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SECTION ONE

Applications of Metal Functionalized Mesoporous Silicate
Nanomaterials

Abstract

Presented here are two projects highlighting the metallization of mesoporous
silica nanoparticles (MSN) for specific applications in adsorption and heterogeneous
catalysis.

The intra-framework incorporation of aluminum during synthesis gives rise to
mesoporous aluminosilicate nanoparticles (MASN), which are the primary scaffold
presented throughout this work. Because aluminum is trivalent, its tetrahedral
coordination by oxygen upon substitution into the SiO, framework gives rise to
negatively charged sites. This negative surface charge can be taken advantage of in the
anchoring of positively charged species such as metal cations and metal-organic
complexes.

In the first project, presented in chapter 2, the further metallization of MASN was
explored for application in the adsorptive desulfurization of military logistics fuels (i.e.
JP8 and JP5), as a portable alternative to the conventional process of industrial
hydrodesulfurization (HDS). It was found that the addition of 20w% Ag' to MASN by
wet impregnation resulted in an adsorbent with good desulfurization capacity (12.7
mgS-g ') for the removal of the refractory pollutant dibenzothiophene (DBT) from model
fuel (n-decane). Reuse of the material upon removal of DBT from Ag-MASN with
appropriate solvents, however, was not possible, and ICP elemental analysis revealed Ag"

leached from the MASN in the process. To stabilize the reusability of this Ag-MASN in



model fuel tests, the reduction of extra-framework Ag” to Ag” was performed via glow
discharge plasma in a low-pressure argon atmosphere. An average initial desulfurization
capacity of 15mgS-g”', and retention of 79% desulfurization capacity after six reuse
cycles, was achieved using this plasma treated Ag-MASN (PT-Ag-MASN), although
some silver was still observed to leach from the adsorbent upon cycling.

In another study (chapter 3), MASN was used as a solid support for the
heterogeneous catalyst referred commonly referred to as amorphous nickel boride.
Sodium borohydride (NaBH4) reduction of NiCl, impregnated MASN resulted in a thin
coating of a highly dispersed nickel-boron composite (NBC). Compared to unsupported
bulk NBC, the supported NBC-MASN catalyst was more active for the selective
reduction of the nitro group on a variety of substituted nitroarenes reduced with
hydrazine hydrate (N,H4*H,O). Up to nine reuse cycles of NBC-MASN for the
reduction of p-nitrotoluene to p-toluidine could be achieved when equimolar NaBHy
(catalyst regenerating agent) was present in-situ with NoH4*H,O. Fundamental questions
arose concerning the difference in physical character between supported and unsupported
NBC. These questions are discussed in light of considerable uncertainty in the literature
as to the actual composition of such amorphous material. Preliminary evidence suggests
the presence of residual borohydrides within bulk unsupported NBC is responsible for the
materials partial conversion to crystalline nickel boride upon heating in inert atmosphere,
and the long history of referring to these materials as amorphous borides.

Finally, chapter 4 reports on the attempted substitution of transition metals such
as Cu and Ni into the SiO, framework, in the context of creating robust and reusable
adsorbents for desulfurization. These adsorbent materials did not perform well as

desulfurizing adsorbents, compared to MSN or MASN. Even upon impregnation with
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AgNOs or subsequent plasma treatment, these materials did not perform better than Ag-
MASN or PT-Ag-MASN (AgNOs wet impregnated MASN and the subsequent plasma
treated material, respectively). Additionally, the location of Ni and Cu in these materials
was not confirmed beyond the general association of the transition elements with the
MSN framework, as shown by energy-dispersive x-ray spectroscopy (EDS). Because of
the lack of performance as desulfurization adsorbents, and ambiguity of the
incorporation/substitution of the transition elements into the SiO, framework,
investigation into these materials was discontinued. An attempt was also made to create
an Ag/Cu binary metallic extra-framework metallized sorbent by galvanic a galvanic
exchange method. The product GE-Ag/Cu-MASN shows some promise for enhanced
cyclability in the desulfurization of model fuel. The data for this mixed metal species

work is briefly discussed in chapter 4.



Chapter 1

Mesoporous Silica Nanomaterials

1.1 Introduction: MS and MSN
Fabrication of high surface area inorganic porous materials is currently an

extensive area of research, with applications spanning fields as divergent as intracellular
drug delivery and heterogeneous catalysis. The most representative examples of such
materials include natural and synthetic zeolites, and mesoporous silica (MS). This
chapter is focused on MS, owing to the ease of fabrication and tuning of material
characteristics, such as particle size, shape, pore volume and surface area. In general,
mesoporous is defined by the International Union of Pure and Applied Chemistry
(IUPAC) as a description of materials with pore widths between 2 and 50 nm.'
Specifically, the works presented in this thesis deal primarily with MCM-41 type
materials (pore width ranging 3—10 nm), synthesized using amphiphilic surfactants as
structure directing agents (SDAs), and alkoxide silica sources (Si(OR),).

Mesoporous silica materials were first synthesized by Mobil Oil Corporation in
the early 1990s, and have been the subject of much research owing to their tunable
channel diameter, narrow channel size distribution, high surface area, high thermal and
mechanical stability, and biocompatibility. With the advent of nanoparticle synthesis
routes, mesoporous silica nanoparticles (MSN) have been explored for their potential in
applications where small particle size and increased surface area are desirable.

Mesoporous silica materials are typically synthesized by the hydrolysis and
condensation of a silica precursor (usually alkoxides such as tetramethyl- or tetraethyl-

orthosilicate, TMOS or TEOS), which hydrolyze and then polymerize by condensation
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around an organic SDA mesophase template (Figure 1.1). Hydrolysis of the silica
precursor can be initiated by acidic or basic conditions, and the SDAs are typically
organic ionic surfactants, or neutral di- or tri-block organic copolymers. The most
common SDAs are amphiphilic surfactants such as alkyltrimethylammonium salts of
varying carbon chain length (usually 8 to 20 carbons), which form concentration
dependent micellular self-assemblies in water and water/alcohol solvent systems—so
called liquid crystal systems.>” The spontaneous formation of lyotropic liquid crystal
mesophases, which vary according to the choice of surfactant(s), surfactant
concentration, and temperature, determine the porous mesostructure, or mesophase, of the
resulting MS. Some common mesophase examples are the lamellar mesophase of MCM-
50, the 3-D wormbhole-like mesophase of MCM-48, and the well-known 2-D hexagonal
mesophase of MCM-41 (Figure 1.2). After silicate polymerization, the templating
surfactants are subsequently removed, typically by thermal (calcination) or solvent
(refluxing) methods. The morphology, pore size, surface area, and surface functionality
of the resulting mesoporous material can be tailored by the surfactant choice and the
addition of organic and inorganic modifiers during synthesis (swelling agents to increase
pore size, such as trimethylbenzene, or metal salts or oxides to create surface charge,
such as NaAlO,), as well has how the SDA template is removed—with calcining
generally producing more physically robust materials due to greater degree of

condensation among surface silanol groups (Si-OH).*’



S*I" Interaction calcined
Figure 1.1 Formation of MCM-41 by condensation of silica precursor around

cetyltrimethylammonium (CTA") micellular template.

amorphous
silica

Figure 1.2 Template concentration dependent formation of various MS mesophases.
Left to right: 2D hexagonal MCM-41 (space group p6mm), 3D cubic MCM-48 (space

group ia3d), and lamellar MCM-50 (space group p2).

In addition to bulk synthesis of MS, numerous MS particle morphologies have
been reported, including spheres, fibers and tubules. These discrete particles of MS can
be grown in sizes ranging from nanometers to centimeters, depending on the reaction
conditions (pH, temperature, silica source, concentrations, the presence of co-templates,
co-solvents present, stirring rate, etc.).® Simultaneous control of both particle size and
particle aggregation has been demonstrated by the addition of copolymers (e.g. Pluronic
F127, poly(ethylene)glycol, etc.) to the surfactant templating solutions.” These
copolymers can act as capping agents and restrict the condensation of silonal groups on

neighboring particles.'’ Additionally, obtaining MS nanoparticles (MSN) that are non-



aggregated and narrowly size dispersed, without the use of co-polymers, has been

demonstrated simply by employing dilute surfactant synthesis conditions.'""'?

1.2 Metal Functionalization of MSNs

The addition of metal species either substituted within the SiO, framework,
adhered onto the SiO, surface, or both, allow for the functionalization of MS supports
targeting a wide variety of applications.'” Metal functionalization of MS or MSN can be
achieved at the time of synthesis, post-synthetically, or both. Metal functionalization can
be viewed in terms of atomic substitution for Si*" in the amorphous SiO, framework
(intra-framework, see Figure 1.3) or in terms of grafting metallic species (ions, oxides or
metal nanoparticles) onto the exterior surface (extra-framework) either by electrostatic

interactions or by condensation reactions with silanol groups (Figure 1.4).

\H/\_/O\Pﬁo\/
/ \/ \/ \/ AN

Figure 1.3 Intra-framework alummum 1ncorporated in SlO2, giving negative surface

charge.
oxide M
\
0——M OH
..... [« M. Vg : P
~si | «m electrostatic  / / o]
/ \ A Si—— /S'/
0 0  HO  Ho 20N
. / \ O 0O
. 7~ V- \ / o ]
A = .| E ;
---- le) \ I 0

o 0 o
Figure 1.4 Extra-framework metal int’eraction with :SiO2 framework, via condensation to
form oxide bridge or electrostatic interaction with silanol groups. The ligand species in
green (L), may be other coordinating species such as counter ions (X, NOj, etc.) or

organic ligands (pyridine or amine moieties, etc.).
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Intra-framework metallization of MS typically involves one-pot synthesis routes
where metallic precursors (salts, oxides or alkoxides) are added along with the silicon
precursor to the surfactant solution. For example, the addition of an aluminum precursor
(e.g. AINaO, or Al-isopropoxide) at the time of MSN synthesis allows for the
substitution of Al into the SiO, framework, giving rise to mesoporous aluminosilicate
nanoparticles (MASN).">'* This intra-framework aluminum substitution in SiO, creates
negative surface charge in MASN, owing to the tetrahedral coordination of AI’*, which
are then charge balanced by various cationic species.'® This negative surface charge can
aid in the retention and distribution of positively charged species (such as metal cations)

17219 1t should be noted that intra-framework

exchanged along the surface area of MASN.
metallization and in-situ, or one-pot, extra-framework metallization schemes typically
can only achieve low M:Si ratios, before the mesophase and particle morphology are
significantly altered. This is because the long-range order of the liquid crystal mesophase
and silica polymerization are heavily dependent on Coulombic interactions at the
interface of the SDA and silicate species.'” The addition of metal cations or other charged
species are then likely to interfere with both the polymerization of negatively charged
silicate species and their interaction with the cationic micellular surface.

Extra-framework metallization of MS is typically achieved post-synthetically.
The simplest example of this is the electrostatic interaction of metal cations directly with
silonal groups (Si-OH) on the silica surface, by soaking or wet impregnation of MS with
a metal salt solution. Intra-framework incorporation of aluminum can increase retention

and dispersion of these cations, as previously discussed. Taken a step further, metallic

nanoparticles can be grown within the mesochannels or on the surface of metal salt



impregnated MS post-synthetically by the chemical,” thermal, or plasma reduction of the
metal salt precursors.'” Another commonly reported extra-framework metallization route
is to first incorporate organic functional groups (e.g. akylthiols or alkylamines) onto the
MS surface, in order to capture metallic cations by coordination. These functional groups
are typically introduced as alkoxysilanes [R—Si(OR'); where R' is an alkoxide, and R is
typically a thiol or amino group], either at the time of synthesis (co-condensation) or post
synthetically (grafting).”' Further modification of the incorporated functional groups have
been reported (e.g. converting R-SH to R—SOs;H by exposure to H,0,)** which can
enhance specific metal interactions. However, both the co-condensation and grafting
methods can be tedious. Removal of the surfactant template must be done by long
periods of refluxing in the co-condensation method (quick template removal by
calcination not being an option); while post synthetic grafting poses difficulty in
controlling the dispersion of functional groups on the MS surface, as well as the
likelihood of channel-blocking polymerization of the alkoxysilane itself.”> Alkoxysilanes
are also quite toxic and moisture sensitive, requiring careful handling procedures. Also,
their incorporation during co-condensation has the tendency to disrupt the mesophase of
the resulting structure, and hinder complete removal of the templating surfactant.** For
these reasons, the following work has omitted research on metallization of MS materials
by prior organosilane functionalization, and focuses instead on direct intra-framework

metal substitution and/or extra-framework metallization schemes.

1.3 Applications of Metal Functionalized MSN’s

Applications of metal functionalized MSNs in research and industry include

17,25 18,27

adsorption, catal sis,26 and intracellular drug delivery, to name a few. Amon
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these, catalysis is the most frequently reported application. In this work, the lesser-
examined use of metalized MSN for adsorption is explored.

Removal of pollutant species by adsorption is important in a variety of settings—
water purification, gas purification, and hydrocarbon fuel purification, to name a few.
Mesoporous silica has found use most notably in the removal of toxic ions from aqueous
systems, often as a result of surface modifications resulting from the incorporation of
organosilanes, as discussed above, where amino groups are typically used to coordinate
transition metal cations.”*’ Alternatively, incorporated metal species themselves can be
used to bind with electron donor species, such as organosulfurs.'”"

The removal of organosulfur species from hydrocarbon fuels using metal
functionalized MSN is studied and reported in chapters 2 and 4. Though desulfurization
of fuels is of environmental importance in limiting the emission of toxic sulfur oxides
(SOys),"?! it is also important for the effective conversion of hydrocarbon fuels to
hydrogen gas for hydrogen fuel cells. Sulfur species within military logistics fuels (JP-5
and JP-8, which are high sulfur content) can poison the catalytic fuel reformers
responsible for producing hydrogen gas from the liquid hydrocarbon feedstock fuels.*?
MSN functionalized with thiophilic metal species has shown good results for adsorptive
desulfurization of such fuels, compared with zeolites and other porous inert scaffolds.”

In a subsequent chapter, the use of metal functionalized MSN as a catalyst support
platform will be examined. The ability to disperse catalytically active metallic species on
MSNs give the advantage of increasing catalytic surface area, while overcoming the
diffusion limitations of bulk MS materials, owing to the much shorter channel lengths of

the nanoparticle morphology. MASN, in particular, has the advantage of negative

surface charge, which aids in the dispersion and retention of catalytic metal species when
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introduced in the form of ionic salt precursors. Reduction of salt precursors to form
metallic nanoparticles that remain dispersed and tethered to the MSN framework allows
for increased stability against agglomeration that may increase the longevity of the

catalyst system upon cycling.”**°
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Chapter 2

Plasma treatment of silver impregnated mesoporous aluminosilicate
nanoparticles for adsorptive desulfurization

Abstract

A regenerable adsorbent for the removal of refractory organosulfur compounds
from fossil fuels was synthesized. The material is comprised of well-dispersed silver
nanoparticles confined within the mesochannels of aluminum doped MCM-41
nanoparticles. With an average initial desulfurization capacity of 15 mgS-g™', 79%
desulfurization capacity is retained after six cycles for the removal of dibenzothiophene
from n-decane. The addition of intra-framework aluminum to form a mesoporous
aluminosilicate nanoparticle (MASN) aids in the retention and dispersion of silver ions
within the mesochannels (Ag-MASN). The nanoparticles are subsequently reduced by
glow discharge plasma treatment in argon (PT-Ag-MASN). The size dispersion, surface
area and structural integrity were characterized by scanning electron microscopy (SEM),
annular dark field scanning transmission electron microscopy (ADF-STEM), nitrogen
adsorption analysis (BET) and powder X-ray diffraction (PXRD). Silver nanoparticle
formation within the mesochannels of MASN was confirmed by ADF-STEM and diffuse
reflectance UV-vis spectroscopy (DR-UV-vis). Model fuel testing revealed that PT-Ag-
MASN had the highest regeneration capacity after six cycles compared to non-plasma
treated (Ag-MASN) and aluminum free materials (Ag-MSN and PT-Ag-MSN). Initial
testing of the military jet fuel JP-8 also shows a high desulfurization capacity of

41 mgS-g .
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2.1 Introduction

Liquid hydrocarbon fuels can be used as a hydrogen source for charging solid
oxide fuel cells (SOFCs). SOFCs are of considerable military interest for their high
energy density, portability and silent operation. Use of SOFCs in the field would greatly
facilitate missions requiring extended use of auxiliary power. Their stealth operation
compared to conventional generators would greatly benefit silent watch missions." The
jet fuel formulation JP-8 serves as the US military’s logistic fuel. It powers all manner of
vehicles as well as electrical generators and is an ideal hydrogen-dense feedstock for
charging SOFCs.> However, the high organosulfur content (up to 3000 ppm,S) of JP-8
poses serious limitations for use in SOFCs. Sulfur compounds poison thiophilic
components of both the anode materials of the SOFC and the catalytic fuel reformers
used to harvest hydrogen from the liquid fuel. Low ppmyS concentrations are desired to

increase the longevity of both fuel reformers and SOFCs.'”

The conventional method of sulfur removal from hydrocarbon fuels is
hydrodesulfurization (HDS). HDS is employed within refinery infrastructure and
requires hydrogen gas at high temperature and pressure. HDS is suitable for the removal
of smaller organosulfur species (thiols and thiophenes) from lighter fuels (e.g. gasoline)
but the refractory organosulfur compounds in jet fuel (dibenzothiophene and its
methylated analogs) cannot be removed by this method.* Adsorptive desulfurization has
been proposed as a portable and efficient method for cleaning JP-8 of refractory
organosulfur compounds under ambient conditions. A variety of zeolite and mesoporous
metal oxide frameworks supporting thiophilic ionic, metallic and metal oxide species

have been investigated for treatment of both model and real jet fuels.” In the majority of
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this work, ionic silver is reported to have the highest desulfurization capacity when
compared to other transition metals such as copper, nickel, cerium, manganese or zinc.
For example, a recent publication by Tatarchuck et al. reported a maximum
desulfurization capacity for JP-8 of 8.01 mgS-g ' using a silver loaded TiOx—AlLO;3

adsorbent.!°

Similar work previously reported a high desulfurization capacity material
consisting of AgNO; impregnated MCM-41 mesoporous silica nanoparticles (Ag-
MSN).""  This material demonstrated high capacity desulfurization for both model fuel
(12.7 mgS-g') and JP-8 (32.6 mgS-g'). However, upon solvent regeneration with
diethyl ether, a 30% loss of silver was typically observed, resulting in a corresponding

reduction in desulfurization capacity in the subsequent cycle.

In recognizing the need for a material that exhibits both high sulfur absorptivity
and regenerability, we have investigated a method for reducing the ionic metal species
onto the mesoporous framework by exposure to glow discharge plasma. Glow discharge
plasma offers several advantages over chemical or thermal reduction methods, being
rapid, non-toxic, and energy efficient. This method has been recently explored by
researchers seeking to improve the performance and lifetime of supported metallic

nanoparticle catalysts.'*"*

Recent work by Chen ef al. has demonstrated the formation of
metallic (Au or Pd) and bi-metallic (Au/Pd) nanoparticles, well dispersed within the
channels of the mesoporous silica support SBA-15. The nanoparticles were grown by Ar
glow discharge plasma treatment after aqueous impregnation with the respective metal
salt(s)."

In the present work, aluminum was incorporated into the framework during

synthesis of AI-MCM-41 type mesoporous aluminosilicate nanoparticles (MASN).
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Alumination was found to greatly improve the regenerability of both the non-plasma
treated material (Ag-MASN) and the plasma treated material (PT-Ag-MASN),

considerably extending the lifetime desulfurization capacity of the material.

2.2 Experimental

All  chemicals were used as received without further purification.
Tetraethylorthosilicate (TEOS), diethyl ether and dibenzothiophene (DBT) were obtained
from Acros Organics. 200 proof ethanol was obtained from Decon Laboratories. Silver
nitrate, sodium aluminum oxide, cetyltrimethylammonium bromide (CTAB) and n-

decane were obtained from Sigma Aldrich.

2.2.1 Synthesis of MSN and MASN

Mesoporous silica nanoparticles (MSN) were synthesized using a method
previously published.!" Briefly, a solution containing 1.0 g CTAB, 0.28 g NaOH, and
483.5 g doubly distilled deionized water was stirred at a rate of 625 rpm at 80 °C for 15
min. To this homogenous solution 4.58 g of TEOS was added dropwise over a two-
minute period. The solution was allowed to stir for 2 h, after which the solution was
removed from heat and stirring, then allowed to age statically for 30 min until near room
temperature. The solid precipitate was rinsed with 500 mL doubly distilled deionized
water during filtration, then allowed to dry overnight in a vacuum oven at 100 °C. The

thoroughly dried material was ground to a fine powder and calcined at 560 °C for 4 h,

with a heating ramp rate of 1 °C per minute. Mesoporous aluminosilicate nanoparticles
(MASN) were synthesized in the same manner as MSN, with the addition of 0.098 g

NaAlO; before adding TEOS.
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2.2.2 Synthesis of PT-Ag-MSN and PT-Ag-MASN

In a typical plasma treatment, 100 mg of calcined MSN or MASN was placed in a
vacuum oven for 1 h at 100 °C, in an open glass scintillation vial. Upon removal, the vial
was immediately sealed to limit exposure to atmospheric moisture. Once cooled to room
temperature, the vial was opened and the material immediately loaded with AgNO;
dissolved in a 50/50 wt/wt water-ethanol solution via wet impregnation. Optimal silver
loading was 20 wt.% as determined previously."' After AgNO; loading, the material was
again dried in vacuo at 100 °C for 1 h to remove the solvent. The material was then
ground to a fine powder and distributed evenly over two small borosilicate dishes, which
were placed into a barrel reactor plasma oven (Plasma Prep II, operating at 13.56 MHz).
Argon was allowed to profuse the plasma chamber during evacuation to approximately
250 mTorr. Plasma exposure times were 15 min, followed by manual mixing to expose
all material. During the mixing process, it was discovered that only the top layer of
exposed material changed color after treatment (initially from white to dark gray, and
then progressively darkening to black), while the material underneath appeared
unchanged. Plasma treatments and mixing were repeated 6 times, ensuring that the

material was homogenous in color.

2.2.3 Characterization of adsorbent materials

Thermogravimetric analysis (TGA) was performed on a TA Instruments 2050
TGA with nitrogen purge, heating from 30 to 800 °C at a heating rate of 10 °C-min "
Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab X-ray

diffractometer with Cu Kot (1.54 A) radiation. All samples were analyzed from 2° to 80°
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(20) with a step size of 0.01° and scan rate of 1°-min"'. BET surface area was measured
by physical adsorption of N, at 77 K using a Micrometrics physisorption analyzer
(TriStar IT 3020 v1.03). Adsorption/desorption isotherm measurements were collected
within a relative pressure range (P/Pj) from 0.01 to 1.00. UV-vis spectroscopy was
performed on a Hewlett-Packard Model 8452A spectrophotometer. Diffuse reflectance
UV-vis (DR-UV-vis) spectra were obtained using a Varian Cary 5000 UV-vis-NIR
spectrophotometer (Harrick Praying Mantis diffuse reflectance cell attachment, Teflon
standard). Scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) data were collected with a FEI Quanta 3D dual beam microscope
operated at 10 kV. Scanning transmission electron microscopy (ADF-STEM) was
performed on a FEI Titan TEM operated at 200 kV and 300kV. The STEM probe had a
convergence semi-angle, a, of 10 mrad and a beam current of 60 pA (200kV) and 35 pA
(300kV). ADF-STEM images were acquired using a Fischione annular dark-field (ADF)
detector with an inner semi-angle, 3, of 63 mrad (200kV) and 45 mrad (300kV). Samples
were robust under the focused beam with no damage evident. Inductively coupled
plasma optical emission spectra (ICP-OES) were collected on a Perkin-Elmer Optima

7000 DV.

2.2.4 Model fuel and JP-8 testing

The procedures for model fuel and JP-8 testing were similar to those previously
published.' Initial batch testing was conducted using a model fuel comprised of 500
ppm,,S dibenzothiophene (DBT) in n-decane. Prior to model fuel testing, approximately
50 mg of the PT-Ag-MASN adsorbent material was loaded into a clean 20 mL glass
scintillation vial and placed in a vacuum oven at 100°C overnight to remove adsorbed
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moisture. The model fuel to adsorbent mass ratio was 50 to 1 for all model fuel tests.
Adsorbent samples were combined with model fuel and mildly agitated for 1 hour prior
to UV-vis spectroscopic analysis to determine the remaining DBT concentration in the
fuel. JP-8 batch tests were performed over 24 h with approximately 40 mg of adsorbent
in 5 g of JP-8 (average concentration 750 ppm,S). The remaining sulfur concentration
was then analyzed using a UV total sulfur analyzer (multi EA 3100, Analytikjena) with a
detection limit of 45 ppb. Regeneration of adsorbent materials was achieved by rinsing

the used material with 50 mL of diethyl ether.

