PDMC material are then proposed, as shown in Figure
4.15,11. Notably, our results above suggest that the pyridinic/pyrrolic N species formed
on the graphitic carbon surfaces upon pyrolysis are likely to accelerate the reversible
HCO,/HCOs™ conversions by donating electron density to Pd via strong metal-support
interactions. Moreover, the fact that the Pd nanoparticles in the catalyst are quite small
in size, thanks to the synthetic route employed to make them, may have made the
materials to show efficient catalytic activity towards the HCO,/HCO3™ reversible

reactions.
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Figure 4.16. Schematic description for the possible reaction pathways of the
dehydrogenation of formate and hydrogenation of bicarbonate. Schematic description
for the possible reaction pathways of dehydrogenation with deuterium labeled reagents

for the purposes of kinetic isotope effect (KIE) studies (H indicates hydrogen from

water and H is related with formate species).
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4.4. Conclusion

In summary, | have presented the synthesis of polyaniline (PANI)-derived N-doped
mesoporous carbons containing supported Pd nanoparticles (Pd/PDMCs) that show
excellent catalytic activity for the HCO2/HCO3™ reversible reactions. The catalytic
activity of the materials has been found to be dependent on their physical properties
(e.g., porosity and size of Pd nanoparticles) and chemical compositions (N-dopant
associated species) of the materials. The structures and compositions of the catalysts
have been controlled and optimized by varying the relative amount of colloidal silica
templates and pyrolysis temperatures used to synthesize the materials. In addition, the
pyrolysis temperature has been found to cause variations in the local N-C structures of
the N-doped carbon support material. The N-dopant-associated species present in the
materials have induced strong metal-support interactions, making the materials to
exhibit excellent catalytic activity toward the HCO>/HCOs™ reversible reactions. The
structural and composition parameters identified for the materials in relation to their
catalytic properties toward these reversible reactions can provide valuable guidelines
for the development of efficient catalysts for H>-based energy storage/release catalytic

systems for Ho-powered fuel cells and related applications.
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CHAPTER 5

N- and O-Doped Mesoporous Carbons Derived from Rice Grains:

Efficient Metal-free Electrocatalysts for Hydrazine Oxidation

5.1. Overview

Nitrogen and oxygen co-doped, mesoporous carbon (RDMC) materials or metal-free
electrocatalysts have been successfully synthesized using rice grains as precursors and
silica nanoparticles as templates. Their synthesis involved three major synthetic steps:
a low temperature hydrothermal treatment, followed by a high temperature pyrolysis in
the presence of colloidal silica templates, and finally removal of the silica templates
from the carbonized products with an alkaline solution. The as-obtained mesoporous
carbons can effectively electrocatalyze the hydrazine oxidation reaction (HOR) with
large negative onset potentials, low overpotential and high peak current densities, while

also showing good long-term stability during the electrocatalytic reactions. The study
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also shows that the electrocatalytic activity of the materials is dependent on the surface
area of the materials and the heteroatom dopant-related species present in them. By
optimizing the synthetic parameters, such as the amount of colloidal silica templates
and the pyrolysis temperatures used for making them, the RDMC materials possessing
optimized structures and compositions and exhibiting the best electrocatalytic
performances are obtained. In particular, the RDMC material synthesized at pyrolysis
temperature of 800 °C, following the hydrothermal treatment in the presence of a
moderate amount of colloidal silica, denoted as RDMC-800-1, gives the best

electrocatalytic activity toward HOR.
5.2. Introduction

The rapid rise in energy demands worldwide, coupled with the environmental
issues caused by burning fossil fuels around the globe, have been pressing the scientific
community to find solutions to these challenging problems. Fuel cells constitute one of
the most promising solutions to these problems because they have the ability to convert
chemical energy from various sustainable sources (such as hydrogen generated by
solar-water electrolysis or ethanol derived from biomass hydrolysis) to electrical energy
with reasonably high efficiency.! However, for fuel cells to work effectively, they
require advanced, efficient and sustainable catalysts that promote the half reactions
involved at the fuel cells’ electrodes.?® Among the many candidate catalysts developed
so far for these purposes, heteroatom-doped carbon-based catalysts remain on the top
of the list.*® This is because these metal-free materials, which possess fascinating
chemical and physical properties, have a great ability to effectively electrocatalyze

some of the most important yet difficult reactions used in various fuel cells and solar-
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powered electrolyzers, such as the oxygen reduction reaction (ORR),%’ the oxygen
evolution reaction (OER),® the hydrogen evolution reaction (HER),%!! the hydrazine
oxidation reaction (HOR),*? and so on.

It has been reported that these metal-free carbon catalysts can be synthesized
from different synthetic precursors, including phenol,'® polymers,”? and biological
materials.’* However, using these precursors for making electrocatalysts not only is
costly but also can generate toxic chemicals and is not in line with ongoing worldwide
initiatives on the development of green and sustainable chemistry and materials. To
address this issue, biomass-derived materials, which are relatively inexpensive,
abundant and renewable, are increasingly considered as precursors to make such metal-
free catalysts. In fact, many previous studies in this area have shown that various carbon
materials can be derived from biomaterials, such as peanut hulls, grass, or soy milk,
using various synthetic methods.'>!® Moreover, some of these biomass-derived carbon
materials have been reported to have comparable catalytic activity as those derived
from synthetic precusors.!’” Hence, research efforts have continued to find other natural,
renewable precursors as well as facile synthetic routes that can convert such raw
materials or biomass wastes to efficient carbon-based catalysts.

One of the simplest synthetic approaches applied to synthesize carbon
nanomaterials is a low temperature hydrothermal carbonization (HTC).*®° This
synthetic method generally produces carbon materials possessing amorphous structure,
uniform chemical composition and high content of oxygen-based functional groups.*®°
However, the method on its own is often ineffective to produce materials with high
surface area—something that is highly required for many applications, including

electrocatalysis.*®*® To overcome this issue, | hypothesized that using sacrificial
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templates along with the carbon precursors during the HTC and pyrolysis processes can
potentially lead to carbon materials with highly porous structures, and thereby better
electrocatalytic properties. While the use of hard templates to enable the formation of
porous structures and high surface area in solid-state materials during synthesis is not
new,?%-?2 such an approach has never been combined with complimentary HTC and
pyrolysis synthetic steps and applied together on biomass to produce carbon materials
that are otherwise difficult to make.

To this end, herein | successfully demonstrate that HTC and pyrolysis can be
successfully combined and applied together on milled rice grains (Figure 5.1) in the
presence of colloidal silica templates and generate rice-derived N- and O co-doped
mesoporous carbon (denoted as RDMC) materials. The resulting metal-free, high
surface carbon materials are found to efficiently electrocatalyze HOR, a reaction that is
relevant to direct hydrazine fuel cells. Rice grains are proven to be good choices to
make these materials because they contain starch (90 %, dry basis) and some protein
(7 %),2% and can thus co-deliver both the carbon atoms and heteroatoms needed to make
heteroatom-doped carbon electrocatalytsts.?* The synthesis of the materials is carried
out through three major steps consisting of HTC (step 1), high temperature pyrolysis

(step 2) and silica etching (step 3), as detailed in Scheme 5.1.

(a) Rice Grain Rice Grain
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Figure 5.1. Picture of a rice grain and its size: a) width/diameter and b) length.

Scheme 5.1. Schematic procedure employed to synthesize the rice-derived

mesoporous carbon (RDMC) materials.

Step 1
i) Hydrothermal i) HTC with
reaction (HTC)  colloidal silica
180°C,6h ' 180°C,6h i
Rice Grain Carbonized Rice
-Si0,
Step 2
Step 3 Pyrolysis
(Ar)
NaOH
(Silicaremaoval)
Rice Derived Mesoporous Rice Derived

Carbon (RDMC) Carbon-Si0O,
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5.3. Experimental Section

5.3.1. Materials and Reagents

Colloidal silica dispersion (Ludox® HS-40, 40 wt. % suspension in water,
particle size = 12 nm), hydrazine monohydrate, phosphate buffer saline solution (PBS,
1X, pH = 7.4), and Pt/C (20 wt. %) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH) and absolute ethanol were obtained from Fisher Scientific. Raw rice
was acquired from Seoul Trading Kyung-Gi rice (Product of 2014, Milled rice,
purchased in USA). The rice grains have particles ca. 6 mm width and ca. 2 mm
diameter. All the materials were used as received without any further purification.

Deionized water was used throughout the experiments.

5.3.2. Instrumentations and Characterizations

The nitrogen adsorption and desorption isotherms of the materials were measured
with a Micromeritics TriStar-3000 (Micromeritics Instrument Corp.) at the liquid-
nitrogen temperature. In order to remove any possible guest species adsorbed on the
samples’ surfaces, the samples were first degassed under nitrogen gas at 60 °C for 12 h
before the measurements. From the adsorption/desorption data, the Brunauer-Emmett-
Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size distribution of
the samples were determined. Transmission electron microscope (TEM) images of the
as-synthesized materials were acquired with a Topcon 002B TEM instrument. The FT-
Raman spectra were acquired using a Raman spectrometer (Renishaw 1000) equipped
with a 20 mW air-cooled argon ion laser (A = 514.5 nm), which served as the excitation
lights source. The laser power at the sample position was typically 400 uW and had an

average spot-size of 1 um in diameter. X-ray photoelectron spectra were obtained using
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a Thermo Scientific K-Alpha X-ray photoemission spectrometer (XPS) equipped with
an Al Ka as its X-ray source (hv =1486.6 eV), with an energy resolution of 0.6 eV for
the survey scans and 0.1 eV for high resolution scans of individual peaks. Elemental
analysis of the samples were performed at Robertson Microlit Laboratories,

Ledgewood, NJ, USA.

5.3.3. Synthesis of RDMC Materials and Catalysts

Hydrothermal treatment of rice grains (step 1)

The first HTC synthetic step was carried out in a 25 mL Teflon-lined stainless
steel autoclave, which was placed in an oven and subjected to hydrothermal treatment.
In a typical experiment, milled raw rice grains (Kyung-gi rice, purchased in USA) (1 g)
were mixed with distilled water (10 mL) in a Teflon-lined stainless steel autoclave and
then hydrothermally treated at 180 °C for 6 h. After letting the mixture cool down to
room temperature, different amounts of colloidal silica (0, 0.5, 1, or 2 g per 1 g of rice
grain) were added into the mixture. The mixtures were well dispersed under sonication
for 30 min, and then subjected to a second hydrothermal treatment at the same
temperature (180 °C) for another 6 h. The autoclave was let to cool down to room
temperature. The solid products in the mixture were recovered by centrifugation,
washed with distilled water and kept in oven at 100 °C for 12 h to let the solvent in
them evaporate. This finally resulted in dark-brown, carbon/colloidal silica composite

powder materials.
High temperature pyrolysis (step 2)

The carbon/silica composite materials obtained above were all pyrolyzed at

800 °C in a temperature-programmable tube furnace under a flow of argon at a flow
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rate of ~30 mL/min. In the experiment, first the furnace temperature was raised to
300 °C with a ramp of 1 °C/min, and kept at this temperature for 3 h. The temperature
was then increased to a final, desired temperature of 800 °C at a ramp of 10 °C/min,
and kept at this temperature for another 2 h. Finally, the furnace was let to cool down

to room temperature, producing different graphitized carbon/silica composite materials.