2.3 Results and Discussion

Initial model fuel desulfurization capacities for PT-Ag-MSN, PT-Ag-MASN and
untreated Ag-MASN were consistent with our previously synthesized Ag-MSN. Table
2.1 depicts a single experiment comparing eight different adsorbents over the course of
six regenerations. Small variation in the desulfurization capacity for each material likely
reflects incomplete sulfur removal during a particular regeneration, but the overall trend
is clear. In general, the aluminosilicate versions displayed better regeneration capacities
compared to the non-aluminated material, with plasma treatment yielding further
improvement over six cycles. JP-8 fuel tests were limited to individual 24 h saturation
tests and showed high desulfurization capacity for PT-Ag-MASN (41.1 mgS-g")
compared to that previously reported for Ag-MSN (32.6 mgS-g')."" The initial reduction
in sulfur concentration was from ~765 ppmS to ~400 ppmS and is expected to continue to
decrease with exposure to additional material. Further JP-8 column tests of regenerated
material have given poor results thus far for the plasma treated materials. BET analysis

shows a marked decrease in surface area (758.1 m”/g) after ether regeneration of JP-8
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saturated PT-Ag-MASN, indicating that incomplete removal of fuel components may be

the issue.

Alumination of MSN was the first step in this work towards stabilizing the
regeneration capacity of the adsorbent in model fuel. Tetrahedrally coordinated
aluminum ions in the framework of aluminosilicate AI-MCM-41 materials are known to
generate localized sites of negative surface charge.'® It is possible that these periodic sites
of negative charge in MASN help to electrostatically retain silver ions within the
mesochannels, compared to the more neutral surface charge of MSN. This difference
would explain the slight improvement in regeneration capacity for Ag-MASN compared
to Ag-MSN. The regenerative capacity of the material is further stabilized by plasma
treatment in argon, which reduces the silver ions to metallic silver nanoparticles within

the mesochannels.

A rough estimate of the silver-sulfur adsorption sites present in fresh PT-Ag-
MASN can be made by comparing the silver present to sulfur removed, assuming each
silver atom can coordinate with one sulfur bearing molecule. At 20 wt.% Ag, there is
about 1.85 mmol of silver per gram of fresh adsorbent. Accordingly, in freshly
synthesized PT-Ag-MASN, 69% of these theoretical silver sites appear used when
desulfurizing JP-8, but only 25% appear available when desulfurizing model fuel
consisting of DBT in n-decane. This discrepancy can be explained by considering the
variety of smaller organosulfur species in JP-8 compared to DBT in our model fuel. In
addition to DBT, JP-8 contains primarily alkyl benzothiophenes along with many smaller
species such as thiophene and alkanethiols. DBT is larger than most of these
organosulfur species and will interact with the silver species through both direct metal-

sulfur binding and pi-interactions. These interactions will be weaker for thiophene or
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benzothiophenes, which have fewer aromatic rings.'” The majority of organosulfur
species in JP-8 are much less sterically hindered than DBT for silver interaction, and 69%
binding site availability is more probable. Moreover, the apparently high percentage of
binding sites is impressive when considering that many silver atoms will be bound up in

the centers of metallic nanoparticles.
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Figure 2.1 The mass of sulfur removed during successive fuel testing and regeneration

cycles for eight different adsorbents.

Table 2.1 Percentage of initial desulfurization capacity retained after successive
regeneration cycles. The far right column is the corresponding percentage of silver

recovered from the ether rinse during regeneration of PT-Ag-MASN (determined by ICP-

OES)
Cycle Ag-MSN Ag-MASN PT-Ag-MSN PT-Ag-MASN PT'QS‘&’:‘SN
1 73.8% 81.7% 79.4% 84.6% 15.1%
2 56.2% 73.2% 67.6% 79.5% 4.8%
3 44.1% 65.2% 60.3% 80.8% 2.4%
4 40.1% 65.9% 59.8% 76.7% 1.6%
5 34.5% 62.0% 54.3% 80.2% 1.1%
6 34.0% 64.7% 51.7% 78.9% 1.1%
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Silver loss was determined by ICP-OES analysis of the ether rinse solution after
each successive model fuel regeneration cycle (Table 2.1). Negligible silver (> 20 ppb)
was found in the fuel itself after testing, which is important for potential silver recovery
from the ether rinse, as well as avoiding the introduction of additional metal ions to the
SOFC and fuel reformer. The initial silver loss from PT-Ag-MASN is roughly 15%, but
quickly plateaus towards a steady loss of approximately 1% of the initial silver content by
the fourth cycle. This reduced loss represents a significant improvement over our
previously reported Ag-MSN material, which showed 26% and 44% silver losses after

the first and second cycles, respectively.

The decrease in desulfurization capacity for all materials tested correlates to the
loss of silver upon regeneration. For the plasma treated materials, this loss is likely from
a combination of residual ionic silver and free metallic nanoparticles not bound to the
framework. It is also interesting to consider whether DBT that is coordinated to silver
ions—either initially bound to the framework or weakly associated with the metallic
surface—can be more easily removed during the ether rinse. If so, this might help
explain the slow, gradual loss of silver after the fourth regeneration cycle. This aspect
was not investigated further and we are not aware of any report addressing such a
mechanism. It could not be determined from electron microscopy whether there was any
significant loss (or shrinking) of the embedded silver nanoparticles in either PT-Ag-

MASN or PT-Ag-MSN materials.

Other groups investigating metallic silver nanoparticles supported on pure silica'®
or alumina'® have noted the potential for bonding between metallic silver and silanol
oxygen in silica or framework oxygen in alumina. Because of the increased negative

charge on oxygen coordinating Al in MASN, it is assumed that the silver-oxygen
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interaction will be stronger than in MSN, at least for ionic silver. Whether the energy
involved during plasma treatment is enough to form covalent silver-oxygen bonding or
whether the metal-framework interaction is dominated by electrostatics warrants further

investigation.

During plasma treatment in argon, nitrogen or ambient atmosphere, the material
gradually changed in color from white to dark gray and finally to black, implying
decomposition of AgNO; to metallic silver. No color change was observed during
plasma treatment in oxygen, nor did electron microscopy reveal any metallic
nanoparticles within the mesochannels. The regeneration results for PT-Ag-MASN
plasma treated in oxygen were similar to those of Ag-MASN. Argon was chosen as the
process gas for all subsequent experiments because its distinct fuchsia glow could be

monitored to ensure all atmosphere had been purged from the reactor.

The redox mechanism of glow discharge plasma is not completely understood.
Wang et al. have proposed two possible routes for the formation of gold and palladium
nanoparticles on a mesoporous silica support via glow discharge plasma treatment. One
is a direct process of recombination between the high-energy electrons generated in the
plasma and the metal ions of the deposited metal salt. The second is an indirect process
mediated by the generation of hydrated electrons and hydrogen radicals from a plasma-
induced dissociation of the water molecules that naturally adsorb onto the silica

framework under ambient conditions.'*

The result is the decomposition of silver nitrate
to form metallic silver nanoparticles within the mesochannels of the framework (Figures

2 and 3).

The penetration depth of the plasma into the mesoporous particles and the

completeness of reduction of ionic silver are important for optimizing the synthesis. In
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preparation for plasma treatment, the silver loaded material was spread as thin and evenly
as possible over a glass plate. After plasma treatment, only the top layer of material
showed a color change from white to black, with the underlayers remaining white or gray.
It was reasoned that a thorough mixing of the material between treatments should aid in
complete reduction of the impregnated silver ions. It was generally observed that no
significant changes in either desulfurization or regeneration capacity occurred for
materials receiving more than 45 minutes (up to 90 minutes was tested) of total plasma
exposure, regardless of the number of mixings (5 or 15 minute exposures). For plasma
exposures totaling less than 15 minutes, the regeneration capacity over six cycles of fuel
testing began to mirror that of the non-plasma treated material. Additionally, the visual
color change from white to black appears complete and homogenous after three 15-

minute plasma treatments.

500 nm

Figure 2.2 SEM image of a cluster of MASN (left) where each MASN nanoparticle has a
spherical morphology. HRSTEM image of MASN (right) showing ordered

mesochannels.
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Figure 2.3 ADF-STEM images of 20 wt.% PT-Ag-MASN showing silver nanoparticles

(bright contrast) within the mesochannels of MASN.

The silver loading of 20 wt.% was chosen based on previous optimization of Ag-
MSN."" Increase in silver loading beyond this amount lead to a decrease in
desulfurization capacity, likely due to silver aggregates blocking the mesochannels. It
can be seen in the ADF-STEM images of the plasma treated materials that solid plugs of
silver are able to form in the mesochannels (Figure 3). It was also observed that a 10%
loss in surface area occurred between 20 wt.% and 25 wt.% silver loading (Table 2.2),

most likely due to an increase in channel blocking by solid silver plug formation.

Powder X-ray diffraction data revealed that neither the silver loading nor plasma
treatment of the material degraded the MASN framework (Figure 4). This is evidenced
by the intense low angle (100) peak observed at approximately 2.5° 2-theta for all
spectra. This peak corresponds to the ordered mesochannels, along with the less intense
(110) and (200) peaks at approximately 4.5° and 5° 2-theta, respectively.”**' The (100)
peak drops in intensity after silver nitrate loading and then increases again after plasma
treatment. This observation may be due to the coalescence of the dispersed silver ions
into discrete silver nanoparticles, liberating periodic free spaces within the mesochannels.

The absence or low intensity of metallic silver peaks for PT-Ag-MASN is not necessarily
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indicative of an absence of silver nanoparticles, since metallic particles with a diameter of
less than 5 nm are not observable by X-ray diffraction.”*” For PT-Ag-MASN, PXRD
peaks arise at 44.5° 2-theta, corresponding to metallic silver for the 10 min and 20 min
cumulative plasma exposure times. These peaks then disappear again after 30 min of
plasma exposure for the same sample. This result may be explained by the fragmentation
of silver nanoparticles (larger than 5 nm), which initially formed exterior to the MASNSs,

upon continued plasma exposure.
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Figure 2.4 PXRD data for MASN before and after silver loading and successive plasma

treatment time (inset: expansion of the low angle region and labeled Miller indices).

Diffuse Reflectance UV-visible (DR-UV-vis) spectroscopy was performed to
monitor the surface plasmon resonance (SPR) of silver nanoparticles during successive
plasma treatments of Ag-MASN. This data shed light on the average silver nanoparticle
size within and potentially surrounding the MASN framework. Figure 5 shows the size-
dependent blue-shifting of the SPR peak for metallic silver nanoparticles.”** The

maximum shifts from ca. 404 nm to 374 nm over the course of nine successive 5 minute
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plasma treatments (Figure 6), indicating a decrease in the average Ag particle size with
exposure time. A moderate narrowing of this peak versus time implies that the size
dispersion is also reduced over successive plasma treatments.”® This data supports the
idea that larger metallic particles initially formed on the outer surface of the MASN may

have been subsequently reduced in size by the etching effect of the plasma.
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Figure 2.5 DR-UV-Vis of PT-Ag-MASN versus successive plasma treatment time.

410
405 -

400 X

395 \'\
390

385 AN

S
380
375 M

370

Lambda max (nm)

L 4

0 10 20 30 40 50
Total Plasma Exposure Time
(5 min exposures followed by mixing)

Figure 2.6 Silver nanoparticle SPR maximum versus successive plasma treatment time.

Table 2.2 BET surface area versus silver loading of PT-Ag-MASN

PT-Ag-MASN 10wt% Ag 15wt% Ag 20wt% Ag 25 wt% Ag

BET surface
area (m*/g)

1054.4 1047.1 1020.6 918.3
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Thermogravimetric analysis (TGA) was performed to ensure that all CTAB was
removed from MASN or MSN upon calcination and to estimate the amount of
physisorbed water in the material. The TGA data revealed an average 18% mass loss for
either material near 100 °C, indicative of physisorbed water. Roughly the same
percentage of mass loss could be observed after drying the material in vacuo for 1 h at
100 °C. Upon re-exposing the dried material to atmosphere for 12 h, the same initial
mass was again observed, indicating readsorption of atmospheric moisture. Throughout
the course of this work, it was noticed that the average model fuel desulfurization
capacity of vacuum oven dried PT-Ag-MSN was consistently ~ 20% higher than that of
the atmosphere exposed material. This observation suggests that physisorbed water
needs to be removed in order for the hydrophobic fuel to make contact with the interior

surface of the material.

2.4 Conclusion

The desulfurization and regeneration capacities of silver loaded mesoporous silica
nanoparticles have been greatly improved by the addition of intraframework aluminum
and the reduction of silver ions to silver nanoparticles within the mesochannels via glow
discharge plasma treatment. Model fuel testing shows 78.9% desulfurization capacity for
PT-Ag-MASN after 6 cycles using diethyl ether for regeneration. A high capacity
desulfurization of JP-8 fuel of 41.1 mgS/g was also obtained. Further work remains to
optimize this material for the desulfurization of JP-§ fuel, as well as to understand the
mechanism of plasma reduction of ionic silver and the nature of the metallic silver

interaction with the MASN framework.
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Chapter 3

A Supported Nickel Boron Composite for the Catalytic Reduction of
Nitroarenes

Abstract

An amorphous nickel and boron composite (NBC) was synthesized from nickel
chloride hexahydrate (NiCl,*6H,O) and sodium borohydride (NaBH4) in absolute
ethanol, both in bulk and supported on mesoporous aluminosilicate nanoparticles
(MASN). Comparatively, NBC-MASN demonstrated better catalytic activity for the
selective reduction of the nitro group on a variety of polysubstituted nitroarenes, using
hydrazine hydrate (N,H4*H,0) as the reducing agent at 25 °C. Reuse and regeneration of
NBC-MASN for the reduction of p-nitrotoluene to p-toluidine were studied with NaBHy4
acting as regeneration agent. Good catalytic activity was sustained through nine reuse
cycles when equimolar NaBH,; was present in-situ with NoH4*H,O (99%-67% isolated
aniline yield). The structure and composition of NBC and NBC-MASN were examined
by electron microscopy, energy dispersive X-ray spectroscopy (EDS), powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), thermogravimetric
analysis (TGA), and inductively coupled plasma optical emission spectroscopy (ICP-
OES). The results for NBC-MASN show that a thin (< 10 nm) amorphous coating forms
over the MASN surface, consisting of a mixture of metallic and oxidized nickel (9+%
Ni), and various species of boron (atomic ratio of Ni:B = 2). For unsupported NBC,
metallic nickel nanocrystals (1-3 nm) were discovered imbedded within an amorphous

matrix of a similar composition. Upon calcination at 550 °C in N, atmosphere, partial
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conversion of unsupported NBC to crystalline Ni;B was observed, whereas only
crystalline metallic Ni was observed for NBC-MASN. To explain these differences,
further evidence is given to suggest the presence of residual boron hydrides encapsulated
in the bulk unsupported NBC, suggesting Ni;B was an artifact of processing rather than

an initial product.

3.1 Introduction

The reduction of nitroarenes to aromatic amines is of general interest for
industrial as well as biological applications. Aromatic amines are used as intermediates in
the production of dyes, pharmaceuticals, fertilizers, pesticides, and numerous polymers;
and are found as the byproducts in the neutralization of nitro-containing explosives.'
Traditionally, the synthesis of aromatic amines from their corresponding nitro compounds
is carried out at high temperatures and pressures, in the presence of hydrogen gas and a
metallic catalyst such as Pt, Pd, Fe, Sn, or the well-known Raney Nickel (equation 1).2_4

NO, Raney Ni NH,
R ———>» R
H,, A

Equation 3.1 Reduction of arylnitro catalyzed by Raney Ni to the arylamine products.’
Drawbacks associated with these heterogeneous catalysis systems include high
monetary cost, large energy consumption and safety hazards associated with the use of
compressed hydrogen gas at elevated temperatures and pressures. Alternatively,
amorphous heterogeneous catalysts composed of mixtures of transition metal and various
boron species, formed from reacting metal salts (typically those of Ni or Co) with sodium
borohydride (NaBHy) in protic solvents, have a long history of success in a wide variety

of reduction reaction schemes.®” In aqueous media, sodium borohydride will generally
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reduce metal salts (such as NiCl, and CoBr,) to their corresponding metallic (M°) phase,
while undergoing hydrolysis to form borate species and liberate hydrogen gas (equation
2).10

BH; +2M?** + 2H,0 —» 2M + BO; + 4H' + 2H,
Equation 3.2 General scheme for the reduction of transition metal divalent cations by

borohydride in water.

The metals obtained from such reductions precipitate from the aqueous solution
as black solids that could be best described as nickel or cobalt based borate composites. It
has been shown that both nickel and cobalt based composites perform excellently in the
catalytic hydrogenation of a variety of organic substrates containing reducible functional

11-13

groups. Furthermore, the hydrolytic degradation of BHs, ~“and nickel based composites

are particularly successful at selectively reducing nitroarene compounds to their

corresponding aniline derivatives.'*"

However, the reusability of such catalysts is
typically limited due to particle sintering, agglomeration, and surface oxidation. More
recently it has been shown that supporting these composites on inert scaffolds (such as
titania, silica gel or mesoporous silica nanoparticles) can enhance activity and reusability,
compared to the bulk powders, by increasing catalyst surface area and stabilizing against
particle agglomeration.'®'” These catalysis schemes have also benefited from the use of

safer and more stable chemical sources of hydrogen, such as hydrazine hydrate

(N2H4°H20).14’16’18’19

The motivation for our study was to investigate the safe and economically
efficient reduction of nitroarenes, using N,H4*H,O and a reusable amorphous nickel
boron composite (NBC) catalyst, derived from the reaction of Ni** salts with NaBH,_ and
supported on mesoporous aluminosilicate nanoparticles (MASN). In the course of this
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work, fundamental questions arose concerning the difference in physical character
between supported and unsupported versions of NBC. These questions are discussed in
light of considerable uncertainty in the literature as to the actual composition of such

. 20-25
amorphous composites.

In protic solvents at ambient pressure and temperature, most salts of the first row
transition metals to the left of copper generate precipitates containing various boron
species when reacted with excess NaBHy4, whereas copper and noble metal salts with
more favorable reduction potentials tend to give pure metallic phases.”® In the case of
nickel (and similarly for cobalt), these precipitates have historically been referred to as
amorphous nickel borides (NizB, Ni,B, etc.), a designation initially based on a
combination of elemental analysis and powder X-ray diffraction studies of the crystalline

structures evolved upon heating in inert atmosphere.”” >’

These amorphous precipitates
are now known to be more structurally complex, possessing a variety of possible
compositions and morphologies, depending on the choice of synthetic parameters
(solvent system, pH, temperature, mixing rate and the presence of oxygen in solution),

the ratio of borohydride to nickel reacted, and the choice of nickel salt precursor.”*>°

To explain the characteristically high activity of amorphous catalysts such as
nickel boron and cobalt boron composites (NBC and CBC, respectively) earlier works in
this field suggested the presence of a direct metal-boron interaction based on X-ray
photoelectron spectroscopy (XPS) data.  One scenario put forward is that electron
donation occurs from boron to symmetry related transition metal d-orbitals, and therefore
increases catalytic activity through electron enrichment of the metal surface, while also
sacrificially protecting the metal from oxidation.’®>” However, a review of the previously

published XPS data reveals a certain amount of ambiguity in assigning both the B 1s and
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Ni or Co 2p binding energy shifts to that of the corresponding borides, as well as debate
about the direction of electron donation between the metal and boron, in both the

amorphous and crystalline compounds.”®

With careful use of electron microscopy and elemental analysis, some authors
have shown that bulk NBC and CBC powders are nanocomposites comprising single-
nanometer sized crystalline metal particles imbedded in an amorphous matrix containing
boron oxides (transition or alkali metal borates, (poly)borates, etc.).** >** Although many
of these authors invoke the presence of borides, they presume that the main function of
the amorphous matrix is to physically prevent sintering and rapid oxidation of the
catalytically active metal particles during synthesis, thereby preserving the large catalytic

surface area claimed to be responsible for high activity.

While the exact nature of the metal-boron interaction in these amorphous
materials remains uncertain, it is known that crystalline borides of transition metals are
routinely formed under much more energetically demanding conditions than those of
protic solvent synthesis at near-ambient conditions. Traditional nickel borides are
synthesized in solid state reactions such as laser ablation or melt quenching of elemental
Ni and B,* or in non-protic solvent systems at elevated temperatures (~90 °C).*® Given
that borohydrides are known to decompose readily in protic solvents™ to produce Ha(g)
and various borates (B(OH)4, BO,', B,Os, polyborates, etc.), and given that this process
is autocatalyzed in-situ by the very same precipitates formed during the reaction of
borohydrides with certain transition metal salts, particularly Ni*" and Co*",'? it seems
self-evident that protic solvent synthesis routes cannot produce true transition metal
borides. It is much more plausible that such reactions primarily produce oxides of boron,

which may then interact strongly with metallic precipitates to form amorphous transition
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metal and borate composites.' We are therefore careful not to label the bulk NBC and
supported NBC-MASN catalysts studied in this work as a nickel boride, in recognition
that the exact identities of the boron species present in such composites are still not

entirely known.

Reported here is the synthesis of an NBC-MASN catalyst for the efficient and
selective reduction of arylnitro compounds to the corresponding arylamines using
hydrazine hydrate as the hydrogen source. Additionally, NBC catalyst was examined to
delineate the differences between supported and unsupported catalysts and to offer a
preliminary explanation as to why the Ni3;B phase is only observed upon calcination of

unsupported NBC in inert atmosphere.

3.2 Experimental

All reagents were used as received without further purification. Milli-Q water
(18.2 MQ) was used throughout all steps of synthesis. High purity, dry argon (Ar) was
used during catalyst synthesis, storage and use. 200 proof ethanol (EtOH) and hydrazine
hydrate (N,H4*H,O) were purchased from Acros. Nickel chloride hexahydrate
(NiCl,*6H,0), sodium hydroxide (NaOH), aluminum isopropoxide (Al(O-i-Pr);) and
sodium borohydride (NaBHs) were purchased from Spectrum Laboratories.
Cetyltrimethylammonium bromide (CTAB), tetracthoxysilane (TEOS), nitroarene

substrates, and methanol (MeOH) were all purchased from Sigma Aldrich.