To study the effect of pyrolysis temperature, another set of materials were
prepared from the carbon/colloidal silica composite powder material prepared above
with 1 g colloidal silica per 1 g of rice grain. This carbon/silica composite material was
pyrolyzed at four different high temperatures (600, 700, 800, or 900 °C) in a
temperature-programmable tube furnace under a flow of argon at a flow rate of ~30
mL/min. First the furnace temperature was raised to 300 °C with a ramp of 1 °C/min,
and kept at this temperature for 3 h. The temperature was then increased to a final,
desired temperature of 600, 700, 800, or 900 °C at a ramp of 10 °C/min, and kept at this
temperature for another 2 h. Finally, the furnace was let to cool down to room

temperature, producing different graphitized carbon/silica composite materials.
Removal of colloidal silica (step 3)

To remove the silica templates from the graphitized carbon/colloidal silica
products, typically 40 mg of the material was mixed with 1 M NaOH solution (20 mL)
in autoclave and kept at 100 °C for 18 h. The dispersions were then centrifuged, and
the resulting solid products were washed, first with distilled water and then with
absolute ethanol (3 x 20 mL in each case). Finally, the obtained materials were dried in
oven at 60 °C for 12 h. This led to black as-obtained rice-derived mesoporous carbon
materials, which were denoted as RDMC-T-x, where T and x represent the final

pyrolysis temperature and the amount of colloidal silica per 1 g of rice grains used to
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make each material.
5.3.4. Synthesis of control materials

For comparison, two control materials were synthesized. The first one was
obtained by applying the two consecutive hydrothermal steps, followed by removal of
the colloidal silica. The resulting material was denoted as RDC-HTC-1. The second
material was prepared by applying only the pyrolysis step on a dried mixture of
rice/SiOz (1:1 wt. ratio) (step 2) before proceeding to step 3. The product was denoted

as RDMC-800-Py-1.

5.3.5. Electrochemical Tests and Electrocatalysis
Preparation of electrodes

The electrochemical and eletrocatalytic properties of all the mesoporous carbon
and corresponding control materials were examined with a Versastat3 potentiostat
(Princeton Applied Research, PAR). For the tests, a three-electrode cell, which
consisted of a saturated calomel electrode (SCE) as the reference electrode, a graphitic
carbon rod (diameter: 6 mm) as the counter electrode, and a glassy carbon disk

(diameter: 3 mm) containing the catalysts as the working electrode, was used.

For the preparation the working electrode, 2 mg of catalyst was first dispersed in
200 pL of 2-propanol under sonication to form a homogeneous suspension of the
catalyst. Then, 2 uL of the resulting suspension was pipetted and drop-casted onto the
surface of a freshly polished glassy carbon electrode (GCE) (with diameter of 3 mm).
The final loading of catalyst was 283 pg/cm?. After letting the catalyst-coated GCE dry
under ambient conditions, a diluted solution of Nafion (10 %) (2 uL) was casted on it.

The electrode was let to dry in air and then became ready for use.
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To investigate the possible effect of the Nafion casting, a second working
electrode was prepared using RDMC-800-1 and using 2 puL of 20 % Nafion coating on
it. When dried, this should give a thicker coating than than the one above, which was

prepared from 2 pL of 10 % Nafion.

The electrode containing Pt/C electrode, which 1 used for comparison, was also
prepared in the same way. Typically, 2 mg of Pt/C catalyst was first dispersed in 200
uL of 2-propanol under sonication to form a homogeneous suspension of the catalyst.
Then, 2 uL of the resulting suspension was pipetted and drop-casted onto the surface of
a freshly polished glassy carbon electrode (GCE) (with diameter of 3 mm). The final
loading of catalyst was 283 pg/cm?. After letting the catalyst-coated GCE dry under
ambient conditions, a diluted solution of Nafion (10 %) (2 pL) was casted on it. The

electrode was let to dry in air and then became ready for use.
Cyclic Voltammetry

Cyclic voltammetry (CV) curves during electrocatalysis over the materials
synthesized above were performed in a phosphate buffered saline (PBS) solution (0.1
M, pH 7.4). In the CV measurements, the potential was scanned from -0.6 to 0.6 V vs.
SCE with different scan rates, ranging from 10 to 100 mV/s, and the hydrazine
concentration was varied from 10 to 100 mM. All the electrochemical measurements

were carried out at room temperature and under ambient pressure.
Rotating disc electrode (RDE)

Linear sweep voltammograms (LSVs) over RDMC-800-1 were acquired with a Pine
Bi-potentiostat (Pine Research Instrumentation), using a rotating disc electrode (RDE)

(Pine Research Instrumentation). For the experiments, a three-electrode configuration
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comprising a catalyst-modified glassy carbon as a working electrode was employed.
The LSVs were scanned from -0.6 to 0.6 V at a scan rate of 10 mV/s and with the RDE

rotating at 900 rpm.
Stability Tests of the Electrocatalysts

The stability of the mesoporous carbon materials during electrocatalysis of HOR
was investigated by cyclic voltammetry in 50 mM hydrazine/0.1 M PBS solution.
Typically, 500 cycles of LCVs were recorded, and the peak current densities for 50, 100,
150, 200, 250, 300, 350, 400, 450, and 500 cycles were obtained. Additionally,
chronoamperometric measurement over the electrocatalysts was performed at a

potential of -0.06 V (vs. SCE) in 50 mM hydrazine/0.1 M PBS solution.

5.4. Result and Discussion

As described in detail in the experimental section (Section 5.3), the
synthesis of the rice derived mesoporous carbons (RDMCs) starts with a low
temperature hydrothermal treatment of milled raw rice grains at 180 °C for 6 h.
Caution! Autoclaves under hydrothermal conditions should be handled with
extreme care and appropriate safety protocols. This is followed by an additional
hydrothermal treatment of the materials in the presence of different amounts of
colloidal silica templates at 180 °C for another 6 h. The carbonized rice/SiO>
composite materials are then pyrolyzed at different high temperature (600, 700,
800 or 900 °C). Finally, the silica in the carbonized products is removed using
concentrated NaOH solution, in order to create nanopores in the carbon materials.

By varying the pyrolysis temperatures as well as the amount of colloidal silica
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templates (0-2 g of colloidal silica per 1 g of rice grain), different RDMC
materials, which are labeled as RDMC-T-x, where T and x represent the final
pyrolysis temperature and the amount of silica in g per 1 g of rice, respectively,
are then obtained. Additionally, the following two control materials are
synthesized. The first one, named RDC-HTC-1, is synthesized by applying only
the first two HTC treatment steps in the presence of 1 g of colloidal silica,
followed by removal of silica templates (i.e., with no additional pyrolysis step).
The second one, named RDMC-800-Py-1, is synthesized by directly pyrolyzing
a dried physical mixture of milled rice grains and colloidal silica (1:1 wt. ratio)
without the HTC treatment steps. The effects of these synthetic conditions on the
composition, structure and electrocatalytic properties of the materials toward
hydrazine oxidation reaction are then investigated.

The structures of RDMC-T-x and control materials are first examined by N
porosimetry (Figure 5.2). The results show that the surface area of the materials
depends on both the amount of colloidal silica and the pyrolysis temperature used to
synthesize them. As the amount of colloidal silica is increased, the Brunauer—-Emmett—
Teller (BET) surface area of the RDMC-800-x materials gradually increase. For
example, the surface area of the materials increase from 14 m?g? for RDC-800-0
(which is synthesized without using colloidal silica templates) to 343 m?g for RDMC-
800-0.5 (which is synthesized using a moderate amount or 0.5 g of colloidal silica
templates for 1 g of milled rice grains), and then to 520 m?g™* for RDMC-800-2 (which
is synthesized using the highest amount of colloidal silica templates) (Table 5.1). The
Barrett—Joyner—Halenda (BJH) pore size distribution reveals that the pore size of

RDMC-800-x (where x > 0.5 g) is centered at ca. 12 nm, which is comparable to the
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size of colloidal silica used as templates for the synthesis of the materials. Note that

RDC-800-0, which is synthesized without colloidal silica, is almost non-porous. The

characterization results of the other relevant control materials are shown and compiled

in Figure 5.3-5.5 and Tables 5.2 and 5.3.
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Figure 5.2. (Left panel) N2 adsorption/desorption isotherms and (right panel) BJH pore

size distributions of: (a,b) the series of RDMC-T-1 materials (where T is 600, 700, 800,

or 900 <), (c,d) the series of RDMC-800-x (where x is the amount of colloidal silica
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(in g) per 1 g of milled rice grains, and (e-f) the control material RDMC-800-Py-1.

Table 5.1 BET surface area, average BJH pore size, and pore volume of a series of

RDMC-T-x materials

Entry RDMC-T-x2 BET Average Pore
T X surface Pore size volume
area” (nm)® (cm3/g)®
(m?/g)
1 800 0 14 N/A N/A
2 800 0.5 343 15.1 0.9
3 800 1 366 18.5 1.0
4 800 2 520 11.1 1.0
5 600 1 686 12.4 1.1
6 700 1 557 15.5 1.2
7 900 1 343 13.8 0.8
8¢ N/A 1 N/A N/A N/A
9¢ 800 1 164 11.0 0.1

4T represents the pyrolysis temperature and x represents the amount of colloidal silica
(in g) per 1 g of milled rice grain. ® Measured by N, porosimetry. ¢ A control material,

which is denoted as RDC-HTC-1. ¢ A control material, labeled as RDMC-800-Py-1.
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Figure 5.3. Pore size distribution of control RDMC materials prepared by varying the

HTC temperature.

Figure 5.4. TEM images of the control materials synthesized by varying HTC

temperature: a) RDMC-HTC-90, b) RDMC-HTC-120, and ¢c) RDMC-HTC-150.

Figure 5.5. TEM images of time controlled HTC materials, RDMC-800-1 (0 h).
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Table 5.2. Synthetic parameters, including HTC temperature and reaction time,

employed to make the various (control) RDMC materials and results of their surface

area
Step 1 (HTC Treatment)? BET Surface Area
Part 1 Part 2 (m?/g)P
RDMC-HTC-90 90 °C,6h 90 °C,6h 604
RDMC-HTC-120 120 °C,6h 120 °C,6h 602
RDMC-HTC-150 150 °C, 6 h 150 °C, 6 h 357
RDMC-HTC-180° 180 °C, 6 h 180 °C, 6 h 366

& n the first part (Part 1) of Step 1, the HTC treatment did not involve colloidal silica,
and in the second part (Part 2) of Step 1, the HTC treatment in the presence of 1 g of
colloidal silica. This step is followed by pyrolysis at 800 °C (Step 2). ® Measured by N>

porosimetry. ¢ Same sample as RDMC-800-1 mentioned in the manuscript.

Table 5.3. Control samples synthesized by varying HTC reaction time and their surface

area®
Step 1 =(HTC) BET Surface Area®
Part 1 Part 2 (m9)
RDMC-800-1 (0 h) N/A 180 °C, 6 h 386
RDMC-800-1 (6 h) ¢ 180°C,6h 180°C,6h 366

2 All HTC controlled material proceed with 1 gram of silica colloidal at second part of

step 1 and proceed to 800 °C at Step 2; ® Measured by N2 porosimetry; ¢ Same sample
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with RDMC-800-1 in manuscript.

On the other hand, as the pyrolysis temperature increases, the BET surface area
of the carbon materials decreases. For example, the surface area is 686 m?g? for
RDMC-600-1, but decreases to 343 m? g for RDMC-900-1 (Table 5.1, entries 5-7).
This trend is similar to other carbon materials synthesized from other precursors by
pyrolysis and that are reported before.”® The decrease in surface area at higher
temperatures is likely the result of the higher degree of cross-linkages that the aliphatic
and aromatic carbon atoms in the precursors undergo during carbonization at
increasingly higher temperatures.?® Interestingly, there is no measurable porosity in
RDC-HTC-1 (one of the control materials synthesized, entry 8 in Table 5.1). This
indicates that the starch in the rice grains undergoes only hydrolysis, dehydration, and
carbonization during the HTC step, and the silica nanoparticles cannot enter into the
matrices of the resulting carbon material under the relatively low temperature employed
during the HTC step. On the other hand, RDMC-800-Py-1 is nanoporous, and has a
BET surface area of 164 m?g* (entry 9 in Table 5.1). Its surface area is, however, still
lower than those of the materials synthesized by combining HTC and high temperature
pyrolysis (e.g., entry 3 in Table 5.1).