3.2.1 Synthesis of MASN

Mesoporous aluminosilicate nanoparticles (MASN) were synthesized by adding a

mixture of TEOS (4.58 g, 21.98 mmol) and Al(O-i-Pr); (0.244 g, 1.19 mmol) (briefly
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sonicated) to a previously prepared solution consisting of water (485 g), CTAB (1.0 g,
2.74 mmol) and solid NaOH (2.80 g, 70.01 mmol). The CTAB and NaOH solution was
first stirred for 15 minutes at 80 °C to homogenize, before adding the alkoxide mixture
drop wise over 5 minutes. The combined solution was stirred at 80 °C for 2 h, then
allowed to cool to room temperature while stirring for an additional hour. The cooled
precipitate was filtered and washed with 1.0 L of Milli-Q water and then dried in vacuo
overnight at 100 °C. The dried material was then ground to a fine powder and calcined in

air at 550 °C for 5 h (at a heating rate of 1 °C per minute) to remove the organic template.

3.2.2 Synthesis of NBC-MASN Catalyst

In a typical synthesis of NBC-MASN catalyst, MASN support (0.65 g) was dried
in a vacuum oven overnight at 100 °C, cooled to room temperature, and then soaked in a
solution of NiCl,*6H,0 (0.26 g, 1.09 mmol) dissolved in 50/50 v/v EtOH and water. A
minimal amount (~3 mL) of solvent was used to create a thick slurry with the MASN.
This slurry was sonicated in a tightly sealed 20 mL scintillation vial for 90 minutes and
then allowed to soak for 5 d before drying overnight in a thoroughly Ar,) purged vacuum
oven at 100°C. Dried NiCl,-MASN was mechanically ground with NaBH4 (0.084 g, 2.20
mmol) until thoroughly mixed together as a fine powder. The powder mixture was then
gently purged with Arg) while cooling in a 0 °C water bath for 20 min, before rapidly
introducing 19 mL of 0 °C absolute EtOH (200 proof) with vigorous magnetic stirring.
The synthesis was carried out in a semi-sealed scintillation vial with two small ports in
the cap, one to allow for the introduction of a glass cannula into the reaction solution to
deliver Ar), and the other for gas ventilation. The synthesis proceeded with continuous

argon purging of the solution and rapid stirring for approximately 2 h, or until no more
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effervescent bubbling from Hy) production could be observed. The solution was then
diluted with 30 mL of room temperature water to help remove excess salts, centrifuged to
isolate the solid, and the solid was dried overnight in a Ar) purged vacuum oven at 100
°C. The dry NBC-MASN catalyst was then stored under Ar,) until use in catalysis or

characterization.

3.2.3 Synthesis of NBC Catalyst

Unsupported, bulk NBC catalyst powder was synthesized by adding a solution of
NiCl,*6H,0 (0.26 g, 1.09 mmol) dissolved in 8.5 mL of absolute EtOH to a solution of
NaBH,4 (0.084 g, 2.20 mmol) suspended in 8.5 mL of absolute EtOH, with rapid stirring
at 0 °C under continuous Ar) purging as described above. Synthesis proceeded for
approximately 20 min or until no more Hy(,) production could be observed, at which point

the material was rinsed, retrieved and dried as described above.

3.2.4 Calcination of as-synthesized catalysts

A custom-made calcination furnace with a quartz tube was used to heat the
catalyst materials in either flowing nitrogen or air at 550 °C for 2 h, at a heating rate of

10 °C-min .

3.2.5 General Procedure for the Reduction of Nitroarenes

To an argon-purged 50-mL round bottom flask the NBC-MASN catalyst (0.235 g,
0.4 mmol of Ni), nitroarene (4 mmol), MeOH (8 mL), and either N,H4*H,O (20 mmol)
or a combination of N,H4*H,O (20 mmol) and NaBHs (20 mmol) were added and

allowed to stir at room temperature for 24 h. The reaction mixture was then centrifuged,
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and the supernatant decanted into a pre-weighed 100 mL round bottom flask. The solid
catalyst was rinsed with 15 mL of MeOH under brief sonication, followed by
centrifugation and the supernatant was decanted into the same 100 mL flask. This rinse
step was repeated, and the combined supernatants were then concentrated by rotary

evaporation and analyzed via 'H and °C NMR.

3.2.6 General Procedure for Cleaning NBC-MASN

The used NBC-MASN catalyst and methanol (2 x 15 mL) were combined in an
argon-purged Falcon tube, the mixture was sonicated for 10 min, then centrifuged and the
supernatant decanted. Ethanol (2 x 15 mL) was added to the catalyst and sonicated for
10 min, centrifuged, and the supernatant decanted. Methanol (10 mL) was added to the
catalyst before sonication for 10 min, centrifuged, and the supernatant decanted. The

catalyst was then immediately reused.

3.2.7 General Procedure for the Regeneration of NBC-MASN

Cleaned (as above) and dried NBC-MASN and NaBH4 (2 mol equivalent to Ni,
assuming Ni was 10,,% of NBC-MASN) were added to an argon-purged Falcon tube
capped with a rubber septum. The tube was cooled to 0 °C before adding 5 mL of 0 °C
ethanol. The cold mixture was rapidly stirred for approximately 1 h or until no more
Hy,) production was observed. The mixture was then centrifuged, the supernatant
decanted, and the recovered solid was rinsed as described above and dried in an argon-

purged vacuum oven until further use.
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3.2.8 General Procedure for Hydrogen Evolution by Gas Burette

To the gas burette reservoir, outfitted with a rubber septum, 1 M HCI (15mL),
methanol (15mL), and tetrahydrofuran (15mL) were added and allowed to stir. A few
trials of sacrificial hydride sources were used for the purpose of equilibrating the system.
In a separate Ar-purged round bottom flask, anhydrous NiCl, (0.065 g, 0.5 mmol) and
solid NaBH4 (0.038 g, 1 mmol) were added and the flask cooled to 0 °C. A cannula
connected the round bottom flask to the gas burette reservoir. The system was allowed to
equilibrate before the addition of 4 mL of 0 °C ethanol via syringe. By the controlled
relief of pressure in the closed system into a graduated cylinder, the volume of gas
generated, plus total volume injected, was measured by water displacement. The
temperature of the displaced water and barometric pressure was also measured, and the
temperature dependent vapor pressure of water. The quantity of hydrogen produced was

determined by following a previously published method.*

3.2.9 Characterization

Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab X-ray
diffractometer with Cu-Ko (1.54 A) radiation (40 kV, 44 mA). All samples were
prepared fresh and handled with minimal exposure to atmosphere prior to scanning. All
samples were ground under Ar) and evenly dispersed on an amorphous SiO, sample
holder and scanned with a step size of 0.01° and scan rate of 1°-min'. High angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging
was performed on an FEI Titan TEM operated at 300 kV. The STEM probe had a

convergence semiangle, a, of 10 mrad and a beam current of 25 pA (300 kV). HAADF-
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STEM images were acquired using a Fischione annular dark-field (ADF) detector with an
inner semiangle, B, of 45 mrad. EDS data was simultaneously collected along with
HAADF-STEM data on four silicon drift detectors with a solid angle of 0.7 steradians
(SuperX) and analyzed using Bruker’s Espirit software. HRTEM images were acquired
using an FEI ThemIS microscope operated at 300kV with a FEI Ceta 2 Camera. All
electron microscopy and EDS data collection were carried out on fresh samples
suspended by brief sonication in absolute ethanol and deposited on 400 mesh copper
TEM grids with lacey carbon support. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) data were collected on a PerkinElmer Optima 7000 DV.
Samples for ICP-OES were prepared by digestion in an aqueous solution comprised of
50,% concentrated HNO3 and 5,% H»0, (30% stock solution) at 85 °C, rapidly stirring in
a sealed polypropylene container for 2 h prior to dilution with Milli-Q water.
Thermogravimetric analysis (TGA) was performed on a TA Q500 Thermoanalyzer, using
a platinum weighing boat and flowing air during heating fresh samples at a rate of 10
°C-min”'. X-ray photoelectron spectroscopy was performed on a Kratos Axis Ultra
spectrometer using an Al-K, source (hv = 1486.69 eV) operated at 150 W and a
hemispherical electron energy analyzer. Spectral positions were calibrated using
adventitious alkyl carbon signals by shifting the C 1s peak to 284.8 eV. For samples

which exhibited charging, a flood gun was used to neutralize the sample.

The products of catalysis reactions were analyzed by nuclear magnetic resonance
(NMR) spectroscopy measured in ppm and recorded on a Bruker 500 MHz spectrometer
at 297 K using CDCl; (8 = 7.26) as an internal standard for '"H NMR and 125.7 MHz
using CDCl; (8 = 77.0) as an internal standard for °C NMR. Using a different probe, ''B

NMR analysis occurred on a 160 MHZ spectrometer using BF3;*Et;O (6 = 0) as an
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external standard. Coupling constants (J) are given in Hertz (Hz) and signal multiplicities
are abbreviated as s = singlet, d = doublet, t = triplet, m = multiplet, and br = broad.

NMR data can be found in appendix Al.

3.3 Results and Discussion

This work was begun by screening a number of catalysts made from different
transition metal salts reacted with NaBH4 in ethanol, for the reduction of p-nitrotoluene to
p-toluidine using hydrazine hydrate (N,H4*H,O) (Table S3.1). It was found that
NiCl,*6H,O was the most suitable precursor in forming a catalyst to this effect. The
percent yield of p-toluidine was determined by isolation and the purity was verified by 'H
NMR spectroscopy. It was also found that supporting this catalyst, which was termed
nickel boron composite (NBC), on an inert scaffold made of mesoporous aluminosilicate
nanoparticles (MASN) improved catalytic activity over the unsupported catalyst. MASN
was chosen as a support owing to the material’s robust aluminosilicate structure, high
surface area (~100 nm average diameter, ~1000 m*-g™") and mildly negative surface
charge.*’ It was hypothesized that these features would allow for good incorporation of
Ni*" into the support during impregnation with NiCl,*6H,0, and also slow diffusion of
Ni*" out of MASN during reaction of dried NiCl,-MASN with NaBH, in absolute
ethanol. Attempts to support NBC on non-aluminated mesoporous silicate nanoparticles
(MSN) resulted in a greater quantity of large, detached NBC particles formed separate
from the MSN support, as observed by electron microscopy (Figure S1). The better
retention and slowed diffusion of Ni** from MASN appears to allow for even distribution
of the resulting composite material formed close to the MASN surface, and possibly

anchored within its mesochannels. Low temperature (0 °C) synthesis was likewise

46



chosen to allow for slower and more complete reaction of Ni*" with BH,. Indeed, the
synthesis of NBC-MASN was found to take approximately 2 h to complete, compared to

approximately 20 min for the synthesis of unsupported NBC.

The initial catalysis reaction using fresh NBC-MASN in the reduction of p-
nitrotoluene to p-toluidine reached completion after 2 h. Subsequent reuse cycles of the
catalyst, however, showed progressively longer incubation periods to achieve full

conversion of p-toluidine (Figure 1).
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Figure 3.1 Percent yield of p-toluidine after successive reuse cycles of NBC-MASN.

Yields based on '"H NMR ratios.

It was speculated the cause of this increasing incubation period might be due to a
loss of catalytic surface area, from the agglomeration of active Ni, and/or passivation of
the catalytic surface by NiO formation during successive catalyses. This prompted us to
characterize the catalytic surface of NBC-MASN using various techniques. For structural

comparison the characterization of unsupported NBC as included well.
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High angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) imaging of NBC-MASN revealed a very thin (< 10 nm) amorphous
coating of material covering the honeycombed MASN particles (Figure 2a) after
synthesis (Figure 2b). Synthesis of unsupported NBC typically gave particles in the
hundreds of nanometers size regime (Figure 3a). Energy-dispersive X-ray spectroscopy
(EDS) confirmed the presence of nickel in both NBC-MASN and unsupported NBC
(Figure 3b), but detection of boron could not be confirmed due to its low signal intensity
and overlap from the adjacent carbon signal (Figures S2 and S3). Given the more
positive reduction potential of nickel, the majority of oxygen present in NBC (Figure 3c)
is likely from borate species, rather than NiO, since freshly synthesized and carefully
handled NBC should contain mostly reduced nickel. No information from EDS mapping
of oxygen in NBC-MASN can be gained since the signal from SiO, overwhelms any

contribution from borates.

Both HAADF-STEM and high-resolution transmission electron microscopy
(HRTEM) imaging of fresh NBC-MASN indicated the NBC coating was amorphous. If
NBC-MASN particles were subjected to several minutes of continuous electron flux,
however, it was observed that small spots of high contrast material developed on or
within NBC-MASN (Figure 3.2c). EDS mapping revealed that these spots appear to
correspond with higher concentrations of Ni compared to the bulk of the composite
(Figure 3.2d). HRTEM shows these tiny regions have crystallinity (Figure 3.2e,f),
indicating the amorphous nickel in the composite segregated into larger particles and
partially crystallized under the electron beam. The segregation/crystallization was
particularly difficult to avoid during EDS mapping, wherein the samples were necessarily

subjected to long exposures and higher beam current (Figure 3.2c, d). Figure S4 shows
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the progression of this segregation starting at 30 s and after 5 min. By comparison,
HRTEM imaging of fresh unsupported NBC immediately revealed the presence of
approximately 1 to 3 nm nanocrystalline domains of metallic Ni deposited within a
surrounding amorphous matrix (Figure 3.3d-f, and S3.5), an observation consistent with
previous reports of a similarly formed composite.”” The unsupported NBC appeared
much more stable under the electron beam than the amorphous surface of NBC-MASN,
and additional segregation/crystallization of Ni was more difficult to observe during
longer beam exposures in the case of unsupported NBC. This suggests that much of the
metallic nickel resides as these pre-formed nanocrystals in unsupported NBC, whereas
nickel in NBC-MASN is more homogenously amorphous and evenly distributed within

the NBC structure that coats the MASN.

Figure 3.2 HAADF-STEM images of (a) as-synthesized MASN, (b) NBC-MASN
imaged within 30 s of beam exposure, (c) NBC-MASN after EDS mapping for 5 min,

with (d) the corresponding Ni EDS map. (¢) HRTEM images of NBC-MASN after 5 min
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exposure to electron beam showing segregated regions of Ni, and (f) a magnified section

(box in e) showing lattice fringes associated with these regions (arrows).

Figure 3.3 HAADF-STEM image of (a) unsupported NBC, and corresponding EDS
elemental maps of (b) Ni and (c) O present in the composite. HRTEM of unsupported
NBC, imaged within 2 min of beam exposure, progressively magnified (d-f) to show

lattice fringes for Ni nanocrystals embedded within an amorphous matrix.

As reported in the literature, heating these amorphous composites in inert
atmospheres typically yields a mixture of crystalline nickel and nickel boride in bulk
materials such as NBC.””* Figures 3.4 and 3.5 show the powder X-ray diffraction
(PXRD) profiles for NBC-MASN and NBC, respectively, in their as-synthesized (or
fresh) form, and after calcination in air or flowing nitrogen at 550 °C for 2 h. The high
angle diffraction data for as-synthesized NBC-MASN displays an amorphous profile,
while that of unsupported NBC gives only a broad peak occurring near the (111)

reflection for fcc Ni (44.5° 20). This lack of appreciable diffraction from the
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nanocrystalline nickel present in fresh unsupported NBC can be explained by their small
size, below the ~5 nm domain cut-off necessary to produce X-ray diffraction in metallic
nanoparticles.***> Calcining NBC and NBC-MASN in either air or Ny(g) gave crystalline
diffraction profiles in both cases, likely due in part to the same segregation/crystallization
phenomena observed by electron microscopy. Interestingly, the air-calcined NBC-MASN
diffraction profile shows only peaks indexed to NiO, whereas the unsupported NBC
calcined in air gave a profile showing predominantly metallic Ni, with relatively low
intensity peaks for NiO. The Ny,)-calcined NBC-MASN gave a profile for metallic Ni,
whereas similar calcination of unsupported NBC yielded a mixture of crystalline Ni and

NisB (ICDD 00-048-1223).

In an attempt to explain this commonly reported formation of Ni;B upon
calcination of NBC in an inert atmosphere, we offer preliminary evidence to suggest
there may be residual boron hydrides within the amorphous matrix of NBC. It has been
previously shown that various alkali earth and transition metal borohydrides and boranes
[Mg(BH4), Ti(BHy4);, Zr(BH4)s, Hf(BH4)s, and Cr(B3Hg),] can undergo thermal
decomposition to form the corresponding metal borides at moderately high temperatures
(> 400 °C).**' In particular, it has been shown that Ni3;B can be formed at 530 °C from
the precursors NiCl, and various boranes (BsHy or B oH,4).”> Thermal decomposition of
residual boron hydrides during calcination of NBC would explain why crystalline nickel

boride phases were observed in NBC catalyst (equation 3).

A Ni°
NiCl, + 2NaBH, - Ni(BH,), + NaCl > "Ni,B" — NisB  (3)

It should be pointed out that if unsupported NBC is first refluxed in MeOH for

several hours prior to Nyg)-calcination, then only crystalline Ni is observed (Figure S3.6).
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Refluxing in methanol has been previously shown to remove residual boron hydrides
from similar materials,® which may become trapped in the composite during the rapid
reaction of Ni*" and BH,". ''B NMR analysis of the supernatant solution of the refluxed
material provided a singlet at 18 ppm, suggesting that a borate is formed from hydrolysis
of borohydride (Figure S3.7). Trapped boron hydride [possibly Ni(BH4),]*® or hydrogen
adducts™ in the matrix of unsupported NBC may then decompose during heating,
explaining the formation of NizB upon Njy)-calcination (equation 3), as well as the
predominance of Ni over NiO upon air-calcination of unsupported NBC. The slow
formation of the thin NBC layer in NBC-MASN may prevent this entrapment of boron
hydrides, and would explain the formation of both Ni upon Nj)-calcination and NiO

upon air-calcination of NBC-MASN.

The predominance of Ni compared to NiO in the PXRD profile of air-calcined
NBC may also be attributed to the sintering and surface passivation of the Ni
nanocrystals during heating. These agglomerated Ni nanocrystals may retain interior
particle domains of Ni sufficiently large to diffract X-rays, while being protected from
further oxidation by an exterior layer composed of NiO and borate, as previously shown
for similarly formed cobalt boron composites.”® In the case of air-calcined NBC-MASN,
where only NiO is present in the PXRD profile, it may be that the very thin layer of
homogenously amorphous NBC coating the MASN is more extensively oxidized than in
bulk unsupported NBC. Finally, in the case of Njy)-calcination of NBC-MASN,
amorphous Ni present in the NBC-MASN simply segregates and crystalizes in domains

large enough to diffract X-rays.

Calcining NBC or NBC-MASN in either air or Ny, atmosphere diminished the

catalytic activity toward the reduction of aromatic nitro groups, likely due to nickel
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segregation/crystallization and a subsequent loss of catalytic surface area, as well as

catalytically inactive surface NiO in the case of air-calcination.

The location of NBC on the external surface of MASN is apparent in Figure 3.2,
but whether this material extends into the mesochannels of the support is less apparent
due to the low contrast between NBC and SiO,. Some information can be determined,
however, from low angle PXRD of the material. The inset in Figure 3.4 shows the
change in the (100) peak position and intensity for the MASN support, before and after
NBC formation and subsequent calcination in air or nitrogen. This peak corresponds to
the distance between the walls of the ~3 nm diameter channels that run through the
MASN spheres. The reduction of intensity and slight shift to lower 2-theta angles may be
attributed, respectively, to inclusion of NBC material within the channels, and a subtle
expansion of the pores as a result of their partial degradation during calcination.*” This
degradation is not typically seen upon template extraction during MASN synthesis, which
occurs at the same temperature of 550 °C, so it may result here in part from the growth of
a crystalline nickel phase within the mesochannels upon calcination of NBC-MASN.
Inclusion of the NBC coating within the channels of MASN may indicate that the
composite is partially anchored in the pores of the MASN, allowing it to remain highly

dispersed and catalytically active over multiple reuse cycles (vide infra).
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Figure 3.4. A comparison of PXRD profiles for as-synthesized (fresh) NBC-MASN and

after calcination in air or flowing nitrogen. The inset shows the low angle diffraction
pattern for the bare MASN compared to as-synthesized NBC-MASN before and after

calcination.
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Figure 3.5. A comparison of PXRD profiles for as-synthesized (fresh) unsupported NBC
and after calcination in air or flowing nitrogen. All peaks in the N, calcined sample not
assigned to Ni (asterisks) can be assigned to Ni;B (ICDD 00-048-1223). The inset shows
an enlargement of the profile for the air-calcined material, indicating the presence of

NiO.

Thermogravimetric analysis (TGA) of both unsupported NBC and NBC-MASN
was performed to investigate the possible decomposition of trapped borohydride in NBC
in general, as well as the oxidation of metallic nickel in both materials (Figure 3.6).
Upon heating to 800 °C in air, NBC-MASN shows only the expected mass loss
associated with removal of physically adsorbed water, with no appreciable mass gain that
would indicate oxidation of boron or nickel. Considering that PXRD clearly shows the
formation of NiO at 550 °C in air-calcined NBC-MASN, this TGA result is not easily
explained. However, a similar TGA of unsupported NBC demonstrated two increases in
mass initiating at approximately 350 °C and 650 °C. The first mass gain initiates very

close to that observed for NaBH4 similarly heated in air, which initiates at a temperature
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of ~360 °C, and may indicate the presence of residual borohydride in unsupported NBC,
while the second mass increase starting at ~650 °C is consistent with the oxidation of Ni
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Figure 3.6. TGA data in air for NBC vs. NBC-MASN (left) and NBC vs NaBHj (right).

Because the surface of a catalytic material is of particular interest, X-ray
photoelectron spectroscopy (XPS) was used in an attempt to identify the surface species
present in both NBC-MASN and unsupported NBC. Figures 3.7 and 3.8 show the wide-
scans and core-level scans for freshly prepared samples of both NBC-MASN and NBC,
respectively. Table 3.1 gives the relevant electron binding energies for Ni, B and O in
each material. It is evident from the Ni 2p core-level scans that the catalyst surface in
both cases contains a mixture of metallic and oxidized nickel. The B 1s core-level scans
show the presence of oxidized boron as well as a peak occurring at 187.7 eV for both
materials, which is within the region typically assigned to nickel boride in the

30-32

literature. The interpretation of this B 1s peak and its assignment to nickel boride is

notably difficult to make when considering the very slight shifts in binding energy
observed between elemental boron, borohydride, and the relevant borides.*® As for the B
Is shifts in these materials, the assigned shifts for Ni 2p binding energies are also

30,32,55

typically less than 1 eV from that of metallic Ni. There is also considerable and
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longstanding disagreement as to whether electron donation occurs from boron to metal or
vice versa in amorphous nickel borides.”® Finally, evidence has been given of residual
hydrides or hydrogen adducts in both nickel and cobalt composites, particularly when
synthesized in ethanol, though the specific identity of these purported hydrides (M-H or
B-H) has not been resolved.”® Considering the interpretation of PXRD and TGA data in
this work, we reason that the B Is binding energy previously reported by others as
evidence of amorphous nickel boride, may actually be indicative of residual borohydride
sequestered in the composite upon formation. Indeed, the presence of residual
borohydride in similar nickel based composites has been previously reported.® In
comparing the spectra for NBC-MASN and unsupported NBC, the greatly diminished
intensity of this B 1s peak at 187.7 eV relative to the adjacent borate peak implies a much
lower surface concentration of this boron species in NBC-MASN. Considering the NBC
layer on MASN appears by HAADF-STEM to be quite thin (perhaps only a few
nanometers on average), the XPS analysis, with a reliable surface penetration depth of 5
to 10 nm, may largely account for the entire composition of the NBC layer in NBC-
MASN. Assuming the B 1s peak at 187.7 eV arises from sequestered borohydride, then
its lower concentration in NBC-MASN could account for the lack of any Ni3;B phase
observed by PXRD after calcining in Ny,). Of course some portion of the initial NaBHy
will fully react and become borate in the composite matrix (or rinse away as boric acid),
which explains why a mixture of metallic nickel and nickel boride are typically seen after

calcination.
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Table 3.1 Binding Energies of NBC-MASN and NBC

Element NBC-MASN (eV) NBC (eV) Possible Compounds
Ni 2p 852.6 852.3 Ni
856.8 856.6 NiQ, Ni(OH)2, Ni(BO2).
B ls 187.7 187.7 B:Hy
193.0 192.4 BOy, B20s
O1s 532.8 5323 NiQ, BOy, B20s

Further evidence for the presence of borohydride trapped within the matrix of
NBC was given by examining the quantity of hydrogen evolved during synthesis of both
unsupported and supported NBC (Table S3.2). For unsupported NBC, only 51% of the
theoretical amount of hydrogen was released when NiCl,:NaBHy (1:2) were allowed to
react at 0 °C in ethanol. Even when varying the ratio of NiCl,:NaBH4 from 1:1 to 1:0.5,
the amount of hydrogen evolved were 43% and 54%, respectively. Similar results were
obtained for NiCl,-MASN:NaBH, (1:2), which liberated 56% of the theoretical amount
of hydrogen, indicating that some B-H compound remains unreacted, possibly

sequestered within the interstitial spaces of the material.