These results are further corroborated by TEM, which also show that the
structures of the materials are changed from bulky, non-porous to highly nanoporous as
colloidal silica is used in their synthesis. For example, TEM images of the control
material RDC-HTC-1 show non-porous structures whereas those of RDMC-800-Py-1
show porous structures (Figure 5.6¢c-d) So, overall, the results above all indicate the
importance of colloidal silica as templates and the HTC and high temperature pyrolysis

steps to produce carbon materials, with desirable high surface area nanoporous structure,
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from rice grains.

Figure 5.6. TEM images of representative RDMC materials and their corresponding
control materials: a) RDC-800-0, b) RDMC-800-1, ¢c) RDC-HTC-1, and d) RDMC-
800-Py-1.

The Raman spectra of RDMC-T-x materials display two broad peaks at ca. 1348
and 1586 cm™, corresponding to the characteristic D and G bands, respectively, of
graphitic carbon materials (Figure 5.7).2” The D band in such materials is generally
associated with structural defects from heteroatom dopants, while the G band
commonly represents the typical ordered domains of graphitic carbon materials.’
Specifically, in the case of the RDMCs materials, the D band predominantly stems from
the presence of N dopant atoms in the carbon structure, whereas the G band is due to
the sp? carbon-related graphitic structure.?® The value of Ip/lg ratio of RDMC-800-x
materials, which represents the relative degree of disorder in the structure of carbon

materials, is ca. 0.90 for all the materials (Figure 5.7,c). This suggests that the relative
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ratio of defect-to-ordered domains in the materials is not greatly affected by the amount
of colloidal silica templates used for making the materials. However, in the case of the
series of PDMC-T-1 materials, the value of Ip/lg ratio increases significantly, from 0.74

to 0.94, when the pyrolysis temperature is raised from 600 to 900 °C.
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Figure 5.7. Raman spectra (left panel) and Ip/lg ratios (right panel) of the RDMC
materials obtained under different synthetic conditions: (a-b) the series of RDMC-T-1

materials and (c-d) RDMC-800-x materials.

The elemental composition of the materials is determined by X-ray photoelectron
spectroscopy (XPS). In the XPS survey spectra of the RDMC materials (Figure 5.8),
peaks corresponding primarily to C and O, and some to N, are seen. While the O atoms
may have predominantly come from the starch, the N dopants have most likely come

from the small amount of protein present in rice. The ratio of N/C in the RDMC-T-1
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materials varies slightly, between 0.4 and 1.3%, with RDMC-700-1 showing the lowest
amount of N (Figure 5.9).There is some trend in O/C and N/C with respect to the
amount of colloidal silica as well as the pyrolysis temperature used to make the
materials. Although what may have caused the trends may need further investigations,
some conclusions can still be drawn. It can be seen that, as the amount of colloidal silica
increases up to a point, the porosity of the materials increases (Table 5.1), making the
material easily lose N and O atoms, and have low N/C and O/C ratios. But, when the
amount of colloidal silica increases further, despite the fact that the surface area of the
material still increases, more oxygen from the colloidal silica also becomes available
for the C atoms in the materials to escape with as COz, leaving behind relatively more
N dopants. These two opposite processes are what may have made the materials with
less or more colloidal silica than RDMC-800-0.5 to have higher amounts of N/C and
O/C ratios. Furthermore, at higher temperature pyrolysis, some N and O are also likely

to remain in the samples in the form of siliconoxynitride.
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Figure 5.8. XPS survey spectra of the series of (a) RDMC-T-1 and (b) RDMC-800-x

materials.
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Figure 5.9. XPS results for RDMC-T-x materials. a) The N/C and O/C atomic ratios of
the series of RDMC-800-x materials, b) the N/C and O/C atomic ratios of the series of
RDMC-T-1 materials, and c) the percentages of the different types of N species and d)

atomic percentages of the different C species in the series of RDMC-T-1 materials.
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The chemical states of the nitrogen and carbon moieties in the materials are
probed using high-resolution XPS (Figure 5.10). The peak corresponding to N1s is
further deconvoluted into four different N dopant states, including pyridinic (398.7 eV),
pyrrolic (400.3 eV), quaternary (401.2 eV) and pyridinic N*~O" (403.3 eV) species
(Figure 5.9).2° In all the RDMC-T-1 materials, although the pyridinic moieties are
conspicuous, their amount gradually decreases as the pyrolysis temperature is increased.
On the other hand, the amount of quaternary nitrogen increases as the pyrolysis
temperature is increased from 600 to 700 °C, but then remains almost unchanged after
700 1C. The deconvolution of the XPS peak for Cls for the series of RDMC-T-1
materials into three different states, corresponding to C=C-C (284.6 eV), C-O/C-N
(286.1 eV) and C=0 (287.5 eV), is also included (Figure 5.9d). The result shows that
all RDMC-T-1 materials possess more C=C-C type groups than

C-O/C-N and C=0 type groups in their structures.



L

Raw ntensity (a.u.)

)

Raw Intensity (a.u.)

L

RawIntensity (a.u.)

406 404 402 400 398 396
Binding Energy (eV)

406 404 402 400 398 396
Binding Energy (eV)

Pyridinic N*-q

406 404 402 400 398 396
Binding Energy (eV)

g

Raw ntensity (a.u.)

e

Raw Intensity (a.u.)

Rawlintensity (a.u.) =h

161

200 288 286 284 282
Binding Energy (eV)

200 288 286 284 282
Binding Energy (eV)

200 288 286 284 282
Binding Energy (eV)



162

g) h)
35 5
s Pyrrolic pyridinic 8
> Quaterna =
D Pyridinic-N"-O" ‘ﬁ
s c
o ]
£ £
3 =
& g
466 404 462 400 398 396 290 2{33 2{;5 2{;4 282

Figure 5.10. High-resolution XPS spectra of N1s peak (left panels) and C1s peak (right
panels) of the series of RDMC-T-1 materials, which are synthesized at different
pyrolysis temperatures: (a,b) RDMC-600-1, (c,d) RDMC-700-1, (e,f) RDMC-800-1,

and (g,h) RDMC-900-1.

Cyclic voltammetry (CV) curves of HOR over the RDMC-T-x materials and the
corresponding control samples from -0.6 V to 0.6 V (vs. SCE) at different scan rates
for various hydrazine concentrations (Figure 5.11-21) demonstrate that all the series of
RDMC-800-x and RDMC-T-1 materials can effectively electrocatalyze HOR. Of all the
materials, RDMC-800-1 shows the best catalytic activity with a relatively large
negative onset potential of -0.34 V (vs. SCE) (or low overpotential), a large negative
peak potential of -0.02 V (vs. SCE), and a high peak current density of 2.6 mA cm=2in
HOR of 50 mM hydrazine solution (Figure 5.11a). The values obtained for RDMC-
800-1 are also either comparable with or better than those obtained for other
electrocatalysts, including 20 wt% Pt/C (Tables 5.4-5 and  Figure 5.18).12%

The current density produced during HOR over the RDMC materials increases
linearly with the concentration of hydrazine (Figure 5.11a and Figure 5.12e-f).

Moreover, Kinetic studies show that increasing the electrochemical scan rates generates
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a more positive peak potential. The relationship between the peak current density and
the square root of scan rate is linear, suggesting that the HOR over the materials
involves a diffusion-controlled electrochemical process (Figure 5.11b and Figure
5.13e and f). Additionally, no cathodic peak is observed during the whole reverse scans,
indicating that the reaction is irreversible. This behavior is further corroborated by
linear sweep voltammetry (LSV) using a rotating disk electrode (RDE) for RDMC-800-

1 (Figure 5.13).
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Figure 5.11. Electrocatalytic activity of RDMC-800-1 toward HOR: a) in different
concentrations of hydrazine at a scan rate of 10 mV/s and b) at different scan rates in
50 mM of hydrazine. Current densities of different materials at three different potentials
were compared over the series of ¢) RDMC-800-x and d) RDMC-T-1 materials in 50

mM of hydrazine at 10 mV/s scan rate in 0.1 M PBS, pH 7.4.



)
—

J (mA/em’)

Lz
S

J (mAfem’)

3
2_
1_
ﬂ_
0.6 03 00 03 06
E (V vs. SCE)
06 D03 00 03 06
E(V vs. SCE)
e
]5
al
E 31
S
o
E7
] 1L
ﬂ_
06 03 00 03 06
E (Vvs. SCE)

03 00 03 06
E (V vs. SCE)

(=2
S

J (mA/em?)

=}

J (mA/em?’)
)

164

4l 0.02241 = + 0.22409
| R*=0.87172
3l
2L
1
.ﬂ. &
0 20 40 60 380 100
Concentration (mM)

F-

[y =0.03472 x + 0.2B125
R®=0.90428

[PX]

-
T

100

=

0 20 40 60 80
Concentration (mM)

=

MW = oW

¥ = 0.04645x + 0.2183
| R* = 099637

J (mA/em’?)

-
T

=
[

0 20 40 60 80 100
Concentration (mM)

=

y = 0.04078 x + 0.25357
- R =0.99018

J (mAfem’)
- o *] L= =

| &
0 20 40 60 80
Concentration (mM)

=]

100



165

Figure 5.12. Cyclic voltammograms (CVs) of various concentrations hydrazine
electrochemical oxidation with a scan rate of 10 mV/s at pH 7.4 in 0.1 M PBS over
different RDMC-800-x materials/electrocatalysts (left panels) and their corresponding
peaks current density versus hydrazine concentration graphs (right panels). The CVs
are for: (a) RDC-800-0, (c) RDMC-800-0.5, () RDMC-800-1, and (g) RDMC-800-2.
The corresponding current density versus concentration graphs are shown for: (b) RDC-

800-0, (d) RDMC-800-0.5, (f) RDMC-800-1 and (h) RDMC-800-2.
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Figure 5.13. CVs for electrochemical oxidation of hydrazine (50 mM) at different scan
rates, ranging from 10 mV/s to 100 mV/s, at pH at pH 7.4 in 0.1 M PBS over the series
of RMDC-800-x materials (left panels) and the corresponding plot for peak current
density versus square of scan rate plots (right panels). The CVs include: (a) RDC-800-
0, (c) RDMC-800-0.5, (¢) RDMC-800-1 and (g) RDMC-800-2. The corresponding
plots of current density versus scan rate are for: (b) RDC-800-0, (d) RDMC-800-0.5,

(f) RDMC-800-1 and (h) RDMC-800-2.
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Figure 5.14. (a-d) CVs for electrochemical HOR for various concentrations of
hydrazine over two control materials (left panels) and their corresponding peaks current
density versus hydrazine concentration graphs (right panels). The results are displayed

for sample RDMC-HTC-1 (a,b) and RDMC-800-Py-1 (c,d).



a)
5 e 1 ITHI
'_‘4 e 1 I M
=
E2; T
“ql A
{}_
06 03 00 03 06
E (V vs. SCE)
c)
1
al
< 3t
[ &)
2 2| - [
E i
51
ﬂ-_
06 03 00 03 06
E (V vs. SCE)
e)
5'—umm
al
<f ;
52— / [
= 1 )
0
06 03 00 03 06
E (V vs. SCE)
9)5_
.r_'|.4-
2
79
ﬂ-_

0.0 03
E (V vs. SCE)

0.3

=z

168

J{mAlem?)
== 5] [2] L]

o
T

y= 004226 x + 004417
R = 0.99868

2

JimAjcm?)

=

J (mAfem?)