The bulk nickel and boron content in both NBC-MASN and unsupported NBC
were determined by inductively coupled plasma optical emission spectroscopy (ICP-
OES). Throughout this work, the content of Ni initially present in fresh NBC-MASN
averaged 9.0,,%, while the calculated loading of Ni*" into MASN via impregnation with
NiCl,*6H,0 was 10.,%. However, no significant amount of Ni was observed by ICP-
OES in the ethanol/water supernatant collected after the syntheses of either NBC or
NBC-MASN. Therefore, additional moisture adsorbed in the hydrated nickel salt and

instrumental error inherent during ICP-OES may account for the discrepancy. The initial
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ratio of Ni:B was approximately 2 in both NBC and NBC-MASN and remained

unchanged for both catalysts after calcination in either nitrogen or air.

ICP-OES was further used to track changes in the nickel and boron content after
successive reuses of NBC-MASN in the reduction of p-nitrotoluene to p-toluidine.
Figures 3.9 and 3.10 show, respectively, the Ni:B ratio NBC-MASN and the percent yield
of p-toluidine determined after 24 h by "H NMR for two different reuse studies. In both
studies, 5 mmol of N;H4*H>O was used as the reducing agent for 1 mmol of p-
nitrotoluene, in the presence of NBC-MASN containing approximately 0.1 mmol of
nickel. Sodium borohydride was used either ex-situ or in-situ with NoH4*H>O, in an
attempt to prolong the catalyst’s reusable lifetime. In the ex-situ-NaBH4 study, when the
percent yield of p-toluidine was observed to decrease significantly (below 80%) upon
cycling, the used NBC-MASN catalyst was cleaned, dried, (see Experimental section)
and regeneration attempted by reacting it with a quantity of NaBH4 equivalent to twice
the molar amount of Ni assumed to be present in the catalyst. In the in-situ-NaBH4 reuse
study, a combination of NoH4*H>O and equimolar NaBH,; were used, with the intention
of affecting continuous in-situ regeneration of the catalyst by reaction with NaBHy. As
can be seen in Figure 3.9, a progressive loss of boron from NBC-MASN is observed
upon each cycle in both studies, but is more dramatic in the study where only NoH4*H,O
is present, compared to in-situ regeneration by NaBH4. As can be seen in Figure 3.10, the
use of NaBHy along with N,H4*H,0 extends the lifetime of the catalyst up to nine reuse
cycles, compared to only four cycles when regeneration is performed ex-situ. No
significant loss of nickel from NBC-MASN was observed during either reuse study,
indicating that all of the Ni*" initially loaded onto MASN was reacted during the

synthesis of the catalyst.
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It must be pointed out that NoH4*H,O will not reduce NiO to Ni’ at 25°C, and
oxidation from continuous reaction with the substrate nitro group during catalysis makes
oxidation of the catalyst inevitable.”® The sustained catalytic activity of NBC-MASN
observed when both NaBH,; and N;H4*H,O were present during each catalysis cycle
(Figure 3.10) is attributed to the ability of borohydride to reduce passivating surface NiO.
It is also possible, given the higher average boron content compared to the ex-situ study,
that in-situ NaBH4 may replenish some protective borate species that physically prevent
agglomeration of the active nickel or its more rapid oxidation. In contrast, it was found
that exposing the catalyst to additional borohydride ex-situ, as soon as catalytic activity
was observed to decrease, did not improve catalytic performance upon subsequent reuse.
As can be seen in Figure 3.9, the boron content in NBC-MASN did increase after these
ex-situ borohydride treatments prior to reuse 7 and 9, but sharply decreased again upon
further cycling. It is reasonable to interpret this as evidence that NaBH, is reducing
oxides formed on the catalytically active nickel surface, so long as the oxidation is not
too extensive—as may be the case in the ex-situ regeneration study. Severe oxidation of
the amorphous nickel, along with loss of the surrounding borate matrix, may leave the
nickel constituent vulnerable to agglomeration, and loss of surface area, during
subsequent reduction by borohydride. Further XPS and electron microscopy studies
examining the surface oxidation and agglomeration/crystallization of nickel at each reuse
cycle, would likely elucidate the point at which surface oxidation and/or
segregation/crystallization deactivates the catalyst, and either in-situ or ex-situ

borohydride regeneration is no longer possible for NBC-MASN.
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Figure 3.9 ICP-OES data for the Ni:B molar ratio in NBC-MASN after successive
reuses in the catalytic hydrogenation of p-nitrotoluene. Two reaction conditions are
compared: N,H4*H,O as reducing agent (red diamonds), and N,H4*H,O with an
equimolar addition of NaBH4 (blue squares). The two red circular markers for reuse
numbers 7 and 9 indicate the Ni:B ratio after ex-situ regeneration of NBC-MASN with

NaBH,4 but before catalysis using NoHg*H,O.
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Figure 3.10 The percent yield for the conversion of p-nitrotoluene to p-toluidine is
plotted against reuse cycle number, using either N,H4*H,O as the reducing agent or a
combination of N,H4*H>,O and NaBH, as reducing and regenerating agents. The product
yields were determined after 24 h reaction. Yield was determined by isolation and the

purity was verified by '"H NMR spectroscopy.

A tandem 'H NMR spectroscopy study was performed during the reuse study
where NBC-MASN was regenerated with NaBH, ex-situ (Figure 3.11). The first
catalysis reaction using fresh NBC-MASN to reduce p-nitrotoluene to p-toluidine reached
completion after 2 h. However, subsequent reuses of the catalyst showed progressively
longer incubation periods to achieve full conversion of p-toluidine. This may be
evidence of the formation of an oxide layer on the catalytic nickel surface, which inhibits
the interaction of hydrazine.* Although full conversion to p-toluidine was not achieved in

the 5™ cycle, all of the starting material was consumed and several intermediates were
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identified (Figure S3.8) that did not fully react with the catalyst to finish conversion into

p-toluidine.
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Figure 3.11 Percent yield of p-toluidine after 24 h. Yields are based on 'H NMR ratios.

A possible reaction pathway (Figure 3.12) can be elucidated based on the types of
intermediates present in the "H NMR. The presence of 4,4-dimethylazoxybenzene and
4,4-dimethylhydrazobenzene suggests that the reduction of p-nitrotoluene begins with the
reduction of the nitro group to a nitroso intermediate (Figure 3.12, A). The nitroso
intermediate then condenses with a molecule of the hydroxylamine (B) to generate the
4,4-dimethylazoxybenzene  intermediate  (C), which leads to the 4,4-

dimethylhydrazobenzene (E) intermediate and lastly the desired p-toluidine.'**"®!
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Figure 3.12 Possible mechanism for the reduction of p-nitrotoluene to p-toluidine.

In order to verify the catalytic ability of NBC-MASN for the reduction of other
nitroarenes, a preliminary substrate scope was investigated (Table 3.2). Simple
nitroarenes, such as p-nitrotoluene and nitrobenzene easily produced the aniline products
(entries 1 and 2). Halogenated nitroarenes were reduced in excellent yields to the
corresponding aniline derivatives and no dehalogenated product was observed (entry 3).
Both trisubstituted and pyrene nitroarene derivatives were tolerated as well (entries 4 and
5).

Interestingly, 4-nitro-benzonitrile was selectively reduced to 4-cyano-
benzylamine (entry 6) while the nitrile in 4-cyanotoluene remained unreacted during the
catalysis (entry 7). This selectivity differs from previously published catalyst systems,

>02% I those methodologies,

which reduced both nitro and nitrile groups simultaneously.
the reducing agent was H, generated from NaBH4, while our catalysis system uses

N2H4*H,0. This result confirms that the reducing agent can dictate functional group
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selectivity.58 Thus, the formation of a diimide, from the oxidation of hydrazine , reacts

preferentially with the nitro substituent before decomposing into nontoxic Nyg).

Table 3.2 NBC-MASN vs NBC for selective nitro group reduction

Entry Substrate Product Catalyst®

NBC-MASN® NBC¢

H4C HsC
1 \©\ \©\ 94% 85%
NO NH,
©\N02 ©\NH2 99% 58%
X X
—_ 0
\@\ 99% X =Br 83%

X =Cl 96%
N NH =
0, 2 X=Br, CL 1 X=1 87%

Br Br
4 m m 99% 99%
HaC NO, HoC NH,
SO 0

NC NC
6 \©\ \©\ 48% 19%
NO NH;
HC
7 O - 0%
CN

“Isolated yield; ® Reaction conditions for supported catalyst: nitroarene (4 mmol),
NBC-MASN (10 mol%), MeOH (8 mL), hydrazine hydrate (20 mmol), 25 °C, 24 h,
under argon atmosphere; “ Reaction conditions for unsupported catalyst: nitroarene (4
mmol), NBC (10 mol%), MeOH (8 mL), hydrazine hydrate (20 mmol), 25 °C, 24 h,

under argon atmosphere.

Overall, the initial arylamine product yield was higher for a variety of substrates
when using supported NBC-MASN catalyst, compared with the unsupported NBC
catalyst. This is likely due to the more amorphous character of NBC grown on MASN,

potentially possessing a larger proportion of minimally coordinated nickel sites for
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catalysis, compared to the more crystalline character of NBC.®**” Similar arguments have
been made for the enhanced activity of Co-B when dispersed on mesoporous silica
nanoparticles (MSN) versus solid silica beads or bulk Co-B, where larger domains of

metallic Co tend to aggregate.”

3.4 Conclusions

In this work, we have shown that a nickel boron composite (NBC) supported on
mesoporous aluminosilicate nanoparticles (NBC-MASN) increases catalytic activity
compared to unsupported NBC, for the selective reduction of several different nitroarenes
to their corresponding aniline derivatives. The catalytically active amorphous nickel in
NBC-MASN may be deactivated by oxidation and/or agglomeration/crystallization of
nickel during catalysis, leading to an average reusable lifetime of four cycles. The
reusable lifetime of the catalyst could be prolonged up to nine cycles (for the reduction of
p-nitrotoluene) when equimolar NaBH4 was used with NoH4*H,O during catalysis, but
not when NaBH4 was used ex-situ to attempt regeneration of the exhausted catalyst.
Introducing NaBHj, in-situ during catalysis likely reduces surface NiO back to Ni and
may help to fortify the borate content believed responsible for preventing agglomeration

and rapid oxidation of the amorphous nickel present in NBC.

The structural character and negative surface charge of the MASN support
appears to aid in forming a thin, highly dispersed amorphous coating of NBC on MASN
during synthesis. Comparatively, unsupported NBC consists of much larger particles
containing 1-3 nm metallic nickel nanocrystals embedded in an amorphous matrix. The
boron content in NBC-MASN, observed by ICP-OES and XPS, is attributed largely to
the presence of unknown borate species rather than amorphous nickel boride, since the

67



degradation of borohydrides in protic solvents prohibits the formation of elemental boron
or true borides. The XPS, TGA, and PXRD analyses, along with the results of methanol
refluxing, indicate the possible entrapment of borohydrides within the rapidly formed
precipitate of unsupported NBC. This residual borohydride may explain the formation of
Ni3B upon Njg)-calcining of unsupported NBC. The slower formation of the thin NBC
layer grown on MASN may allow for a more complete reaction of NaBH4 and would
explain why only crystalline Ni is observed by PXRD upon Nj)-calcining of NBC-
MASN, as well as the greatly reduced intensity of the B 1s peak at 187.7 eV in the case
of NBC-MASN compared to that of unsupported NBC. The same 2:1 Ni:B ratio
observed by ICP-OES for both NBC-MASN and unsupported NBC may be explained if
the majority of boron present in the supported catalyst is oxidized, while some portion of
the boron in NBC is residual boron hydride trapped within the amorphous matrix.
Preliminary evidence has been given indicating the presence of residual boron hydrides in
unsupported NBC. A follow up study is underway to further elucidate the nature of these
B-H compounds and the manner in which they may become sequestered during synthesis

of NBC.
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Chapter 4

Mixed Metallic Species in Mesoporous Silica Nanoparticles

4.1 Introduction

Mesoporous silica (MS) materials are uniquely suitable inorganic frameworks for
applications such as catalysis, sorption, separation, and drug delivery, owing to their high
surface area, tunable pore diameter, narrow size distribution, and potential for surface
functionalization.! Among the wide range of surface functionalization schemes that have
been reported, the incorporation of metallic species is of considerable interest. A large
and growing body of research has explored the potential for creating highly dispersed
metallic coatings, involving both the interior and exterior surface area of MS particles,
and the direct substitution of metal ions into the SiO, framework.

Accessibility of chemical species by diffusion through the mesoporous volume is
of considerable importance in any application, making MS nanoparticles (MSN)
advantageous compared to bulk MS where pore volume and internal surface area may be
less accessible. Whenever possible, the functionalization of the interior surface area of
MSN should not significantly obstruct or restrict species access to interior surface area.
This less desirable scenario is easy to imagine in the case where MS or MSN materials
are post-synthetically modified by, for example, the direct coating or impregnation with
metallic species,” or the preliminary grafting of organosilanes,” where the mesochannels
can easily become completely blocked. To retain maximal access to interior surface area,
the functional sites should ideally be either incorporated into the silica surface of the

mesopores by substitution of Si,' or consist of thin and closely adhered surface layers
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coating the mesochannels.* Alternatively, the pore diameter can be increased to
accommodate the additional volume occupied by bulkier functional groups (e.g. for post-
synthetic aminopropyl grafting, SBA-15 is a better choice than MCM-41), however this
still results in an overall loss of MSN internal surface area and volume for nanoparticles
of the same size.

If mitigating significant pore blockage is inefficiently tedious or entirely
unavoidable in the process of surface functionalization, there may still be an advantage to
using small MSN particle supports, in that the external MSN particle surface area
represents a considerable improvement over other inorganic supports such as solid silica
nanoparticles or bulk MS. In this scenario the focus shifts to using the interior volume
and/or surface area of MSN to adsorb and store reactive precursors (such as metal salts)
as a preliminary step in the functionalization of the exterior MSN surface. The
mesoporous structure provides a unique exterior surface texture to MSNs, that may serve
as a means of directing the growth morphology of an external surface coating. For
example, Patel et al., discovered that growing a coating of Co-B on the exterior of ~100
nm MCM-41 nanoparticles, by first impregnating the MSN with CoCl, and then reacting
the composite with NaBHy, gave very fine and evenly dispersed Co-B particles compared
to that achieved using similar diameter support nanoparticles made of solid silica.” This
was probably due to the many nucleation sites afforded at the regularly dispersed channel
openings, or pores, that give the MSN exterior surface a naturally roughened texture.
Each channel running through the spherical MSN acts as a straw that has been previously
loaded with a chemical precursor (CoCl, in this case). Upon exposing the Co>™ loaded
MSN to the reducing agent (BH") nucleation occurs most readily at MSN surface pores.

The result is a highly dispersed array of Co-B nanoparticles on the MSN surface, and a
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highly textured surface coating. Additionally some of this reaction product may grow
into the channel as the reaction continues, and may provide for a physical anchoring of
the material in the mesochannel (like the root of a tooth in its socket).

This chapter will consider the single and multiple species metallization of MSN,
primarily aimed at the removal of organosulfur species from liquid hydrocarbon fuels (as
discussed in chapter 2). In general, MS metallization schemes include in situ (or one-pot)
syntheses,”’ wet impregnation,® template ion-exchange,” and post synthesis grafting.'’
Depending on the scheme and the final metal(s) location, MSN metallization can be
termed intra-framework metallization (incorporating metallic species directly into the
Si0, framework) or extra-framework metallization (metal species anchored onto the
internal and/or external surface area of MSN). The relevance of the previous discussion
on utilizing the interior versus exterior surface area of MSN should become apparent, in
distinguishing the advantages of intra- versus extra-framework metallization. The former
should preserve access to the interior surface area, whereas the later may, depending on
the extent of pore and/or channel blockage, shift the research focus to utilizing the
exterior surface area of MSN.

A larger number of publications describe synthetic routes either for the post
synthetic metallization of MS or MSN, or for the in situ (or one-pot) metallization of bulk
MS materials, compared to those which deal with similar in-situ incorporation of metal
species within nanoparticles (MSN). This is in part because of the difficulty in
simultaneously controlling MSN particle morphology, mesostructure, and precipitation of
metal ions in alkaline media during in situ metal incorporation (intra-framework
metallization).'' It is often noted that the subtlest change in experimental conditions (pH,

temperature, stirring rate, reaction time, template concentration, etc.) tend to have
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dramatic results on nanoparticle morphology and mesostructure.*'> And while acidic
synthesis routes for bulk MS are known, and would be more amenable to the
incorporation of metal cations during synthesis, the majority of synthetic routes toward
small (colloidal size regime, d < 1000 nm) MSNs require alkaline conditions, which
favor the formation of metal oxides.” Rational design of intra-framework metallized
MSN materials is therefore a tedious endeavor, and much trial and error is often
necessary before discovering a suitable synthetic route. Several pertinent examples of
successful metallization synthesis routes and good characterization of metallic oxidation
state and location in MS or MSN are described next.

Derrien, et al. have demonstrated copper incorporation into MCM-41 type MSN,
occurring as a fine surface dispersion of CuO that does not disrupt the mesostructure or
spherical morphology of the MSN, and preserves the internal surface area and volume
typical of MCM-41." This success was accomplished by a combination of low metal
loading (wi2% Cu), and the use of organic phase Cu salt (copper(Il) acetylacetonate),
along with ethylene glycol as a co-solvent. The co-solvent allows for better
sulubilization of the organic phase copper salt (dissolved in chloroform) in the organic
template (dodecyltrimethylammonium bromide (DTAB)).  Transmission electron
microscopy (TEM) and powder x-ray diffraction (PXRD) characterization were sufficient
to conclude that no discernable metallic nanoparticles formed. Temperature programed
reduction (TPR) and diffuse reflectance UV-Vis (DRUV-Vis) characterization indicated
the oxidation state and location of Cu. Even though this is an example of extra-
framework metallization, it is well executed in terms of allowing for retaining MCM-41’s
mesostructure, typically high surface area and pore volume (1260 m*g™', and 0.66 mL g’

respectively), and a narrow size dispersion of small nanospheres (~200 nm).
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In another study, Qin, et al., produced an intra-framework Ni substituted MCM-
41 type bulk MS. In their synthesis scheme the authors used both an ammonia based
Ni(HH3)s"" solution, and concentrated ammonia (ammonium hydroxide solution) rather
than alkali hydroxide, to achieve the high solution pH necessary for hydrolysis and
polymerization of the silica precursor (tetraethylorthosilicate, or TEOS). Ammonia is
known to form ammine complexes with almost any metal, and these complexes are
generally more stable in aqueous environments than their corresponding aquo
complexes.'* Thus the Ni ions are protected from immediate reaction with water and
subsequent precipitation as a separate nickel oxide phase prior to incorporation into the
condensing Si0, framework. Characterization with X-ray photon spectroscopy (XPS),
TPR, and Fourier-transform infrared (FT-IR) spectroscopy determined that the Ni was
tetrahedrally coordinated and substituted within the SiO, framework of MS. However,
PXRD showed that increasing the theoretical Ni content beyond 8.8 % greatly degraded
the mesoporous structure, and corresponded to a decrease in both mesoporous volume
and surface area.

In another study, Qian, et al., demonstrated the intra-framework incorporation of
either Fe or V into MCM-48 type MSN, as well as bi-metallic V-Fe-MSN.'
Characterization by XPS, XRD, and DRUV-Vis confirmed the tetrahedral coordination
of both Fe’" and V*" in either the mono- or bi-metallic metalized MSN, suggesting these
metals were substituted into the SiO, framework. The particle morphology (spherical)
and mesostructure were not dramatically affected, as shown by preservation of the
typically high surface area and pore volume of MCM-48 type MSN, and the particle size
distribution was within the range of 150—250 nm. In their synthesis, the researchers also

used concentrate ammonia to create the basic template solution. As in the work of Qin et
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al., this use of ammonia may explain the successful substitution of Fe and V into MSN
silica framework, rather than the formation of separate metal oxide phase, though the
authors do not discuss this aspect of synthesis.

Depending on the application, the metallization of MSN may involve a single
metallic species or several metallic species. Examples of the synergistic effect of bi-
metallic systems on material stability and catalytic performance are well documented,'””
7 and in the case of aluminum substitution in the silica framework (aluminosilicate) the
resulting negative surface charge has been well documented to aid in the interaction of a

: . : 18,19
wide range of chemical species. ™

The research presented here encompasses both intra-
and extra- framework metallization of MSN, using single and multiple metal species.
The intended application for this research is in the adsorptive desulfurization of liquid

hydrocarbon fuels, but many of the materials discussed below may find suitable

application in other fields, such as catalysis.

4.2 Experimental

4.2.1 Intra-framework M-MSN (M = Cu, Ni, Co, Nd, or Ce) and Cu/Ni-MSN

A solution containing 50.0 mL H;O, 25.0 mL ethanol, 1.2g
cetyltrimethylammonium  bromide (CTAB) or the molar equivalent of
dodecyltrimethylammonium bromide (DTAB), and 6 mL of NH4OH was heated to 50 °C
to dissolve CTAB, then cooled to room temperature, all the while stirring at 620 rpm. A
separate solution containing 0.35 mmol of hydrated metal nitrate salt dissolved in 10 mL
of H,O and added immediately prior to adding 1.7g tetraethylorthosilicate (TEOS) over
the course of a few minutes. The molar ratio of Si to M was maintained throughout all

syntheses at 28:1. In the case of Cu/Ni-MSN the mol ratio of Cu to Ni was 1:1. Addition
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of metal salt and TEOS coincided with heating of the combined solutions to 40 °C. The
synthesis solution was stirred at 620 rpm for 4 to 6 hours and then allowed to cool to
room temperature. The precipitate was filtered with 1.0 L H,O, dried in a vacuum oven
at 100 °C over night, and then calcined in air at 350 °C for 6 hours to remove the organic

template.

4.2.2 AgNOsloaded Cu-MSN and either plasma or NaBH, treatment

Cu-MSN was loaded with 10,% AgNOs in a 50/50,, solution of H,O/EtOH by
wet impregnation. The impregnated material was then dried overnight in a vacuum oven
at 100 °C. Further treatment of 25 mg of AgNO3-Cu-MSN to reduce Ag' to Ag’ was
carried out, either by plasma treatment (90 min in Ar) or exposure to a solution of 0.4 M

NaBH4 (molar equivalent to Ag in sample) for 1 hr at 25 °C.