=

J (mAfem’)
= L I

0p

0 20 40 60 a0 100
Concentration (mbR)

vy =0.04645 x + 0.2183
I R*=0.99837

1] 20 40 60 a0 100
Concentration (mM)

[ v = 0.04645 x + 02183
R*= 0989637

0 20 40 60 80 100
Concentration (mM)

L v = 0.0485 x + 0.04289
L R =0.9945

D 20 40 60 80 100
Concentration (mM)



169

Figure 5.15. CVs of HOR obtained for various hydrazine concentrations at a scan rate
of 10 mV/sat pH 7.4 in 0.1 M PBS over the series of RDMC-T-1 materials (left panels)
and their corresponding graph of peak current density versus hydrazine concentration
(right panels). The CVs are for: (a) RDMC-600-1, (c) RDMC-700-1, () RDMC-800-
1, and (g) RDMC-900-1. The corresponding plots of current density versus
concentration are shown for: (b) RDMC-600-1, (d) RDMC-700-1, (f) RDMC-800-1,

and (h) RDMC-900-1.
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Figure 5.16. CVs of HOR for 50 mM hydrazine at different scan rates, ranging from
10 mV/s to 100 mV/s, at pH 7.4 in 0.1 M PBS over the series of RDMC-T-1 materials
(left panels) and their corresponding peak current density versus square of scan rate
plots (right panels). The CVs are for: (a) RDMC-600-1, (c) RDMC-700-1, (¢) RDMC-
800-1, and (g) RDMC-900-1. The corresponding plots of current density versus scan
rate are for: (b) RDMC-600-1, (d) RDMC-700-1, (ff RDMC-800-1, and (h) RDMC-

900-1.
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Figure 5.17. Polarization curves of hydrazine oxidation reaction (HOR) over RDMC-
800-1. The measurement was performed at rotation speed of 900 rpm and at a scan rate

10 mV/s with different hydrazine concentrations in 0.1 M PBS solution.
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Figure 5.18. CVs of HOR obtained for 10 mM of hydrazine at 10 mV/s scan

rate at pH 7.4 in 0.1 M PBS over Pt/C (20 wt. %) electrocatalyst.

Next, the effects of surface area and pyrolysis temperature of the materials on the
materials’ electrocatalytic activities were probed. As can be seen in Figure 5.19, the
materials synthesized using relatively more colloidal silica templates show better
electrocatalytic activity, with more negative onset and/or peak potential and higher peak

current density. For example, as the amount of colloidal silica (x) is increased from 0
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to 0.5 and 1 g, the onset potential of the materials in HOR gets better or shifts to a more
negative value (-0.16, -0.33, and -0.34, respectively). However, a further increase in the
amount of silica, or concomitantly surface area, does not appear to improve the catalytic
activity of the materials any more; for example, when x is increased from 1 to 2, the
onset potential remains almost unchanged while the current density, in fact, slightly

decreases (Figure 5.11 and d and Figure 5.20).
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Figure 5.19. CVs of 50 mM hydrazine during electrochemical oxidation at pH 7.4 in
0.1 M PBS with scan rate of 10 mV/s over: a) the series of RDMC-T-1 materials and b)
the series of RDMC-800-x materials and a corresponding control material.

On the other hand, when the pyrolysis temperature is increased from 600 to
800 °C, the materials’ electrocatalytic activity gradually improves (Figure 5.19);
however, when the pyrolysis temperature is increased from 800 to 900 °C, the materials’
electrocatalytic activity decreases. The former may have to do with the increase in the
dopant-related defect sites (Figure 5.7) and the higher density of certain heteroatom
species favorable for the electrocatalytic reaction in the material, such as quaternary N-
species (Figure 5.9).7%8 This is also why, | believe, RDMC-800-1 shows the best
catalytic activity among the RDMC-T-1 materials | have investigated (Figure 5.11).

Notably also, the control materials, RDC-HTC-1 and RDMC-800-Py-1, show poor
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catalytic activity; this indirectly suggests that both HTC and high temperature pyrolysis
are essential to make the highly active catalytic materials obtained here (Figure 5.14).

Next, the stability of the materials during electrocatalysis is evaluated (Figure
5.20). After 500 cycles, the current densities during HOR over RDMC-800-1 remain as
much as the initial values (Figure 5.20a), indicating the stability of the material during

catalysis. This is confirmed by chronoamperometry or i-t measurements (Figure 5.20Db).
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Figure 5.20. Stability test of RDMC-800-1 in 50 mM hydrazine, 0.1 M PBS at pH 7.4
during electrocatalysis of HOR over several cycles. a) Peak curent density of hydrazine
electro-oxiation as function of number of electrocatalytic cycles and b)

chronoamperometric curve at working potential of 1 mV (vs. SCE).
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Figure 5.21. CVs of 50 mM hydrazine during electrochemical oxidation at pH 7.4 in

0.1 M PBS with scan rate of 10 mV/s over the different RDMC-HTC (control)
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materials, synthesized by varying the HTC temperature.
Table 5.4. Comparison of the structures and the electrocatalytic activity of RDMC-800-
1 for HOR with respect to other notable, recently reported carbon electrocatalysts for

the same reaction.

Sample Onset/Peak BET BJH Atomic % Ref.
Potential Surface Average of N¢
(vs. SCE)? Area Pore Size
(m?g)° (nm)°
Carbon
0.15/0.7V - - 9 28
Nanoneedle
PPY-
-0.36 /-0.06 V 400 3.7 3.29 12
NOMPC-900
YCcwCH -0.38/0.04 Vv ® 912 2.6 - 30
PCDF-900 -0.3/0.1V 493 4.3 0.4 31

2 Obtained from CV of 50 mM hydrazine at pH 7.4 in 0.1 M PBS. ® Obtained from N
adsorption/desorption isotherms. ¢ Obtained with XPS. ¢ YCWC also have Fe species
inside, and its excellent electrocatalytic activity of this material is believed to be partly
due to the metal species in it. * Obtained from CV of 64 mM hydrazine at pH 7.4 in 0.1

M PBS.
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Table 5.5. Selected recent literature results of electrocatalytic activities of different

nanomaterials for HOR compared with our results.