4.2.3 Intra-framework Cu/Ni-MSN (dilute solutions synthesis)

A solution containing 483.5g H,O, 1.0 g CTAB, and 29.0 mL of concentrated
NH4OH was heated to 50 °C to dissolve CTAB and then allowed to cool to 35 °C, all the
while stirring at 620 rpm. A separate solution consisting of Cu(NOs;), (0.092g) and
Ni(NOs), (0.1142g) dissolved in 2.0 g EtOH (the mol ratio of Si to metal(s) was 28:1,
with the metal to metal mol ratio being 1:1) was then added to 4.61g of TEOS. This
TEOS and metal salt solution was added dropwise to the CTAB solution over the course
of several minutes. The synthesis solution was heated to 80 °C at a rate of 10deg/min,
and stirred for 24 hr. The solution was allowed to cool to room temperature while
stirring. The precipitate was filtered with 1.0 L of water and 50 mL of EtOH, then dried
over night at 80 °C in a vacuum oven. The dried and filtered product was light

blue/green in color. The dried product was then subjected to template removal either by
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refluxing (0.5g Cu-Ni-MSN) in 100 mL EtOH with 2.0 mL of concentrated HCI, at
stirred at 900 rpm and 80 °C for 24 hr. The reflux solution was decanted and replaced
and the procedure repeated for an additional 24 hr. Refluxed material turned white in
color. Alternatively, template removal was achieved by calcination at 550 °C for 5 hr

(ramp rate 1C/min).

4.2.4 Reduction of Cu and Ni oxidation state in intra-Cu/Ni-MSN

Attempts to reduce the oxidation state of Cu and/or Ni associated with the MSN
framework were carried out either by plasma treatment or NaBH4 reduction.

Plasma treatment of the calcined material was carried out on a borosilicate watch
glass place in a barrel plasma reactor (Plasma Prep II, operating at 13.56 MHz), in a
reduced pressure Ar atmosphere (~250 mTorr) for five 10 minute treatments with manual
mixing of the powder between treatments. The material was slightly brownish in color
after plasma treatment. The plasma treated material was thin impregnated with a minimal
volume of a solution of AgNO; dissolved in (50/50y, H>O/EtOH). The Ag loading of
Cu/Ni-MSN was 10,%. The Ag loaded material turned gray after a few seconds, but
then light blue again after drying overnight in a vacuum oven at 100°C. Fuel tests:
Calcined Cu/Ni-MSN was investigated for desulfurization capaicity, as was the plasma

treated material after solvent impregnation with AgNO3.
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4.2.5 Synthesis of Intra-(Al)-/Extra-(Ag/Cu)-Framework GE-Ag/Cu-MASN

4.2.5.1 Synthesis of Intra-framework MASN

Mesoporous aluminosilicate nanoparticles (MASN) were synthesized as follows.
A solution consisting of of 1 g cetyltrimethylammonium bromide (CTAB) and 0.28 g
NaOH dissolved in 483.5 g of water was stirred at 80°C at a rate of 625 rpm for 20
minutes. A second solution consisting of of 0.2442 g aluminum isopropoxide (Al(OiPr)s3)
suspended in in 5 mL isopropanol was made by sonication. To this suspension was added
4.58 g tetraethylorthosilicate (TEOS), and the resulting alkoxide mixture was added
dropwise to the aqueous solution over a period of several minutes. Under continuous
stirring, the solution was heated for 2 hours before being cooled to room temperature.
The solid product was filtered and rinsed with 1.0 L of water, and then dried overnight at
100°C in a vacuum oven. The dried material was ground to a fine powder and calcined in

air at 550°C for 5 h, with a heating ramp rate of 1°C/min to remove the organic template.

4.2.5.2 Synthesis of Extra-Cu-MASN

Prior to metal loading, approximately 50 mg of calcined MASN was dried
overnight in a vacuum oven at 100°C. Dried MASN was impregnated with 5.54 wt% Cu,
from Copper(Il) nitrate hemi(pentahydrate) (Cu(NO3),°2.5H,0) dissolved in a minimal
amount of a 50/50 vol/vol water/ethanol solution (~3 g). The wet material formed a
sludge which was was sonicated for 90 minutes in a tightly sealed vial, and then allowed
to soak for at least 4 days to ensure all the copper was completely adsorbed by the

framework. Then the material was dried overnight in a vacuum oven at 100°C.
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Sodium borohydride was used in attempting to reduce the copper ions adsorbed to
the framework to metallic Cu’. Dried Cu(NOs3),-MASN was ground to a powder with a
glass rod and magnetically stirred with solid NaBH4 (2 mol BH4:mol Cu®"). Upon
addition of 20 mL cold ethanol (< 0°C), the reaction mixture immediately turned black.
The borohydride reduction was allowed to occur in an ice bath while stirring under
continuous argon purging, until H, gas formation was no longer observable (~2.5 h). The
reaction mixture was diluted to 50 mL with room temperature nanopure water and
centrifuged at a rate of 4200 rpm for 10 min. After decanting, the solid product was
washed by being briefly resuspended in water, and then centrifuged again. The precipitate

was then dried overnight in argon at 100°C in a thoroughly purged vacuum oven.

4.2.5.3 Galvanic Exchange of Ag' for Cu using Cu-MASN

Cu-MASN was dried overnight at 100 °C in a vacuum oven, then stirred in a 100
mM silver nitrate solution at room temperature for times varying from 10 min to 24 h.
Solutions of were made by dissolving silver nitrate (target 9.5 wt% Ag, 1:1 mol Ag/mol
Cu) in 50/50 vol/vol water/ethanol. After the exchange, the mixture was diluted to 50
mL with nanopure water and centrifuged, then decanted and washed with an additional
50 mL water. The precipitate was collected by final centrifugation and dried overnight at

100°C in a thoroughly purged vacuum oven.

4.2.6 Characterization
Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab X-ray

diffractometer with Cu-Ko (1.54 A) radiation (40 kV, 44 mA). All samples were

prepared fresh and handled with minimal exposure to atmosphere prior to scanning. All
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samples were ground and evenly dispersed on an amorphous SiO, sample holder and
scanned with a step size of 0.01° and scan rate of 1°-min"'. High angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) imaging was performed on
a FEI Titan TEM operated at 300 kV. The STEM probe had a convergence semiangle, a,
of 10 mrad and a beam current of 25 pA (300 kV). HAADF-STEM images were acquired
using a Fischione annular dark-field (ADF) detector with an inner semiangle, B, of 45
mrad. EDS data was simultaneously collected along with HAADF-STEM data on four
silicon drift detectors with a solid angle of 0.7 steradians (SuperX) and analyzed using
Bruker’s Espirit software. HRTEM images were acquired using a FEI ThemlIS
microscope operated at 300kV with a FEI Ceta Camera. All electron microscopy and
EDS data collection were carried out on fresh samples suspended by brief sonication in
absolute ethanol and deposited on 400 mesh copper TEM grids with lacey carbon
support. Inductively coupled plasma optical emission spectroscopy (ICP-OES) data were
collected on a PerkinElmer Optima 7000 DV. Samples for ICP-OES were prepared by
digestion in an aqueous solution comprised of 50,% concentrated HNO;3 and 5,% H>0,
(30% stock solution) at 85 °C, rapidly stirring in a sealed polypropylene container for 2 h

prior to dilution with Milli-Q water.

4.3 Results and Discussion

4.3.1 Intra-Framework Metallization of MSN

Before examining intra-framework metallization of MSN, preliminary
desulfurization experiments were conducted with sorbents prepared by the
interior/exterior surface loading (wet impregnation) of various transition metal salts

(184% M, M = Ag, Ce, Co, Cu, Ni, or Zn) onto MASN (Table 4.1). MASN was chosen
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owing to its negative surface charge and the assumption that the metal cations in solution
should better disperse and adhere to the MASN framework compared to MSN.
Compared to Ag’, which had the highest initial desulfurization capacity, Cu®" and Ni*"
had next-best performance. The results of this preliminary study were then used to guide
the investigation of both intra- and extra-framework metallization of MSN in the

following work.

Table 4.1 Initial desulfurization capacity of several M" -MASN (1 8w M)

M mgS/g
none 2.73
Ag' 12.17
Cu?t 5.35
Ni*t 4.11
Zn? 3.48
Co** 3.01
Ce?* 2.55

The initial work done in examining the incorporation of metals other than
aluminum into the MSN framework of MCM-41 type nanoparticles followed a modified
synthesis routine published by Derrien, et al.* Synthesis times were extended from 2 hr
(standard for MSN or MASN) to 6 hours for mono- and 24 hours for bi-metallic intra-
framework M-MSN. The reason for the prolonged time of synthesis was both empirical
(pore quality materials, often resembling bulk material) and based on the understanding
that while precipitation of silicate-template composites is relatively fast, the
polymerization of the extended silica framework is slow, and the introduction of metallic

species is expected to slow this process further.” The particle morphology and pore size
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were confirmed by STEM and PXRD (Figure 4.1). STEM and EDS analysis of single
metal substitution into the SiO, framework of MCM-41 type MSN (M-MSN, M = Cu,
Co, Ce, Ni, or Nd) showed that substituting with nickel and copper had the most success
(Figures 4.2 and 4.3, respectively), though the percent metal loading was not determined.
STEM/EDS data for attempts with cobalt (Figure 4.4), cerium and neodymium (Figure
4.5), produced dual phase materials, wherein the MSN appeared mostly in tact
morphologically (discrete nanoparticles) and in terms of phase (MCM-41), but a second
metallic phase appeared to precipitate separately. PXRD analysis (Figure 4.6) of all
metals attempted show that regardless of the likelihood of incorporation with the MSN
framework, the mesoporous phase structure was largely intact, with the characteristic

(100) peak in the nominal 2-theta range indicating a pore diameter of roughly 3 nm.
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Figure 4.1 STEMs and PXRD of MSN synthesized by concentrated solution route.
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Figure 4.2 HAADF-STEM and EDS data for Ni-MSN.
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Figure 4.3 STEM and EDS data for Cu-MSN.
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Figure 4.4 HAADF-STEM and EDS of Co-MSN, showing most Co has segregated as a

separate phase from the MSN particles.
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Figure 4.5. HAADF-STEM and EDS of (left) Ce-MSN and (right) Nd-MSN
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Figure 4.6 PXRD data comparing attempts at intra-framework incorporation of various

transition metals into MSN (M-MSN).
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Initial fuel tests with the two successful homogenous materials, Cu-MSN and Ni-
MSN, revealed that Cu-MSN had higher initial desulfurization capacity for the removal
of DBT from model fuel. In an attempt to improve the desulfurization capacity further,
Cu-MSN was loaded with 10 % Ag by impregnation with AgNO; in an water/ethanol
solution. The material turned gray immediately and eventually black in color. Figure 4.7
shows high-resolution detail of the Cu-MSN pore structure and Ag nanoparticle deposits
both within the pores and possibly adhered to the exterior of the particles. It can be
presumed that some of the Cu was in an oxidation state other than +2, and that this
allowed from partial reduction of the silver ions upon impregnation. It was observed that
some of the high contrast spots (shown by EDS in Figure 4.8 to be metallic Ag) were an
artifact of interaction with the electron beam (formed in real time during scanning), but
the majority were present immediately upon imaging. This artifact of imaging indicates
that some silver was still present in ionic form, and/or the energy of the electron beam
may have agglomerated tiny metallic silver nanoparticles. Interestingly, as can be seen in
both Figures 4.7 and 4.8, the Ag nanoparticles tend to cluster toward the center of the Cu-

MSN particles.
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Figure 4.7 STEM of AgNO; impregnated Cu-MSN (Ag-Cu-MSN).
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Figure 4.8 STEM and EDS of AgNOs impregnated Cu-MSN (Ag-Cu-MSN).

The further attempts to reduce the silver ions in the material yielded interesting
results, which further indicate that not all of the silver ions converted to metallic form
after initial impregnation. Figure 4.9 shows the results observed by STEM for the 90
minute plasma treatment of Ag-Cu-MSN in argon plasma. As can be seen, the composite
particles look similar to the initially impregnated material, however many representative
particles (such as the right-hand particle in Figure 4.9) have what appears to be a greater
amount of reduced silver, and the observation of artifact Ag NPs forming under the

electron beam was not observed. The dispersion of Ag NPs on/in the Cu-MSN
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framework also appears to be finer and more even after plasma treatment, which may be

the result of the etching effect of the plasma.

Figure 4.9 STEM of plasma treated Ag-Cu-MSN (PT-Ag-Cu-MSN)

Attempts to reduce the impregnated ionic silver using NaBH, yielded a material
composite consisting of a large amount of metallic silver as a separate phase from Cu-
MSN (Figure 4.10 and 4.11). This material was not considered further, owing to this

phase separation.
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Figure 4.10 NaBH, treatment of Ag-Cu-MSN (BH4-Ag-Cu-MSN) showing segregation

of Ag and possibly Cu material outside of the Cu-MSN.
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Figure 4.11 NaBH, treatment of Ag-Cu-MSN (BH4-Ag-Cu-MSN), with EDS of extra-

framework metal deposits.

Preliminary model fuel tests of M-MSN materials (Figure 4.12) were conducted
on those materials judged successful on the basis of particle morphology and apparent
homogenous metal species distribution. Cu-MSN initially outperformed Ni-MSN, and so
further functionalization of the former with AgNO; (Ag-Cu-MSN) and subsequent
plasma treatment (PT-Ag-Cu-MSN) were performed, and the resulting materials were
tested for DBT adsorption from model fuel. Reduction of Ag-Cu-MSN using NaBH4
produced material with large quantities of a bulk metallic (likely Ag) phase formed

separate from the MSN particle phase, and so was not tested.
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Figure 4.12 Model fuel tests comparing DBT adsorption of MSN, Cu-MSN, Ni-MSN,
AgNO; impregnated Cu-MSN (Ag-Cu-MSN), and plasma treated Ag-Cu-MSN (PT- Ag-

Cu-MSN).

4.3.2 Intra-framework bi-metallic Cu/Ni-MSN

Because Cu-MSN and Ni-MSN seemed to give the most homogenous material,
suggesting potential intra-framework metal incorporation, or at least well-dispersed extra-
framework metallization, the binary metallic material Cu/Ni-MSN was attempted next.
However, the synthesis parameters used for the single metallization of M-MSN yielded
particles that were highly fused, though appeared to retain good association of the metals
with the MSN phase by STEM/EDS (Figure 4.13). Through trial and error, it was found
that a traditional dilute solution synthesis of MSN yielded discrete particles of relatively
monodisperse size (100 to 400 nm) of Cu/Ni-MSN (Figure 4.14). Both metals appear
well associated with the framework as STEM/EDS data suggests (Figure 4.15). Figure
4.16 shows the fine structure of each particle, where the channel morphology can be just
barely discerned, and a flaky surface morphology is seen. While it is difficult to tell from
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this HAADF-STEM image, the channel morphology is very well defined, and its order
confirmed by PXRD (see Figure 4.17 for comparison to the concentrated solution

synthesized material).

Figure 4.13 SEMs and EDS of Cu/Ni-MSN synthesis by concentrated solution route.
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Figure 4.14 SEMs of Cu/Ni-MSN* (*synthesized with NH4OH by dilute solution route).

Figure 4.16 HAADF-STEM images of the fine structure of Cu/Ni-MSN*.
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Figure 4.17 PXRD comparing Cu/Ni-MSN synthesized via concentrated synthesis

solution route (as per M-MSN discussed above) vs Cu/Ni-MSN*.

Plasma treatment of as-synthesized Cu/Ni-MSN (PT-Cu/Ni-MSN) was carried out
to attempt reduction of the incorporated Cu and Ni ions from the oxide lattice (whether
that of the larger SiO, and/or metal oxide coating that may have formed alongside the
silicate framework). The color change of the material after plasma treatment from light
blue/green to brownish may have been an indication of partial reduction of Cu or Ni ionic
or oxide species. This color change was not observed when plasma treating pure calcined
MSN, so the explanation of the brown color as indicative of decomposition of residual
CTAB can be ruled out. Addition of AgNOs to the plasma treated material caused it to
turn gray in a matter of seconds, but then back to the original light blue/green after drying
in a vacuum oven overnight. This color change may be the result of silver ion reduction

to metallic Ag’, implying an increased oxidation state of either Ni or Cu, followed by
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oxidation of Ag” during the in vacuo drying step. It is difficult to determine any of this,
based solely on the color change of the material, and no further characterization of the
material at any of these steps was performed.

Attempts at reduction of the Cu and Ni species associated with MSN in Cu/Ni-
MSN using NaBH4 (BH4-Cu/Ni-MSN) were inconclusive. STEM/EDS data (Figure
4.18) show that much of the Ni and Cu are still associated with the framework after
NaBH, treatment, appearing homogenously incorporated or associate with the particles
imaged. However, separate phase material was identifies which appears by EDS to be
mostly composed of Cu in both the EDS map and spectrum. It may be that Cu is more
easily removed from the framework (perhaps because it was only associated as in an
extra-framework phase), or reacts with borohydride differently than Ni, and this is why
the separate metallic phase is mostly composed of Cu. It may also simply be that this
phase is a composite of Cu and Ni metal in the same ratio as these metals occur in
association with the framework (vide infra).

The average atomic percentage of Cu and Ni in Cu/Ni-MSN was calculated by
EDS to be 1.90% Cu and 0.60% Ni. No significant change in this composition was
observed between fresh, PT-Cu/Ni-MSN, or BH4-Cu/Ni-MSN, indicating that even

though some material appears to form as a separate phase during the NaBH, treatment.
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Figure 4.18 SEM and HAADF-STEM/EDS maps of BH4-Cu/Ni-MSN (top image set

and top spectrum) and associated phase (bottom image set and bottom spectrum).
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Fuel testing of the of fresh Cu/Ni-MASN and silver nitrate impregnated Cu/Ni-
MSN post plasma treatment (Ag-PT-Cu/Ni-MSN) were carried out (Figure 4.19), but the
results were not remarkable compared with previous data for similarly impregnated
(104w% Ag) Ag-MSN. No testing of impregnated fresh material (Ag-Cu/Ni-MSN) was
conducted, as reduction in oxidation state of the Cu and/or Ni species was considered

necessary for meaningful interaction of the silver ions with the framework.
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Figure 4.19 Fuel testing for fresh Cu/Ni-MSN* vs Ag-PT-Cu/Ni-MSN* with 10,,%Ag
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4.3.3 Galvanic exchange of Ag" for Cu' in extra-framework Cu-MASN to form GE-

Ag/Cu-MASN

The following work is for the attempted bi-metallic Ag/Cu metallization of
mesoporous aluminosilicate nanoparticles (MASN). The synergistic effect between Ag
and Cu has been shown to slow the oxidation rate of Cu in bi-metallic catalysis systems

by electron transfer from Ag to Cu.”!

It was anticipated that an alloy or core-shell
structure might form between the two metals during galvanic exchange. No conclusive
evidence suggesting the presence of both metals in the composite is given here, and it
remains to be tested whether the method of galvanic exchange is sufficient to create such
particles. However, some interesting characterization of the attempted formation of this
material follows.

The formation of extra-framework metallized Cu-MASN was achieved by NaBH4
solution exposure of wet impregnated Cu(NO3),-MASN to form Cu-MASN. This gave a
mixed phase Cu and MASN material, where nanoparticles of Cu are observed by
STEM/EDS (Figure 4.20). Interesting cage-like structures were seen by STEM to form
on the outside of the MASN particles in extra-framework metalized Cu-MASN, in
addition to tiny high contrast spots indicative of metallic phase material within the
mesochannels of the support (Figure 4.21). EDS of an isolated group of these cages
revealed their composition to consist of Cu and O. The oxidation of Cu may have
occurred during handling. Powder XRD (Figure 4.22) confirmed that the crystallinity of
these Cu particles were below the 5 nm crystalline domain size threshold necessary to

give x-ray diffraction. The observed Cu NPs can therefore be assumed to be relatively

amorphous.
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Figure 4.20 STEMs and EDS of Cu-MASN, showing strange cage-like structures

attached to the surface of MASN.
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Figure 4.21 STEM and EDS of an isolated cluster of metallic particles typically adhered

to MASN in Cu-MASN.
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Figure 4.22 PXRD of Cu-MASN showing only the (100) peak for the MS phase, but no

Cu or Cu,Oy peaks.
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Galvanic exchange reaction between ionic silver solution and Cu-MASN
(Equation 1) was carried out (yielding GE-Ag/Cu-MASN) for various times to study the
effect on desulfurization capacity. STEM/EDS examination of various GE times show
that at 10 minutes, only Cu and Al are detected in the Cu-MASN material composite,
though no Cu NPs are apparent on the exterior of the sample (Figure 4.23). Galvanic
exchange for 90 minutes (Figure 4.24) gave a nice dispersion of Ag particles, which were
large enough to produce x-ray diffraction (Figure 4.25). Continued exchange up to 24

hours gave a material with much larger Ag NPs (Figure 4.26).

Cugy) +2Ag () = Cu’’ (o) + 2Ag(s) (1)

0<

0
keV

Figure 4.23 STEM/EDS of GE-Ag/Cu-MASN after 10 minutes of galvanic exchange
reaction between Ag' and Cu-MASN. The presence of Au in the spectrum is from the

TEM grid used.
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Figure 4.24 STEM/EDS of GE-Ag/Cu-MASN after 90 minutes of galvanic exchange

reaction. The presence of Au in the spectrum is from the TEM grid used.
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Figure 4.25 PXRD profile of GE-Ag/Cu-MASN after 90 minutes of galvanic exchange

reaction.
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Figure 4.26 STEM of GE-Ag/Cu-MASN after 24 hr of galvanic exchange reaction.

Table 4.2 summarizes initial desulfurization capacities for the removal of DBT
from model fuel, using GE-Ag/Cu-MASN adsorbent after 10 min, 30 min, 90 min, 3.5 hr
and 24 hr of galvanic exchange reaction between Ag’ and Cu-MASN. Comparison
materials, Cu-MASN and Ag-MASN, were both synthesized by impregation with the
relevant metal salt (104,%), followed by NaBH,4 reduction. The benefit of this GE method
compared to simple reduction of impregnated silver ions (Ag-MASN) is not entirely clear
when comparing the initial and reuse desulfurization capacities of the materials (Figure
4.27). The 90 minute GE material does seem to have the most consistent reuse
desulfurization capacity for this single set of experimental data, but the batch testing
method used to examine the removal of DBT from model fuel is known to give varying
results upon replication. It seems clear from this preliminary data that the mono- and bi-
metallic metalized MASN materials here perform similarly, within error of each other, as

reusable desulfurization sorbents.
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Table 4.2 Initial desulfurization capacities for GE-Ag/Cu-MASN synthesized with

varying galvanic exchange times.

GE Reaction Time Initial mgS/g
10 min 2.03
30 min 2.34
90 min 8.62
35h 8.94
24h 7.16
10
8 /\\/\
£
"o ) ) ] 4 5 6
Reuse Cycle
====90 min 35h 24 h Ag-MASN Cu-MASN

Figure 4.27 Comparison of desulfurization capacity of GE-Ag-Cu-MASN synthesized at
various exchange times. Ag-MASN and Cu-MASN here refer to 10,% metal loading

followed by subsequent reduction with NaBHa.
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4.4 Conclusion and Future Work

Much work remains to be done to understand how to fabricate a successful
metalized MSN adsorbent for removal of refractory organosulfur species from
hydrocarbon fuels. From a material’s standpoint, the thiophilic character of the target
metal(s) species need to be well understood. For instance, should a metallic, ionic, or
oxide version of a particular species or binary metal composite or alloy have the most
suitable interaction with the organosulfur pollutants in question? This is a complicated
question to address, since the affinity of the adsorption site should be carefully balanced
so as to allow for successful adsorption as well as removal of organosulfurs without the
need for aggressive cleaning procedures which will degrade the material (such as high
temperatures or harsh chemical solvents). From an efficiency standpoint, the material
must be reusable (preferably indefinitely), and display reasonably fast kinetics of
adsorption and desorption upon cleaning. The price point of the materials is also a
consideration, and has been the driving force in this work for examining non-noble
metals (i.e Cu, Ni, and Ag in reduced quantities).

The work presented in this chapter represents many fits and starts, which were not
fine-tuned with optimization of the material synthesis parameters, nor followed through
with preliminary model fuel testing. For instance, the Ni-MSN materials were never
functionalized with silver to determine if the potential for a synergistic effect between Ni
and Ag might give rise to improved performance. Attempts to better characterize the
intra- vs extra-framework incorporation of both Ni and Cu were begun on Cu/Ni-MSN*
using EELS but have yet to realize any useful data on the location of the metallic species

either within the SiO, framework or within separate oxide phases associated with the
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MSN. Such characterization would be vital to correlating the adsorption performance of
the material with the location and oxidation state of the metallic species.

The need for additional characterization of the materials discussed here include:
Surface area and pore volume (BET/BJH); metal oxidation state and coordination
environment (XPS and DRUV-Vis); and hydrothermal stability testing to determine if
additional changes/degradation occur with use of the finished materials at high
temperature aqueous systems. Spectroscopic analysis of metallic interactions with the
silica or aluminosilicate support should also be conducted to determine if there is

enhancement or detraction from metal performance in the given application.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The work presented here demonstrates the feasibility of using metal
functionalized MSN for a variety of applications. The in-place plasma reduction of Ag"
to metallic Ag nanoparticles within the channels of MASN was successful in mitigating
the loss of desulfurization capacity upon cycling. While the wet chemical reduction of
Ni*" using sodium borohydride, allowed for the partial leaching of the metal precursor
and the subsequent coating of the MASN particle surface with a fine dispersion of NBC
catalyst. In both cases the use of intra-framework aluminum was shown to complement
and enhance the end material. Attempts to incorporate other metals (Cu and Ni) into the
framework of MSN, was somewhat successful, though continued characterization is
needed to determine whether these incorporations can be classified as intra- or extra-
framework metallization. Finally, the binary Cu/Ag extra-framework metallization of
MASN shows some promise to enhance the cyclability in adsorptive desulfurization.
More characterization is necessary, here as well, to determine the bi-metallic character of

the Ag/Cu system and its interaction, if any, with the MASN framework.

5.2 Future work

Continued effort to refine metalized MSN for adsorptive desulfurization should
include column testing of actual JP-8, the intended target fuel. The components of JP-8
(which is only available via the department of defense) are many, including over a dozen
different organosulfur pollutant species, and varying hydrocarbon species that may
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compete for binding sites in a given sorbent. Preliminary cycling tests with PT-Ag-
MANSN for the desulfurization of JP-8 did not compare well with the model fuel testing to
removed DBT from n-decane, where up to 6 cycles could be achieved without significant
loss of capacity. This may be because the material is difficult to clean after use, or may
have to do clumping or restricted binding site access when loaded in the adsorbent
column. Successful function in a column is crucial for the commercial viability of such a
sorbent.

Continued effort to determine the exact nature of the NBC coating in the NBC-
MANSN catalyst will help settle the debate about whether these compounds are nickel
supported by borates or true nickel boride. The catalytic activity of the material may also
be improved by using larger pore MS frameworks, such as SBA-15. Though such MS
will have lower overall surface area, the potential for greater access within the
mesochannels will increase the catalytic activity over that obtained using MCM-41 type
nanoparticles.

For the mixed metal species work, XPS and EELS will be valuable in determining
the oxidation state, and therefore possibly the location of the transition metal species
within or on the MS framework. Metals substituted into the SiO, framework should have
higher coordination than those at the surface, or present in surface metal oxide coating.
Regardless of the placement of the metal species in Cu-, Ni- and Cu/Ni-MSN, the PXRD
data indicate that the pore structure is intact and well ordered and the electron microscopy
images do not reveal any significant defect in particle morphology. Based on these two
observations, nitrogen isotherm data would be valuable, as it is likely that BET/BJH
analysis will reveal that the surface area and pore volume are comparable to that of

MCM-41.
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Finally, the bimetallic GE-Ag-Cu-MASN system needs further investigation of
the Ag-Cu particles, as well as investigation into their interaction with the MASN
framework and optimization of adhesion. As the electron microscopy data show, the
metallic particles appear to be mostly outside of the MASN, potentially detached overall,
and the MASN acts more as a bulk excipient than a true scaffold. It is possible that there
is not strong enough interaction between the MASN and Cu®" to keep sufficient Cu close
to the MASN particles after treatment with sodium borohydride, and then subsequent GE
with AgNOs. It may be more practical to use plasma treatment to reduce, or partially

reduce Cu”" in place within the mesochannels, as in PT-Ag-MASN.
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SECTION TWO

Synthesis Routes Toward Metal Organic Framework Thin
Films on Conductive Substrates

Abstract

Presented here are two facile methods for fabricating metal organic framework
(MQOF) thin films on the transparent conductive substrate indium tin oxide coated glass
(ITO). The first method, presented in chapter 7, illustrates the successful electrochemical
deposition of several MOFs on ITO which was previously deposited with metallic films
composed of discrete or overlapping metallic nanostructures. The partial anodic
degredation of these metal deposites served as the metal ion source for the growth of
MOF films, with relatively low surface roughness and good lateral coverage. The second
method, presented in chapter 8, details the successful hydrothermal growth of several
isoreticular MOF (IRMOF) films grown on ITO previously hydrothermally deposited
with oriented zinc oxide nanowire arrays. The ZnO nanowires serve as nucleation sites
for the zinc based MOFs (IRMOF-1, -3, -8, and -9). Both the anodically electrodeposited
MOF films and hydrothermally grown IRMOF films were characterized by grazing
incidence X-ray diffraction (GIXRD) and electron microscopy. Additionally the
electrodeposited films were characterized by in-situ elemental X-ray dispersive
spectroscopy (EDS) to give some understanding of the state of the metal underlayer

remaining after complete MOF film growth.
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Chapter 6

Metal Organic Framework Thin Films

6.1 Introduction

Metal organic frameworks (MOFs) are an important class of highly porous,
hybrid inorganic-organic crystalline coordination polymers. Research into the design and
application MOFs builds upon that of porous inorganic materials such as zeolites, porous
silicates, and aluminophosphates. The introduction of MOFs in the early 1990s by the
works of Fujita and co-workers, [T001. 37] Kitagawa and co-workers, [T001.38] and
Omar Yaghi and co-workers,' marked the beginning of a seemingly unending journey in
the synthetic design of functionalized nanoporous solids. MOFs self-assemble from the
combination of metal ions and organic ligand precursors, in organic solvents (e.g. DMF
or ethanol) or water, typically over the course of hours or days. Synthesis conditions
range from ambient temperature and pressure to autoclave synthesis at temperatures
typically around 100 °C to 200 °C.  Other (often faster) synthetic routes include
sonochemical and mechanochemical (ball milling), microwave irradiation and
electrochemical methods.”

Theoretically, innumerable combinations of metal nodes and organic linkers,
corresponding to a vast array of surface chemistries and pore environments, have made
the rational design of MOFs an exciting area of research for almost 30 years.’ By careful
consideration of the metal coordination environment, and organic linker geometry and
functionality, MOFs can be tailored for specific applications. In Figure 6.1, the classic

isoreticular series of IRMOF-1—16 illustrates how a single structural topology can be
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retained, while the nanopore environment can be subtly altered with the substitution of

different aromatic dicarboxylate ligands.*

Figure 6.1 IRMOF-1-16. The series is based on the same zinc oxide (ZnsO) node

coordinated by different aromatic dicarboxylate ligands. The yellow spheres represent
void space in the cubic topology. IRMOF-9, -11, -13, and -15 are the interpenetrated

phases of IRMOF-10, -12, -14, and -16, respectively.

MOF synthesis techniques, to date, have largely centered around the bulk
fabrication of microcrystalline powders. Early studies focused on the storage of gases
such as carbon dioxide, methane, and hydrogen,’ and drove the search for new topologies
with ever increasing surface areas (some of the highest ever reported in porous solids).
More recent applications of bulk MOF powders include gas adsorption and separation,™®

aqueous pollutant adsorption,’ catalysis,® , chemical sensing,” optical coatings,” and drug
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delivery,'” to name a few. Additionally, a growing body of research aims to implement

MOFs as integral features of solid-state microelectronics, in applications such as

12,13 14,14,15

dielectric coatings,'' chemical sensing, and optoelectronics. Synthetic
methodologies for such device application will necessarily be different from those
employed in bulk synthesis. Before considering circuit design or moving synthetic
operations to the clean room, however, rudimentary fabrication techniques must be

designed and refined.

6.2 MOF Thin Films

Bulk synthesis of most metal organic frameworks is somewhat straightforward,
with experimentally determined mole ratios of metal and ligand precursors combined in
the appropriate templating solvent; allowed to react at room temperature, or heated in an
autoclave under autogenic pressure for several hours or days. However, many
applications of MOFs may require more sophisticated synthesis considerations than those
of bulk crystalline powders. The growth of MOFs as thin films on various substrates
(gold, transition metals, alumina, silica, etc.) has important relevance to applications
which involve the exploitation of electronic properties inherent in some MOFs, such as
chemical sensing by electronic impedance, and photoharvesting applications.
Considering these applications, the MOF should be anchored to a conductive substrate to
allow for charge transfer.

Methods of thin layer MOF growth that have been reported to be successful
include deposition from a colloidal solution of preformed crystallites, room temperature
and solvothermal deposition from a mother solution, layer-by-layer (LbL) methods,

deposition using a gel-layer approach, deposition on metal oxides, and electrochemical
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deposition on conductive substrates. The layer-by-layer and gel-layer approaches have
been reported to result in a highly oriented MOF film, known as a SURMOF (surface
oriented MOF). The remaining approaches listed above tend to result in more randomly
oriented polycrystalline films.">'*""

Functionalization of the substrate is often required for MOF nucleation and thin
film growth, and typically entails forming a self-assembled monolayer (SAM) of organic
molecules, or a metal oxide layer to anchor the MOF to the substrate. SAM forming
molecules are chosen based on the affinity for the substrate and the ability of their
terminal functional moieties to mimic the coordination environment of the metal ions in
the subsequent MOF film. Figure 6.2 illustrates this concept for a thiol terminated

carboxylic acid SAM anchored to a gold substrate by its sulfur groups. The carboxylate

groups are free to coordinate with the metal ions and initiate formation of the subsequent

L

Figure 6.2 Sulfur-anchored alkylcarboxylic acid SAM on gold substrate.

MOF film.

Figures 6.3 and 6.4 illustrate the procedure involved in the layer-by-layer and gel-
layer approaches, respectively. In both cases, a SAM is first formed and then the MOF is
grown directly on the functionalized surface, either in sequence (layer-by-layer) or all at
once (in the gel-layer method). The layer-by-layer approach entails sequential alternate

exposures of the functionalized substrate to solutions of the metal or ligand precursors.
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This can usually be carried out at room temperature and can be automated—which is

fortunate considering that hundreds of repetitions of layering are often necessary to

19,20

achieve an appreciable thickness.

Figure 6.3 Layer-by-layer method of SURMOF growth on a SAM functionalized

substrate.

The gel-layer approach entails holding the metal precursor suspended in a non-
reactive viscous gel (such as high molecular weight polyethylene glycol), while a
solution of the organic ligand is poured on top and allowed to percolate through the gel
matrix. Formation of the MOF begins at the SAM surface with binding of the metal
precursors in the gel, and proceeds evenly as the slow and steady supply of organic
ligands move towards the growing MOF surface, coordinating with the suspended metal

: 1
101S. !

Figure 6.4 Gel-layer approach to SURMOF growth using a viscous gel matrix to suspend
the metal precursor while the ligand is allowed to percolate down through the matrix to

the growing MOF surface.
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Alternative to the method of SAM functionalization, the substrate may be
functionalized by providing a node analogue to chemically bond the growing MOF to the
substrate. A metal substrate may have its surface oxidized, or a layer of metal oxide may
be grown on a non-metallic substrate (such as silicon oxide glass), serving to mimic the
nodal environment of the MOF.?' Many metal oxides can be grown as nanoparticle thin
films by a variety of techniques, resulting in different particle morphologies—spherical
particles, tubes, plates, rods or wires. Metal oxides (such as ZnO) can provide a
semiconducting conduit between the MOF and a conductive substrate, which may prove
advantageous over the otherwise insulating nature of some (alkyl) SAMs.

Electrochemical deposition directly onto a metallic or other conductive substrate
(glassy carbon, graphene, and indium or fluorine doped tin oxide coatings, to name a
few) may have further advantages over both SAM and metal oxide substrate
functionalization. Electrochemical MOF film deposition techniques typically rely on the
anodic dissolution of a pure metallic substrate anode, or the pH induced deprotonation of
carboxylic acid ligand groups at the cathode.”” Although the resulting polycrystalline
MOF orientation is usually completely random in electrochemical deposition, the
intimate contact between MOF and substrate my be a valuable tradeoff over SURMOF
growth on delicate, and often electronically insulating SAM functionalized substrates.
The mechanical adherence of MOF films deposited electrochemically often appear as
robust as those grown on native oxides, while offering the potential for direct MOF

contact with a conductive substrate.
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Chapter 7

Anodic electrodeposition of several metal organic framework thin
films on indium tin oxide glass

Abstract

An electrochemical method for the rapid synthesis of a series of metal-organic
framework (MOF) thin films on indium tin oxide (ITO) glass is presented here. ITO was
first electrodeposited with either copper or zinc microcrystalline films (Cu-ITO and Zn-
ITO, respectively) from simple aqueous/ethanol salt solutions. These metallic deposits
served as the metal cation source during their partial anodic dissolution and the initial
nucleation sites during electrochemical MOF (EMOF) film growth. Four different
EMOF films were prepared by this method. HKUST-1 and the 2-D cationic framework
[Cu(C10H8N2)2+]Br2 (CBBr) were each grown on Cu-ITO. Zng(OH);(BTC)3(H,0)327H,0O
(Zn-BTC, BTC = Dbenzene tricarboxylate) and the 2-D  framework
[Zn(BPDC)(H,0)]*H,O (Zn-BPDC, BPDC = 2,2’-bipyridine-5,5’-dicarboxylate) were
each grown on Zn-ITO. Physical characterization was carried out using grazing incidence
X-ray diffraction (GIXRD), scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). Our results show these films were well adhered,
homogenous, self-closing and of relatively low surface roughness in each case. The
ability to vary the dimensionality, metal node, linker and charge of the EMOF on a
conductive transparent substrate opens up a wide range of possible compositions,

properties and applications.
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7.1 Introduction

Metal organic frameworks (MOFs) are an important class of high surface area
nanoporous crystalline materials, self-assembled into 1D, 2D, or 3D extended structures
composed of metal-based nodes connected covalently by organic ligands.1? Because the
choice of metal and organic constituents allows for a high degree of tailoring of the MOF
nano-environment, MOFs show potential for a wide variety of applications: gas storage
and purification,? pollutant sequestration,* catalysis,> chemical sensing,® and integration
into microelectronic devices,” ° to name a few. The vast majority of MOFs are
essentially electrical insulators due to poor overlap between pi orbitals in the organic
ligands and the d-orbitals of the metallic nodes. Only a handful of truly conductive
MOFs have been reported,'® though there are many reports of induced or tunable
conductivity based on guest inclusion,!’ as well as the use of MOFs as dielectric
coatings.1213 A recent review highlights the potential for integrating MOFs with solid-
state electronics (LEDs, photovoltaics, ion-conductors, electrochemical sensors, etc.).14
A major requirement for these device applications is intimate mechanical and electrical
contact of the grown MOF films with their conductive substrates.”.1> To date, there is a
large and growing library of MOFs synthesized as microcrystalline powders, but few of
these have been synthesized as thin films and even fewer have been grown on conductive

or transparent conductive substrates.

Several MOF film synthesis techniques have been described in the literature,
ranging from the adhesion of pre-formed MOF crystals onto a substrate by methods such
as drop casting or spin coating, to direct growth on a substrate from the requisite metal

salt and organic ligand precursors.> Most direct growth approaches offer better
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mechanical contact between film and substrate than can be achieved by simple adhesion
of pre-formed crystallites.  Direct growth approaches typically require initial
functionalization of the substrate surface with an organic self-assembled monolayer
(SAM) to help nucleate the MOF film. One interesting approach is the layer-by-layer
(LbL) method, which consists of repeated sequential exposure of the SAM-functionalized
substrate to separate metal salt and organic ligand solutions.'® While the LbL method
benefits from precise control of film thickness, it can be quite time-consuming (several
days) and labor intensive (hundreds of repetitions) to achieve appreciable film thickness,
even given computer automation of the process.l”18 Additionally, most of the SAMs
used in LbL and other direct growth routes form an additional electrically insulating layer

between the MOF and substrate.”

Electrochemical deposition is an emerging method of MOF thin film synthesis
that shows promise for achieving both mechanical and electrical contact between MOF
and substrate.1® This method is rapid (minutes to hours) compared to LbL and no SAM
functionalization is required for film nucleation. Electrochemical synthesis of MOFs was
first implemented at BASF as a salt-free synthesis route for producing bulk MOF
powders.20 Researchers found that the dissolution of a metallic electrode at mild anodic
potential, while immersed in an electrolyte containing the requisite organic ligand,
resulted in a complete MOF film that remained tightly adhered to the anode.?! Following
this discovery, others have investigated the synthesis of several MOF films on various
conductive substrates, grown under anodic and cathodic biases.1922724 Electrochemically
deposited MOF (EMOF) films can be synthesized under anodic or cathodic bias, at the
respective electrodes. In anodic deposition, the MOF film self-assembles at the anode

surface, where the local metal ion concentration is rapidly increased relative to the bulk
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electrolyte solution which contains the organic linker. Cathodic deposition schemes
require both metal salt and organic linker be present in solution. An increase in the local
hydroxide concentration near the cathode surface, caused by the electrochemical
reduction of oxoanions (e.g. NO3") or a pro-base (e.g. EtzNH'/Et;N), initiates MOF

growth by deprotonation of (primarily) carboxylic acid ligands.?* 26

It has been shown that manipulation of film characteristics (crystallite size and
morphology, film thickness and homogeneity of coverage) can be more readily achieved
in anodic deposition schemes by altering various synthesis parameters (voltage and
current density, deposition time, solvent composition and temperature, and the
concentrations of organic linker and conduction salt).1922  Control over these film
characteristics appear more difficult for cathodic deposition due to the limited voltage
window required to avoid the formation and co-deposition of oxides, hydroxides and
reduced metallic species randomly dispersed within the MOF film. In cathodic
deposition, there is also the extra requirement of an appropriate pro-base and buffer
system to deter precipitation of the MOF in the bulk solution, while inducing the proper
pH for ligand deprotonation at the cathode surface.!'® The narrow requirements and
instability of cathodic deposition solutions, compared to the reusable anodic solutions,

make the latter a more attractive scheme for industrial scale-up.

Anodically synthesized MOF films have recently been investigated for sensing of
nitro compound explosives,® glucose?’” and humidity,?® and for their mechanical
properties and adherence to solid metallic substrates.192229  Electrochemical MOF
deposition on other conductive substrates, including indium tin oxide (ITO), fluorine tin
oxide (FTO) and glassy carbon, have only thus far been achieved cathodically.1® To the

best of our knowledge, the work by Jiang and coworkers is the first attempt to anodically
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grow a MOF film on the transparent conductive substrate ITO.3° These researchers
showed that the well-studied copper based HKUST-1 can be anodically electrodeposited
on ITO that was previously electrodeposited with copper (Cu-ITO). The high porosity (>
2000 m*-g™"),3! good moisture and thermal stability,32 and guest-mediated tunable
conductivity!l of HKUST-1 make its thin film fabrication relevant to electronic device

applications.

Here, it was confirmed by a modified scheme that HKUST-1 can be grown as a
well adhered and self-closing MOF film on Cu-ITO. Also synthesized by this method
were a cationic copper 4,4’-bipyridine based MOF grown on Cu-ITO, as well as two zinc
carboxylate based MOFs grown on zinc-deposited ITO (Zn-ITO). Characterization of
these films revealed that MOF growth initiates on the surface of the metallic deposits.
The resulting films appear self-sealing, relatively smooth and well adhered to ITO via the
partially anodized metal deposits. Synthesis of MOF films on ITO by this method opens
up new possibilities for the facile, inexpensive and potentially large-scale production of
various MOF films on transparent conductive substrates. The metallic interface between

MOF and substrate may also prove advantageous for electronics applications.

7.2 Experimental

Reagents: ITO coated glass (30-60 €1/sq), zinc nitrate hexahydrate and copper (II)
nitrate hemi(pentahydrate) were obtained from Sigma Aldrich. The 0.1 mm copper foil
and 0.25 mm Zn foil were obtained from Alfa Aesar. Potassium bromide (KBr), benzene
tricarboxylic acid (BTC), 4,4’-bipyridine, 2,2’-bipyridine-5,5’-dicarboxylic acid (BPDC)

and tetrabutylammonium tetrafluoroborate (TBABF,) were purchased from Spectrum
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labs. Analytical grade dimethylformamide (DMF) and 200 proof ethanol were purchased

from Acros Organics. Milli-Q water (18.2 Q-cm) was used throughout all experiments.

Electrodeposition experiments were conducted on an in-house constructed two-
electrode system, consisting of a polypropylene or quartz cuvette (1 cm x 1 cm x 4 cm
height) and Keithley 6487 power source. Aqueous/ethanolic solutions were purged for
60 min in high-purity nitrogen, followed by 5 min in argon to remove oxygen prior to all
synthesis steps. DMF was used as-received without drying or further purification.
Copper and zinc metal foils were cleaned with acetone and then dipped briefly in 10v%
nitric acid, followed by water rinse to remove native oxides. ITO chips (approximately
0.5 cm x 2.0 cm) were cleaned by sequential sonication in acetone, ethanol and finally
water (15 min each). Both the metal depositing and MOF growth steps were carried out
in approximately 2 mL of the respective solutions, with the working and counter
electrodes held 1 cm apart. Both metal and subsequent MOF films grown on ITO were
thoroughly rinsed in water and then ethanol to remove unreacted salts and organic ligands

after deposition.

7.2.1 Synthesis of Cu-ITO

Cu-ITO electrodes were synthesized in a 3:1 v/v solution of ethanol and water
containing 40 mM copper(Il) nitrate hemi(pentahydrate). A pure copper foil counter
electrode was used and the solution was heated to 55 °C prior to immersing the
electrodes. A constant DC voltage of -1.0 V was applied for 90 sec to achieve a uniform

single layer of evenly dispersed copper octahedra covering the ITO substrate.
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7.2.2 Synthesis of Zn-ITO

Zn-ITO electrodes were synthesized in a 3:1 v/v solution of ethanol and water
containing 10 mM zinc (II) nitrate hexahydrate. A pure zinc foil counter electrode was
used and the solution was heated to 25 °C prior to immersing the electrodes. A constant
DC voltage of -1.0 V was applied for 60 sec to achieve a dense and uniform layer of zinc

plates covering the ITO substrate.