Electrode Medium Sweep Conc. Onset / Ref.
Rate [N2H4] Peak
Potential
(vs. SCE)
0.05 M
Pd/C 20mV/s 10mM  -0.05/0.1V 32
H2SO4
0.1 M pH 100 -0.05/0.25
Au/TiO2-NTs/Ti 0.85 mM 33
7.0 PBS mV/s V
0.1 M pH 100 -0.15/0.05
Au NP/GNP/GCE 0.1 mM 34
6.0 PBS mV/s V
Ce02-RGO 3MKOH 50mV/s 22mM 0.1/0.5V 35
0.1 M pH
Nanoporous gold 20mV/s 10 mM -0.3/0.0 V 36
8.5 PBS

0.1 M pH 100
TiO»-Pt NFs/GCE 4 mM 0/0.6 V 37
7.0 PBS mV/s

0.5M pH
CM-MWCNT-GCE 25mV/s 04mM  0.05/0.2V 38
8.0 PBS
0.1M
Pd/MWCNTs@Pd 50mV/s 5mM 0/0.3V 39

K2S04



Cu-GP 0.1 M KOH
0.1M
Pt/TiO2-NTs
K2504
05M

AuU-NPs/PANIi/Ti
H2S04

100
10 mM
mV/s
50
10 mM
mV/s.
100
2 mM
mV/s

-0.1/0.3V

0/0.25V

0.4/0.7V

40

41

42
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5.5. Conclusion

In conclusion, nitrogen and oxygen co-doped mesoporous carbons have been

synthesized from milled rice grains by combining hydrothermal carbonization with

high temperature pyrolysis in the presence of colloidal silica templates. The as-obtained

RDMCs have been demonstrated to serve as metal-free electrocatalysts for HOR. Their

electrocatalytic performances have been found to depend on the synthesis parameters,

particularly the pyrolysis temperature and the amount of colloidal silica templates used

to make them.
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Chapter 6.

Summary and Future Prospect

My PhD research projects involve the design and synthesis of i) heterogeneous
palladium nanocatalysts using amine grafted mesoporous SBA-15 silica, ii) nitrogen
doped mesoporous carbon from polyaniline, which is nitrogen rich polymer, iii) N and
O doped mesoporous carbon from biomass rice grain. Due to their unique properties,
excellent catalytic activities have been shown toward each fuel cell applications such
as formic acid dehydrogenation, formate/bicarbonate hydro-/dehydrogenation, and
hydrazine oxidation. One of the most important part of catalysts, which resulted in
excellent catalyst activity, is to obtain strong metal molecular support interaction
(SMMSI) and this interaction strongly effects on metal catalysts’ excellent activity than
other supports. | also investigated how the modified supports (amine functionalized
SBA-15 or N doped carbon) affect to Pd nanocatalysts through several instruments

including TEM, XPS, XANES, NEAXFS etc.

In formic acid dehydrogenation reaction, amine plays important role than non-
ligand material because: 1) amine group stabilizes palladium nanoparticles, 2) it acts as
additional co-catalytic active i.e., first deprotonating part of dehydrogenation step
(HCOOH + NH2=> NH3z"+ HCOO") and 3) it donates electron to Pd NPs, and perturbed
Pd NPs to increase the catalytic activities. However, all amine groups not play

important role. | investigated three different amine functional groups on SBA-15
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mesoporous silica to see several effects on Pd NPs including i) electronic effect, ii) size
of Pd NPs, iii) steric effect, and iv) hydrophobicity/ hydrophilicity of tethered amine
functional groups. I concluded the amines’ effects on Pd NPs are not even electronic
effects but also steric effects play important role during rotation of the formate species
part (2" step of formic acid dehydrogenation), so steric tertiary amine gives lowest

activity toward formic acid dehydrogenation.

Several research has been focusing on Lewis basic sites to enhance Pd catalysts’
activity through electron donation to Pd NPs, however, what active site and catalytic
mechanism in enhancement of Pd NPs for formic acid dehydrogenation are still
underdeveloped. In this context, my Pd/SBA-15-Amine studies with different amine
functional group works will help to give some insight for understanding catalytic
mechanisms but more research are still needed for this. Moreover, one of biggest
challenge for formic acid is still remain. Most of heterogeneous catalysts are based on
the novel metals especially Au, Pt, Pd and Pd based catalysts so it should be changed
to non-novel metals or metal free catalyst to be commercialized. Although this is
difficult to do, developing less expensive catalysts will help to go one step further

toward the commercialized formic acid based fuel cell.

The formate/bicarbonate reversible reaction has advantage of easiness of
reversible reactions compared to formic acid one, however, it still needs some
temperature and pressure e.g., 80 °C for formate dehydrogenation and 80 °C with 40
bar in the case of bicarbonate hydrogenation. | envision this bicarbonate hydrogenation
can lower the reaction temperature and pressure with some additives or other modified

catalysts. In formate/bicarbonate reversible cycle, | developed polyaniline derived
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mesoporous carbon, which is N-rich carbon and investigated the difference of structural
upon pyrolysis temperatures. The pyrolysis temperature of 800 °C showed the best
catalytic activity for both reactions and this is because nitrogen is more closely attached
and affected to Pd NPs thereby increase the catalytic activities. In here, direct
mechanism isn’t figured out but | proposed plausible mechanisms for
formate/bicarbonate cycle: pyridinic/pyrrolic N species donating electron to Pd NPs
and based upon strong metal-support interaction with small size of particles, it
accelerates the reaction. | believe this investigation is important contribution to
formate/bicarbonate reversible cycle and look forward to apply this PdA/PDMC material

to other applications such as electrocatalysts or other hydrogenation reactions.

In hydrazine oxidation reaction, | synthesized the catalysts from the biomass
materials and tried different synthetic methods. Through investigation with modified
synthetic parameters, combination of hydrothermal and pyrolysis under Ar gas showed
the best physical and chemical structure of materials for giving high catalytic activity.
This demonstration can potentially provide better catalysts for next future biomass
derived carbon. Moreover, | believe, in future work, besides this combination of
hydrothermal and pyrolysis synthetic methods, and post-modification of material can

be applied for another biomass materials and enhance their catalytic activities.

In summary, design and synthesis of sustainable heterogeneous catalysts are
demonstrated in this thesis. Nitrogen functional group helped to be excellent
multifunctional catalysts in terms of selectivity and catalytic activity for formic acid
dehydrogenation without any additives at room temperature. Moreover, nitrogen doped

carbon also tailoring the catalytic activity toward formate/bicarbonate reversible cycle.
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In those works, strong metal support interaction plays important role and this interaction

can broadly apply to other application too.
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