7.2.3 Synthesis of HKUST-1 on Cu-ITO

HKUST-1 film grown on Cu-ITO was synthesized in a 3:1 v/v solution of ethanol
and water consisting of 40 mM BTC and 25 mM TBABF,. A pure copper foil counter
electrode was used and the solution was heated to 55 °C prior to immersing the
electrodes. A constant DC voltage of 0.75 V was applied for 2 to 50 min, depending on

the desired MOF coverage.

7.2.4 Synthesis of CBBr Cu-ITO

CBBEr film grown on Cu-ITO was synthesized in a 3:1 v/v solution of ethanol and
water consisting of 40 mM bipy, 50 mM TBABF, and 5 mM of KBr. In each synthesis, a
pure copper foil counter electrode was used. The solution was heated to 45 °C prior to
immersing the electrodes. A constant DC voltage of 2.25 V was applied for 5 to 50 min,

depending on the desired MOF coverage.

7.2.5 Synthesis of Zn-BPDC on Zn-ITO

Zn-BPDC film grown on Zn-ITO was synthesized in a 5:1 v/v solution of DMF
and water consisting of 4 mM BPDC and 2.5 mM TBABF,. A pure zinc foil counter
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electrode was used. The solution was heated to 80 °C prior to immersing the electrodes.
A constant DC voltage of 0.75 V was applied for 10 to 30 min, depending on the desired

MOF coverage.

7.2.6 Synthesis of Zn-BTC on Zn-ITO

Zn-BTC, or Zng(OH);(BTC)3(H,0)327H,0, film was grown on Zn-ITO in a 3:1
v/v solution of ethanol and water consisting of 40 mM BTC and 25 mM TBABF,. A pure
zinc foil counter electrode was used. The solution was heated to 55 °C prior to
immersing the electrodes. A constant DC voltage of 0.75 V was applied for 5 to 30 min,

depending on the desired MOF coverage.

7.2.7 Characterization

Grazing incident angle X-ray diffraction (GIXRD) measurements were
performed on a Rigaku SmartLab diffractometer with Cu-Ka (1.54056 A) radiation
operated at 44 mA and 40 kV. Samples were analyzed using parallel beam optics with the
incident angle held at 0.6° or 0.8° omega, at a scan rate of 0.5°/min (step size of 0.01°).
Scanning electron microscopy (SEM) images were taken on a FEI Quanta 3D dual beam
microscope operated at 5.00 kV and 6.66 pA. All films were imaged without Au coating
or additional preparation. Integrated image scans were used when charging of the MOF
layer was apparent. High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) imaging was performed on an FEI Titan TEM operated at
300 kV. The STEM probe had a convergence semiangle, a, of 10 mrad and a beam
current of 35 pA (300 kV). HAADF-STEM images were acquired using a Fischione

annular dark-field (ADF) detector with an inner semiangle, 3, of 45 mrad. EDS data was

139



simultaneously collected along with HAADF-STEM data on four silicon drift detectors
with a solid angle of 0.7 steradians (SuperX) and analyzed using Bruker’s Espirit
software. Samples were prepared by mechanically removing the MOF film from its ITO
substrate with a razor blade and then briefly sonicated in ethanol before drop casting on a

lacey carbon coated copper TEM grid.

7.3 Results and Discussion

Four EMOF films grown on either Cu-ITO or Zn-ITO are discussed below.
Grazing incidence X-ray diffraction was used to phase identify each film by comparison
to previously published powder diffraction profiles, or those calculated from single
crystal data. The progress and characteristics of film growth were monitored using
scanning electron microscopy (SEM). In each case, the synthesis parameters (voltage
and duration of bias, solution temperature and the linker and conduction salt
concentrations) were carefully optimized to produce MOF films with uniform coverage

and the lowest possible surface roughness.

Figure 7.1 illustrates the general EMOF synthesis process, specifically for
HKUST-1 on Cu-ITO. First, copper was electroplated onto clean ITO from a simple
copper nitrate solution (3:1, ethanol:water) to give a moderately dense single layer of
monodisperse copper octahedra. The size and coverage density of deposited Cu
microcrystals could be tuned by changing the voltage, time of applied bias and/or
concentration of copper nitrate. It was found, however, that 90 sec of applied cathodic
bias (-1.0 V) in a 40 mM Cu®" solution was optimal to avoid vertical stacking of Cu

microcrystals. These conditions gave a uniform surface dispersion of roughly 2 micron
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sized copper octahedra separated by periodic gaps of a few microns (Figure 7.1a). The
Cu-ITO was then cleaned and placed in a 55 °C solution (3:1, ethanol:water) containing
benzene tricarboxylic acid (BTC) linker and tetrabutylammonium tetrafluoroborate
(TBABF,) as a conduction salt. SEM imaging of HKUST-1 growth after 2 min at 0.75 V
revealed the seeding of MOF crystals on the facets of copper octahedra (Figure 7.1b,c).
After 50 min, isolated copper octahedra were completely covered in HKUST-1
microcrystals (Figure 7.1d). SEM imaging of HKUST-1 growth after 50 min indicates a
continuous layer of HKUST-1 on Cu-ITO (Figure 7.1e,f) where Cu had been deposited

under optimal conditions.

Figure 7.1 SEMs of HKUST-1 grown on Cu-ITO at 0.75 V: a) Copper octahedra grown
by electrodeposition on ITO (-1.0 V for 90 sec); b-c) The beginning of HKUST-1 growth
on Cu octahedra after 2 min; d) An isolated copper octahedron covered by MOF crystals
after 50 min of growth; e) Typical film coverage after 50 min of growth; f) A 0.1 mm®
section of film illustrating the relative smoothness and continuity of the HKUST-1 film

after 50 min of growth.
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The phase purity of HKUST-1 grown on Cu-ITO was confirmed by GIXRD
(Figure 7.2) High angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and elemental dispersive X-ray spectroscopy (EDS), performed on
films mechanically dislodged from ITO, revealed that the copper octahedra do not
completely dissolve by the time a continuous HKUST-1 film has grown. Figure 7.3 gives
the imaging and spectroscopy data for material removed from the 50 min film synthesis
of HKUST-1 on Cu-ITO, showing a partially eroded copper microcrystal imbedded in an
enveloping HKUST-1 crystal. In considering potential electronic applications, the
remaining copper may be advantageous as a metallic conduit between the MOF and ITO
in the absence of direct MOF-ITO contact. Additionally, the periodic gaps between
copper deposits for Cu-ITO grown in this manner may be advantageous in applications

where photo-stimulation of the anode film is desired.
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Figure 7.2 GIXRD of HKUST-1 electrochemically deposited on Cu-ITO for 50 min at
0.75 V (top profile), compared with the calculated powder pattern for HKUST-1 (bottom

profile).
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Figure 7.3 Top: High angle annular dark field image and respective elemental maps for
Cu, C and O of a partially decomposed copper octahedron (bright contrast in HAADF
image) embedded a single crystal of HKUST-1; Bottom: EDS spectrum of the above
sample. The presence of copper in the spectrum is due to copper in both the sample and

from the TEM grid.

A complete mechanistic study of the growth of HKUST-1 on Cu-ITO is beyond
the scope of this multiple film study. Fransaer ef al., however, have made a reasonable
attempt to explain the mechanism of HKUST-1 growth and adhesion on solid copper
substrates grown by anodic deposition.1® The authors categorized the MOF growth in
four stages: (1) initial nucleation at the anode surface; (2) growth of MOF islands; (3)
intergrowth of these islands and progressive nucleation to create a continuous coverage of
the substrate; (4) film exfoliation after prolonged dissolution of the underlying metal

substrate. They found that MOF growth proceeds laterally to fill the void spaces between
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MOF islands before a secondary MOF layer begins to stack upon the first. It was found
that similar film growth characteristics for HKUST-1 grown on Cu-ITO, even though the
pre-deposited copper on ITO does not form a continuous layer. Rather, the copper film
consists of single or clustered octahedra with periodic gaps of up to several microns
(Figure 7.1a). In the case of solid copper substrates, this self-closing growth can be
explained by the higher resistivity of the MOF film in the electric field: the MOF film
likely inhibits the rate of dissolution of the copper substrate beneath it compared to areas
of bare copper. Given our results, it may be speculated that the copper ions also continue
to percolate out from between individual MOF crystals, or through the MOF nano-
channels [channel size for HKUST-1 is known to be 0.9 x 0.9 nm33 and the diameter of

the copper (II) ion is 0.456 nm34].

In addition to HKUST-1 on Cu-ITO, the growth of [Cu(C10H8N2)2+]Br2, a2-D
cationic layered MOF composed of copper 4,4’-bipyridine polymers charge-balanced by
bromide, referred to here as CBBr, was also investigated. GIXRD confirmed the phase
identity of this MOF (Figure 7.4). CBBr on Cu-ITO had similar growth characteristics to
those observed for HKUST-1, with small MOF seed crystals nucleating on and then
filling in the gaps between copper octahedra. A higher voltage and longer time of applied
anodic bias were needed, however, to observe CBBr formation on copper octahedra.
Figure 7.5 shows CBBr grown on Cu-ITO for applied bias times between 20 and 50 min
at 2.25 V. The higher voltage necessary to induce growth of CBBr compared to HKUST-
1 is likely due to the neutral charge of the 4,4’-bipyridine ligand and possibly the need for
higher copper ion concentration to initiate MOF nucleation at the anode. At anodic
potential lower than 2.25 V, growth was relatively sparse even after 50 min and CBBr

formed instead in the bulk solution. At 0.75 V, the Cu octahedra eventually eroded off
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the ITO before any MOF deposits formed, indicating that the critical concentration of
Cu”" ions necessary to initiate MOF nucleation was not achieved at the anode surface. At
potentials higher than 2.25 V, film growth was faster but as in the low voltage scenario, a
significant amount of CBBr also formed in the bulk solution. Additionally, increasing the
concentration of bromide ion from 5 to 15 mM dramatically hastens the growth time of a
self-closing CBBr film from 50 min to 10 min at 2.25 V. Increasing the concentration of
the counter ion in this way, however, also led to a rougher topology, with increased
appearance of vertical stacks of MOF as well as larger MOF crystals and less degradation
of the Cu octahedra (Figure 7.6). This result indicates that the counter ion concentration

plays a critical role in the nucleation and growth processes of this particular cationic

framework.
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Figure 7.4 GIXRD of copper bipyridine bromide (CBBr) electrochemically deposited on
Cu-ITO for 50 min at 2.25 V (top profile), compared to the calculated powder pattern

from single crystal data (bottom profile).
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Figure 7.5 SEMs of CBBr grown on Cu-ITO at 2.25 V: a) MOF crystals growing on a
partially anodized Cu octahedron after 5 min; b) Complete MOF coverage of an isolated
Cu octahedron after 20 min; ¢) A single crystal of CBBr grown adjacent to a MOF-
covered isolated copper octahedron; d) MOF film coverage at 20 min; e-f) MOF film

coverage at 50 min.
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Figure 7.6. CBBr grown on Cu-ITO after 10 min with 15 mM Br™ counter ion present in

solution. White arrow indicates one example of a Cu octahedron.

The HAADF-STEM and EDS (Figure 7.7) show the same structural character of
remaining Cu crystals embedded in surrounding CBBr MOF, as occurred with HKUST-1
grown on Cu-ITO. Interestingly, the EDS spectrum shows that no fluorine is present in
the structure, even though tetrafluoroborate was present in far greater concentration than
bromide during synthesis. Copper bipyridine tetrafluoroborate is a known structure3>-36
and PXRD peaks indicative of this phase were not present. A small amount of chlorine
was also observed by EDS, likely a contaminant present during synthesis. Chlorine can

be substituted for bromine to give a homologous structure.3”
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Figure 7.7 Top: HAADF-STEM and corresponding elemental maps for Cu, N and Br of
a partially decomposed copper octahedron embedded a cluster of CBBr crystals; Bottom:

EDS spectrum of the above sample.

Two initial examples of Zn-based EMOF films were also grown on Zn-ITO. The
electrodeposition of zinc on ITO resulted in a denser layer of metal deposits than for Cu-
ITO under optimal conditions. 60 sec at a cathodic bias of 1.0 V in a room temperature
solution (3:1, ethanol:water) containing 10 mM Zn>" gave a uniform layer of tightly
packed zinc plates (Figure 7.8a). Zn-ITO was introduced into a solution containing 2,2’-
bipyridine-5,5’-dicarboxylic acid (BPDC) to form a thin film of the 2-D MOF
[Zn(BPDC)(H,0)]*H,0 (denoted as Zn-BPDC), which was identified by GIXRD (Figure

7.9). This MOF was grown in a solution of DMF and water (5:1), as the linker is
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sparingly soluble in both ethanol and water. Additional water, however, was necessary
for MOF growth since it’s part of the MOF structure and likely because DMF is not an
adequate ion conductor. A temperature of 80 °C was also necessary to fully dissolve
BPDC in this solution. SEM imaging (Figure 7.8b-d) shows the plate-like morphology of
Zn-BPDC covering the zinc plates after 10 and 30 min of growth. HAADF-STEM and
EDS mapping of this film revealed similar growth characteristics as those seen for
HKUST-1 and CBBr grown on Cu-ITO, with remaining Zn metal embedded within the

MOF (Figure 7.10).

Figure 7.8 SEMs of Zn-BPDC grown on Zn-ITO at 0.75 V: a) Zn plates deposited on

ITO (-1.0 V for 60 sec); b) MOF growth after 10 min; c-d) MOF growth after 30 min.
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Figure 7.9 GIXRD of Zn-BPDC electrochemically deposited on Zn-ITO for 30 min at

0.75 V (top profile), compared to the experimental powder profile (bottom).
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Figure 7.10 Top: HAADF-STEM and corresponding elemental maps for Zn, N and O of
partially decomposed zinc plates embedded in a cluster of Zn-BPDC crystals; Bottom:

EDS spectrum for Zn-BPDC grown on Zn-1TO.

151



A second Zn-based EMOF film comprised of Zns(OH);(BTC)3(H,0)3;27H,0 was
also anodically grown on Zn-ITO and identified by GIXRD (Figure 7.11).38 This MOF,
referred to here as Zn-BTC, grew well under the same synthesis conditions used for
HKUST-1 on Cu-ITO. Figure 7.12 shows the needle morphology of the MOF film,
which grew rapidly and completely covered the zinc plates of Zn-ITO within 30 min.
Interestingly, Zn-BTC grew in regions of bare ITO, several millimeters away from any
previously deposited zinc (Figure 7.12d), a phenomena not observed with the other
EMOFs discussed above. This observation may be due to the lower zinc ion

concentration necessary to initiate the MOF growth.
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Figure 7.11 GIXRD of Zn-BTC electrochemically deposited on Zn-ITO for 30 min at

0.75 V (top profile), compared to the calculated profile from single crystal data (bottom).
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Figure 7.12 SEMs of Zn-BTC grown on Zn-ITO at 0.75 V: a) Zn-BTC grown on Zn-ITO
after 5 min; b-c) Growth of Zn-BTC on Zn-ITO after 30 min; d) Growth ofZn-BTC on a

region of bare ITO.

All four of the MOF films studied here exhibit hole-closing growth before the
metal previously deposited on ITO is entirely consumed. It may be advantageous to have
some metal remaining as a mechanical and electrical interface between the MOF layer
and ITO. Because the growing MOF crystals surround the dissolving metal nanocrystals,
the amount of underlying metal present in the final MOF-M-ITO (M = Cu or Zn) should
be controllable both by the initial amount of metal deposited and the extent of

consumption of these deposits during MOF growth.
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7.4 Conclusions

Several examples of MOF film growth by anodic electrodeposition on the
transparent conductive substrate ITO, previously deposited with metallic microcrystalline
films, were successful. It may be anticipated that this synthetic approach be of broader
interest toward the integration of MOFs into electronic devices. The simplicity of the
chemistry involved in anodic (compared to cathodic) EMOF film growth schemes, as
well as the homogeneity and self-sealing nature of these films, and residual metal-ITO-
MOF interface remaining after film growth, are attributes well suited for electronics
applications where transparent conductive substrates such as ITO are required or
advantageous. Several factors could be part of a follow-up study, including the possible
existence and degree of oxide interface between the MOF, metal deposits and ITO after
film growth. Efforts are currently underway to determine the degree of electrical contact
between MOF and ITO, as mediated through the residual metallic deposits after MOF
film growth. These characterization experiments have thus far proven to be extremely
challenging when working with MOFs that are inherently insulating. The growth of more
conductive EMOF films, or intercalation of guest species which might increase electronic
conductivity, are possible approaches to consider when attempting to perform

characterization of electrical contact between the MOF and substrate.
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Chapter 8

IRMOF Thin Films Templated on Oriented Zinc Oxide Nanowires

Abstract

Presented here is a new method for the synthesis of metal organic framework
(MOF) thin films templated on vertically oriented zinc oxide (ZnO) nanowire arrays.
The ZnO templates were first grown on indium tin oxide (ITO), by a simple
hydrothermal method, followed by hydrothermal growth (in conventional or microwave
oven) of several iso-reticular MOFs (IRMOFs). The method is facile and results in pin-
hole free polycrystalline films, approximately 25 microns thick. Grazing incidence X-
ray diffraction (GIXRD) and scanning electron microscopy (SEM) were used to
confirm MOF phase purity and morphology, respectively. with potential applications

in sensing, membranes, catalysis, and photoharvesting.

8.1 Introduction

Metal organic frameworks (MOFs) consist of multivalent metal ion or metal
oxide nodes connected by multidentate organic linkers to form highly porous crystalline
coordination polymers. MOFs have been a research focus for several decades now, due
to the seemingly unlimited potential for tailoring of their pore size and surface chemistry.
Originally of practical interest for their potential applications in gas absorption and
storage, MOFs have subsequently shown promise in heterogeneous catalysis, ion
exchange, pollutant trapping, and as molecular sieves.'™

Several research groups have recently shown evidence that some MOFs exhibit

semiconducting properties, and may be utilized in photovoltaics, photocatalysis and
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resistance-based chemical sensing.” "' One of the oldest and most studied cases is that of
IRMOF-1, which consists of zinc oxide nodes (ZnsO;3) connected by terephthalic acid
linkers. Photluminescence studies of IRMOF-1 have indicated that ligand to metal charge
transfer (LMCT) occurs upon photoexcitation of electrons in the benzene ring of the
terephthalic acid ligand. Zinc oxide is known to be semiconducting, and IRMOF-1 has
been described as a three-dimensional lattice of zinc oxide quantum dot’s sensitized by
its aromatic ligands acting as photoantennae.” Figure 8.1 illustrates the results of work
conducted by Bordiga and coworkers on the photoluminescence of IRMOF-1 as
compared to that of zinc oxide nanoparticles and terephthalate disodium salt. They found
that while the absorption maxima of both IRMOF-1 and the terepthalate salt occur in the
same region, the emission spectra are quite divergent, with that of IRMOF-1 being only
slightly blue-shifted with respect to bulk ZnO. This indicates ligand to metal charge
transfer, with electron-hole recombination and photoemission occurring at the ZnsO3

6
nodes.
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Figure 8.1. Left: Illustration of ‘sensitized Zn40;3 quantum dot and LMCT. Right:
Photoluminescence spectra of IRMOF-1 compared to its ligand and node constituents.
Grey curves (excitation scans), black curves (emission scans). IRMOF-1 (solid line, Aep
~ 538 nm and Aex ~ 350 nm); terephthalate disodium salt (dotted line, Aem ~418 nm and Acx

~ 335 nm); ZnO nanoparticles (dashed line, ey ~560 nm and Aex ~380 nm).

The work of Gascon and coworkers indicates that the band gap of IRMOF-1
analogs (structures retaining the ZnsO,3 node, aromatic dicarboxylate ligand, and 3-D
topology) can be tuned using various ligands bearing different aromatic systems. Figures
8.2 and 8.3 illustrate the band gap energies and similar topologies of IRMOF-1 and
several of its analogs. The absorption maximum of IRMOF-1 is 350 nm, tailing off into
the visible spectrum at 500 nm. Lowering the band gap energy should shift this

maximum into the visible spectrum, a desirable quality for photoharvesting applications.’
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Figure 8.2. Band gaps for several IRMOF-1 analogs sporting different aromatic ligands.

Figure 8.3. Topologies for IRMOF-1 (far left) and several of its analogs.

Zinc oxide is a wide band gap semiconductor (3.3 eV) of which thin films have
been extensively explored and utilized in applications such as optical coatings, corrosion
protection and semiconductor thin film devices.'> One-dimensional ZnO nanowires have
been shown to function as electrical conduits between light harvesting molecules and a
conductive substrate in a photoelctrochemical cell.”’ Figure 8.4 illustrates why an array of
vertically oriented nanowires, as compared to spherical particle films, greatly increases
the efficiency of electron transfer to the conductive substrate. In an array, electrons are

confined to each 1-D semiconductor wire, whereas in particle films electrons move
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through a multitude of grain boundaries as they hop from particle to particle. This

hopping greatly increases the likelihood of electron-hole recombination. '

Figure 8.4. Electron transport through ZnO particle film (left) and through a vertically

oriented ZnO nanowire array (right).

Li and coworkers demonstrated that vertically oriented arrays of zinc oxide
nanowires grown on ITO can be used as photoanodes in water splitting (Figure 8.5)."
Furthermore, their group demonstrated that doping of these nanowires with quantum dots
of CdS or CdSe greatly increased their light absorption capabilities. Sensitizers, such as
CdS and CdSe, which have smaller band gaps than ZnO act as light harvesters and inject
electrons into the ZnO nanowires. In the water splitting scenario, hydrolysis itself drives
electron-hole recombination. Using a suitable electrolyte and counter electrode, Law and
coworkers have demonstrated a viable photoharvesting cell using similar sensitized ZnO

based photoanodes.'*

163



ZnO

[_@_. To counter electrode

Glass + conducting oxide

Figure 8.5 Water splitting using photoanode of ZnO nanowires.

Because of the semiconducting properties of some MOFs, described above, it may
be advantageous to grow them on semiconductingl ZnO. Zhan et. al. have shown that
ZnO nanowires can serve as sacrificial templates in the growth of a zinc and imidazole
based MOF, which grows as a kind of shell around the disintegrating ZnO crystals
vertically grown on ITO (Figure 8.6). The nanowires were reported to decrease in
diameter, providing Zn>" to the growing MOF, proportional to the increase in thickness
of the MOF shell."” This ore-shell approach, where the MOF film is only a few layers
thick and potentially envelopes the entire nanowire, may prove more successful in
photovoltaics applications than the polycrystalline film approach, or even the SURMOF
approach. The core-shell approach would provide a semiconducting nanowire with a
photosensitizing MOF shell, and could be an improvement to DSSC approaches where

molecular dyes or quantum dots are adhered randomly throughout the array.
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Figure 8.6 ZIF-8 MOF shell coating ZnO nanowires.

Oriented zinc oxide nanowires can be grown from high temperature (400°C)
vapor phase methods or from solution based synthesis at comparably lower temperatures
(25-200°C). Vapor phase methods result in highly oriented and tightly packed arrays of
nanowires, but are energy intensive and require specialized equipment. Low temperature
solution based methods are simple, inexpensive and allow synthesis on a larger variety of
substrates than vapor deposition, but require special considerations to achieve oriented
growth.'?

Obtaining solution based oriented growth of ZnO nanowires requires the use of a
growth directing agent such as hexamethylenetetramine (HMTA), which acts
simultaneously as a pH-buffer and growth templating agent. Nanowires (long, thin
hexagonal needles) and nanobelts (broad, flat hexagonal plates) are two typical ZnO
single crystal formations. In order to sustain the growth of ZnO single crystals in an
ordered fashion two factors have been shown to be important: the concentration of zinc
hydroxide complexes (Zn(OH);, [Zn(OH);]" and [Zn(OH),]* ) in solution must remain
low, and growth must proceed from a single crystal plane. If the concentration of zinc

hydroxide is too high, 0-D nanoparticles precipitate from the solution and no crystal
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growth is observed.'®"’ Many salts of Zn®" (nitrate, acetate, formats, perchlorate, and
chlorides) will form zinc hydroxide complexes in solution and quickly lower the pH.
HMTA acts as a pH buffer because it dissociates slowly in solution (below 100°C) to
form formaldehyde and ammonia, and in the process generates hydroxide ions at a steady
rate.'® Although HMTA is a poor ligand of Zn>" and does not form stable complexes with
the ion, its weak association with Zn>" has been suggested to play a part in the mediation
of zinc hydroxide formation. HMTA has also been suggested to direct ZnO nanowire
growth by preferentially adsorbing onto the polar facet (0001) of the growing
nanocrystal, thereby directing growth in the direction of the unhindered non-polar plane
(0010). Absorption onto the non-polar face would result in nanobelts, which are
observed when sulfate is present in solution.'®

Herein, it will be shown that vertically oriented zinc oxide nanowires (bearing the
same Zn4O structure as that of the Zn4O13 clusters in IRMOF-1'") grown on ITO can

serve as a functional platform upon which to grow zinc oxide based IRMOFs.

8.2 Experimental

8.2.1 Zinc oxide nanowire synthesis

Indium tin oxide (ITO) slides (2 cm x 1 cm, Sigma-Aldrich) were first seeded
with zinc oxide, using a 5 mM ethanolic solution of zinc acetate dihydrate
[Zn(CH3CO2)22H20, 98%, Mallinckrodt Chemicals], drop cast on the conductive
surface, then gently rinsed with pure ethanol and allowed to dry under a gentle stream of
atmosphere. This process of soaking, rinsing and drying was repeated five times. The
zinc acetate seeded slides were then placed on a hotplate (seeded side up) and heated to

350 °C for 20 minutes in atmosphere to form a zinc oxide seed layer.
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ZnO seeded ITO slides were placed (ZnO side down) at a 45 degree angle in a 20
mL glass scintillation vial, and fully submerged in 20mL of an aqueous solution of 25
mM zinc nitrate hexahydrate (Zn(NOs),*6H,0, 99.5%, Fisher Scientific) and 25 mM
hexamethylenetetramine (HMTA, C¢H2N4, 99.1 %, Fisher Scientific). The synthesis
vials were sealed with Teflon lined caps and placed in a static oven at 90 °C for four
hours. The vials were then removed from the oven and allowed to cool to ambient
temperature before being opened. The slides were removed and rinsed with dionized
water and allowed to dry either at room. ZnO nanowire synthesis times were varied from
one hour up to twelve hours in an attempt to determine the effect of nanowire length and
density on subsequent MOF growth. The zinc oxide nanowire arrays were examined
using both x-ray diffraction and scanning electron microscopy to determine their phase

and orientation.

8.2.2 IRMOF thin film synthesis on ZnO nanowire arrays

The ZnO nanowire arrays were dried overnight, then immersed (ZnO side down)
in 20 mL glass scintillation vials filled with a dimethylformamide (DMF, C3H7NO, 99.8
%, Macron) based IRMOF precursor solution, and heated in a static oven at 90 °C. The
precursor solution and synthesis time were varied according to the particular IRMOF
desired. In general zinc nitrate hexahydrate and one drop of hydrogen peroxide (30 %,
Fischer Chemicals) were first added to half fill the 20 mL scintillation vial containing the
ZnO nanowire array, then the appropriate organic ligand and HMTA solution (made
separately in DMF) was added to fill the scintillation vial—this was done to minimize
precipitation of MOF in the bulk solution. At the end of synthesis, the vials were allowed

to cool to ambient temperature, and all IRMOF coated slides were rinsed with pure DMF
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to remove non-adhered precipitate and any unreacted precurors. IRMOF-1 was grown
for 20 hours, in a solution containing 9 mM terephthalic acid (CsHe¢O4, 98+ %, Alfa
Aesar), 12.5 mM zinc nitrate hexahydrate, and 5 mM HMTA. IRMOF-3 was grown for
24 hours, in a solution containing 13 mM zinc nitrate hexhydrate, 19 mM 2-
aminoterepthalic acid (CsH7NOs4, 99 %, Sigma-Aldrich), and 13 mM of HMTA.
IRMOF-8 was grown for 20 hours, in a solution containing 20 mM zinc nitrate
hexahydrate, 20 mM 2,6-naphthalenedicarboxylic acid (C12H804, 98 %, TCI), and15
mM HMTA. IRMOF-9 was grown for 20 hours, in a solution containing 20 mM zinc
nitrate hexahydrate, 20 mM 4,4’- biphenyldicarboxylic acid (C14H1004, 98 %, Acros
Organics), and 10 mM HMTA.

Microwave synthesis of IRMOF-1 was carried out in a DMF solution containing
1.56 mM zinc nitrate hexahydrate and 1.13 mM therphthalic acid, heated to of 90 °C
(using 150 W irradiation, monitored by an infrared probe) for 10 minutes, in an Anton

Paar Multiwave 3000 rotary microwave.

8.2.3 Characterization of ZnO nanowire arrays and IRMOF films

Zinc oxide nanowire arrays and IRMOF films were characterized by grazing
incidence X-ray diffraction (GIXRD) using a Rigaku SmartLab diffractometer (Cu Ka
radiation, L = 1.54056 A, operated at 44 mA and 40 kV). Parallel beam optics were
employed, with a grazing incidence angle of 0.3% scan speed of 1.0 °/min, and step
size of 0.01°. Scanning electron microscopy (SEM) data was collected using a Carl
Zeis Ultra 55 Field Emission Scanning Electron Microscope, operated at 5 kV and
approximately 5 pA. Samples were first sputter coated with a 10nm layer of platinum to

disperse surface charge evenly.
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8.3. Results and Discussion

Figure 8.7 illustrates the growth process and morphology of the vertically
orientated arrays of zinc oxide nanowires grown on ITO, and subsequent growth of
IRMOF films. Figure 8.8 shows SEM cross-sectional views of the nanowire array with a
seed layer of solid zinc oxide (highlighted by horizontal cursor lines), and after
subsequent growth of IRMOF-1. Figure 8.9 shows a top-down view of the nanowire
array. Longer nanowire growth times did not produce any noticeable effect on nanowire
formation. Attempts to grow ZnO nanowires on clean glass substrate (microscope slides)
tended to form uneven, patchy film, with large zones lacking coverage, that were easily
removed by mechanical force or sonication, compared to those grown on ITO. MOF
growth on these ZnO coated glass slides were also uneven and weakly bonded to the
substrate as compared to syntheses using ITO. It can therefore be reasoned that the ITO
acts as a strong binding intermediate between the silicon oxide surface and the zinc oxide

seed layer.
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Figure 8.7 A graphic illustration (top) and photograph (bottom) of a polycrystalline
IRMOF film (right) grown on zinc oxide nanowire array (middle), previously grown on

an ITO slide (left).

Figure 8.8 SEM cross-section images of (left) ZnO nanowire array (with ZnO seed layer
shown between horizontal lines, 643.6 nm thick) on ITO substrate, and (right) IRMOF-1
grown on ZnO nanowire array (layers A: ITO; B: ZnO seed layer; C: ZnO nanowires, and

D: IRMOF-1).
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Figure 8.9 Top down view of ZnO nanowire array

The zinc oxide nanowire arrays serve as a nucleation layer upon which the MOF
microcrystals grow, and attempts to grow IRMOFs on either bare ITO or
Zn0O seeded ITO were not successful. Likewise, no MOF crystallites adhered to the
backside of the ITO slides (bare glass). Since the nanowires grown here are not tightly
packed or perfectly vertically oriented, but rather grow in an array of semi-acicular
clusters, it is understandable that a randomly oriented polycrystalline MOF film will
result.

IRMOF film growth was monitored by Scanning electron microscopy (SEM) to
determine the necessary growth time to achieve maximal film coverage. Figure 8.10
shows the coverage of IRMOF-1 at 5 hours, versus 20 hours, of growth. SEM and
grazing incidence X-ray diffraction (GIXRD) were used to further characterize the four
IRMOFs synthesized in this work. Figure 8.11 shows SEM images for the four IRMOF

films, and figure 8.12 gives their respective GIXRD data.
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Figure 8.10 SEM of film coverage of IRMOF-1 after 5 hours (left) and after 20 hours

(right) of growth.

Figure 8.11 SEM images of (A) IRMOFI1, (B) IRMOF-3, (C) IRMOF-8, and (D)

IRMOF-9 films grown on ZnO nanowire arrays.
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Figure 8.12 GIXRD data for IRMOF films compared to their calculated powder patterns

(red bars). Asterisks indicate peaks indexed to zinc oxide.

Of the four IRMOF films, IRMOF-3 shows the lowest crystallinity. As a result,
the crystallographic preferred orientation (CPO) indexing method'® was used to quantify
the degree of orientation for each film, except IRMOF-3. Figure 8.13 shows the GIXRD
pattern for each IRMOF compared to its corresponding powder pattern. The ikl indicies

labled in the powder patterns denote the peaks used to perform the CPO index
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calculation. IRMOF-1 displayed (220) out-of-plane orientation (CPOxzz00200 = 26),
IRMOF-8 displayed no preferred orientation (CPOj19/110 = 1.6), and IRMOF-9 displayed
only minor prfered orientation with respect to the (111) plane (CPOy11/110 = 15). Given
the likelihood of MOF nucleation at random along the ZnO nanowires, it is not expected
that these values should hold constant between different syntheses of the same IRMOF,

however. To that effect, these films should likely be considered randomly oriented on

average.
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Figure 8.13 GIXRD patterns of IRMOF films compared to their respective powder

patterns. hkl-indicies in powder pattern indicate peaks used to calculate CPO index.

Microwave synthesis was explored as a faster synthesis option, but the film
coverage results were generally poorer. Figure 8.14 illustrates the growth of IRMOF-1

after 10 minutes at 90 °C. It is interesting to note the ZnO nanowires protruding through
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the thin IRMOF film, indicating nucleation occurs along the sides of the nanowires. Clear
evidence of an initial IRMOF layer and a subsequent secondary growth layer is indicated
by the larger crystallites which appear to grow on top of the initial layer. Figure 8.15
shows the GIXRD pattern which confirms the phase purity of the MOF. The low peak
intensity, compared to the conventional oven synthesis, may be explained by the thinner

film growth in the case of microwave synthesis.

Figure 8.14 SEM images of microwave synthesized IRMOF-1 from the side view (left)

and top down (right).
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Figure 8.15 GIXRD pattern for microwave synthesized IRMOF-1. The asterisks labeled

peaks were indexed to ZnO.
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8.4 Conclusion

A new approach to MOF thin film formation on vertically oriented zinc oxide
nanowire arrays grown on ITO has been developed. Scanning electron microscopy, as
well X-ray diffraction, was used to verify the presence of the ZnO nanowires and four
distinct IRMOF films. Both the ZnO nanowire arrays and IRMOF films were well
adheared, and the IRMOF films were relatively phase pure and pin-hole free in each case.
IRMOFs did not grow on bare glass, ITO or ZnO seeded ITO, indicating the necessity of
the oriented nanowires, with their high surface area, for IRMOF nucleation. The recent
work demonsterating the potential semiconducting properties of IRMOF-1 should make
this synthesis method relevant to photoharvesting applications, where MOFs may be

advantageous due to their high surface area and customizable surface chemistry.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

The work presented in chapters 7 and 8 demonstrates two new approaches to
MOF film synthesis on the conductive transparent substrate ITO. The synthesis of MOF
films on conductive and transparent substrates, such as ITO, presents the opportunity to
take advantage of the unique properties of MOFs that can participate in photo-
stimulation, ligand to metal charge transfer, and/or guest-mediated conductivity. The
simplicity of the chemistry involved in both the anodic electrodeposition of MOF films
on metal deposited ITO, and the hydrothermal deposition of MOF films on ZnO
nanowire arrays grown on ITO, should indicate the relative ease of scalable production.
Additionally, the microwave synthesis of MOF films grown on ZnO nanowire arrays, and
the electrochemical deposition method should be of particular interest for scale up
production, as the synthesis time is dramatically shortened compared to conventional
hydrothermal methods or LbL methods of growing MOF films on SAM functionalized

supstrates.

9.2 Future Work

Applications in chemical sensing, modifiable dielectric coatings, and
optioelectronics come to mind when considering the uses for MOF films grown on ITO.
Future work with both anodic electrodeposition and hydrothermal growth on ZnO-ITO

should be driven with specific applications in mind, rather than pure proof of concept that
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such structures can be formed on ITO substrate. In particular, the synthesis of truly
conductive MOF films on ITO would prove interesting for photovoltaics applications.
Particular limitations exist with the use of IRMOFs as they tend to be inherently
unstable outside of the DMF templating solvent. Additionally the use of different metal
oxides and different oxide layer morphologies (shorter nanowires or nanoseeds) should
be explored to enhance potential application of MOF films deposited on semiconductor
metal oxide coated ITO. Simple photovoltaic cell experiments, using MOF-MO-ITO,
may be designed using I3/31" electrolyte and a platinum sputtered counter electrode.
Preliminary work in this vein could help determine not only which MOFs will be suitable
and stable over time, but also how different metal oxides, and the morphology of the MO
layer, affect the light harvesting and electron shuttling properties of the MOF-MO-ITO.
Utilizing the film synthesis techniques described in chapters 7 and 8 to
integrate MOFs into electronic devices will require a great deal of refinement. For
instance, the randomly oriented polycrystalline, and often multi-layered,
morphology of these films present immediate challenges to the characterization of
electronic conductivity, as well as many envisioned electronic applications—where
thin, single layer, preferably oriented (to take advantage of anisotropic effects) MOF
films are desired. Ideally, an imaging technique such as conductive AFM (CAFM)
that can simultaneously probe electronic conductivity of the pure MOF film, or after
intercalation of some conductivity altering guest species (like in the case of
TCNQ@HKUST-1),! would give valuable insight into the applicable limits of MOF
film thickness and orientation on a conductive substrate. The small, thin crystals of
HKUST-1 or CBBr, grown on Cu octahedra deposits in Cu-ITO within the first few

minutes of applied bias, are ideal candidates for CAFM characterization. These
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characterization experiments were in fact attempted for HKUST-1 grown on Cu-
ITO—though the results were inconclusive. Attempting such experiments with the
fully grown EMOF films would be presumably less successful, just as conductivity
experiments using two-point probe measurements on compressed MOF pellets
show remarkably lower conductivity than experiments carried out on single MOF
microcrystals.?3 In both cases, characterization of single crystal layers are necessary
to differentiate between intrinsic and defect mediated conductivity—the later
arising primarily from grain boundary effects, inherent in multilayer polycrystalline
films. Additional characterization methods will be needed in order to probe other
potentially exploitable MOF film properties, particularly as applicable to chemical
sensing, such as resistance switching,* guest-tunable spin crossover,> and reversible
ferromagnetic-antiferromagnetic behaviors.®

None of the MOFs presented in chapter 7 are known to be intrinsically
conductive. Those built using carboxylate ligands have been theoretically and
experimentally determined to be insulators,!7 while no conductivity research could
be found on CBBr. The intrinsic and induced conductivity of HKUST-1 has been
extensively studied,’7-10 and its successful growth by anodic deposition on ITO may
present value to the research community. The other three EMOF films are more or
less illustrative of the wider applicability of this method, using different metal and
ligand combinations via the same electrochemical processes. This versatility is
desirable, since there is growing evidence that the conductivity of the MOF can be
intrinsically tuned by appropriate choice of metal, linker, and linker modification.

The IRMOF films grown on ZnO nanowire arrays in chapter 7 may be of value

to research focusing on light harvesting applications of MOFs. Aromatic ligands used
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to design MOFs can act as photoantennae, participating in ligand-to-metal charge
transfer. In this sense, the organic ligands of MOFs act as the dye in a dye sensitized
solar cell (DSSC). For such applications, closed shell zinc(II) cations in the MOF
framework may be preferable, as they limit the opportunity for electron-hole
recombination, making IRMOF’s of relevant interest.1! The porosity of the MOF can
serve to hold electrolyte in such applications as well.

Energy harvesting applications, such as photovoltaics, will require
determining the appropriate MOF based on band gap, proper alignment of MOF
LUMO and HOMO levels with the conduction band of the semiconductor upon which
they are grown (TiO2, ZnO, etc), as well as with the valance band of the electrolyte
used in the photovoltaic cell. To date, few band gap studies have been conducted to
determine values for the large library of candidate MOFs.11

Considering MOF thin film materials integrated into modern electronics will
require even more refinement of both deposition methods. Whether a MOF layer is
to be integrated into a multi-layer chip, during conventional microfabrication, (e.g.
as an embed dielectric layer) or as an outer layer coating (e.g. chemical sensing) will
greatly impact the manner in which the MOF (and subsequent material layers) is
deposited (and protected, if need be, during subsequent material layer depositions).

As stated in the Handbook of thin film deposition: techniques, processes, and
technologies (34 edition), the first steps toward the integration of MOFs in
microelectronics will be mastering deposition with precise control over film
composition homogeneity, thickness, roughness, and crystallographic orientation
(depending on application).1? The work present here covers a least a few of these

considerations (depositions by EMOF procedure were of homogenous films with
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controllable thickness and roughness). But, over all, these techniques require more
finesse to achieve single layer films, with appropriate characterization of the MOF-

substrate (metal or oxide) contact.
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Appendix

A.1 Supplemental Information (Chapter 3)

Table S3.1 Catalyst screening results®

1) Metal Salt

Reducing Agent
NO:  NeOH, NH,
T T
HyC 2) H, Source HoC
25°C
Reducing . o/ \b
Entry Metal Salt Support H, Source Yield (%)
Agent

1 ZnBr, NaBH,4 - N2H4°H20 0%
2 II’IC13 NaBH4 - N2H4°H20 0%
3 CuCl, NaBH, - N,H,*H,0 0%
4 InBr; NaBH,4 - N2H4°H20 0%
5 N1C12’6H20 NaBH4 - N2H4°H20 85%
8 N1C12’6H20 -- -- N2H4°H20 0%
9 -- NaBH4 - N2H4°H20 0%
10 -- NaBH, MASN N,H4*H,O 0%
11 NiCl,*6H,O NaBH4 MASN N,H4*H,O 94%
12 N1C12’6H20 NaBH4 - N,H4*Acetate 0%
13 N1C12 ® 6H20 NaBH,4 MASN N,H4*Acetate 15%°

* Reaction conditions: nitroarene (2 mmol), metal salt (10 mol%), reducing agent (20 mol%),
hydrazine hydrate (10 mmol), MeOH (8 mL), 25 °C, 24 h, under argon atmosphere.

® Isolated yield.

° Ratio based on NMR.
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Figure S3.1 NBC supported on mesoporous silicate nanoparticles (NBC-MSN),

showing large particles of NBC not bound to MSN.
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Figure S3.2 EDS spectrum for NBC-MASN.
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Figure S3.3 EDS spectrum for NBC.

Figure S3.4 Segregation/crystallization of Ni in NBC-MASN after electron beam

exposure for 5 min.

188



900

Gray Value
~ @
(=] [=]
(=] o

@
(=3
(=]

500

0.0 05 1.0 1.5 20 25
Distance (nm)

Figure S3.5 The electron diffraction pattern from Ni in the unsupported NBC material

(left) and the lattice spacing plot from the corresponding HRTEM (right).
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Figure S3.6 PXRD of NBC-MASN after MeOH reflux followed by Ny(g)-calcination.
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Figure S3.7 ''B NMR of NBC refluxed in methanol for 3 h.

Table S3.2 Gas evolution analysis of NBC for differing ratios of Ni:BH4 and NBC-

MASN
NiCl,:NaBH,  NiCl, NaBH, H, Evolved  Theoretical Amount of H, Percentage of H, Evolved
1:2 0.5 mmol 1 mmol 2.05 mmol 4 mmol 51%
1:1 0.5 mmol 0.5 mmol 0.85 mmol 2 mmol 43%
1:0.5 0.5mmol  0.25 mmol 0.54 mmol 1 mmol 54%
Ni:NaBH,  Ni-MASN NaBH, H, Evolved  Theoretical Amount of H, Percentage of H, Evolved
1:2 0.15mmol 0.3 mmol 0.71 mmol 1.256 mmol 56%
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Figure S3.8 Intermediates formed during the catalysis after 1 h, 2 h, and 3 h.
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NMR Data

Chemical shifts in ppm are referenced to the signal of the solvent (CDCls, 6y = 7.26).
Coupling constants J are given in Hz and signal multiplicities are abbreviated as s
(singlet), d (doublet), t (triplet), m (multiplet), and br (broad). The proton and carbon
spectra follow the list of chemical shifts in the same order.

NH»

4-Toluidine?

1H NMR (500 MHz, Chloroform-d): § 7.00 (d, J = 7.5 Hz, 2H), 6.63 (d, / = 8.2 Hz, 2H),
3.46 (s, 2H), 2.27 (s, 3H). 13C NMR (CDCl,, 500 MHz): 6 143.8, 129.8,127.8, 115.3,
20.5

L
NH2

4-lodo-aniline?
IH NMR (500 MHz, Chloroform-d): 6 7.41 (d, ] = 8.6 Hz, 2H), 6.47 (d, ] = 8.7 Hz, 2H),
3.49 (s, 2H). 13C NMR (CDCL, 500 MHz): 6 137.9, 117.3

S

ZNH,

Anilinel2
IH NMR (500 MHz, Chloroform-d): 6 7.19 (t, 2H), 6.77 (t,] = 7.4 Hz, 1H), 6.69 (d, ] =
7.5 Hz, 2H), 3.66 (s, 2H). 13C NMR (CDCl,, 500 MHz): 6 143.4,129.3,118.6, 115.2

Br\©\
NH,

4-Bromo-anilinel-3
1H NMR (500 MHz, Chloroform-d): § 7.24 (d, J = 8.5 Hz, 2H), 6.57 (d, ] = 8.6 Hz, 2H),
3.65 (s, 2H). 13C NMR (CDCL, 500 MHz): 6 145.4,132.0, 116.7, 110.2

L
NH2

4-Chloro-anilinel24
1H NMR (500 MHz, Chloroform-d): & 7.10 (d, / = 8.7Hz, 2H), 6.60 (d, / = 8.7 Hz, 2H),
3.60 (s, 2H). 13C NMR (CDCL, 500 MHz): 6 144.9,129.1,123.1,116.3

192



Bl
HsC NH,,

4-Bromo-3-methylaniline>®

1H NMR (500 MHz, Chloroform-d): 6 7.25 (d, ] = 8.0 Hz, 1H), 6.57 (s, 1H), 6.39 (d, ] =
8.1 Hz, 1H), 3.59 (bs, 2H), 2.30 (s, 3H). 13C NMR (CDCL, 500 MHz): § 145.7, 138.4,
132.7,117.5,114.3,112.9, 22.9

Yo

NH,
1-Aminopyrene’
IH NMR (500 MHz, Chloroform-d): 6 8.05 (d, J = 6.2 Hz, 2H), 7.98 (s, 3H), 791 (d, ] =
8.5 Hz, 2H), 7.82 (s, 1H), 7.39 (s, 1H), 4.52 (bs, 2H). 13C NMR (CDCl, 500 MHz): &
140.9, 132.2, 131.6, 127.6, 126.1, 125.5, 124.3, 124.1, 123.8, 123.6, 120.2, 116.9,
113.9
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