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Design, Synthesis, and Characterization of Transition Metal Oxide Based Functional

Materials for Multi-Phase Catalytic Applications

Chung-Hao Kuo, PhD
University of Connecticut, 2015

In this thesis, the main focus lies on the nanotechnological synthetic approaches available
to heterogeneous catalysis. The seven chapters provided discuss the usefulness of such approaches
in multi-phase systems. We discuss several important topics, including the use of carbon nanotubes
as support, ligand-free synthesis of metal nanoparticles, and surface chemistry in the production
of active metal oxide nanoparticles with well-defined sizes and compositions as a way to control
the surface hydrophobicity for use in moisture-saturated gas-phase CO oxidation. Additionally,
we introduce the use of solid acids as catalysts for the production of biomass derived platform
molecules. High conversion and selectivity can be achieved by controlling the surface area and
Bransted/Lewis acid sites of TiO2 nanoparticles. Next, we focus on the design and modification of
manganese based nanomaterials for photo- and electrochemical water splitting reaction. We first
demonstrate that using manganese oxide as support with gold nanoparticles can result in a strong
enhancement of catalytic activity for the water oxidation reaction. The enhanced activity of
manganese oxide strongly correlates with initial valence of Mn. In Chapter 5, we consider the
production and modification of high surface area mesoporous materials and active phases.
Reference is then made to the more complex active sites that can be created or carved on such
supports by using organic structure-directing agents. Finally, we follow with discussing the ability
to achieve multiple functionality in catalysis via the design of specific facet exposed manganese

oxide nanoparticles. The active MnO facets with higher adsorption energy of oxygen species can
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largely promote electrocatalytic activity. We conclude with a personal and critical perspective on
the importance of fully exploiting the synergies between nanotechnology and surface science to

optimize the search for new catalysts and catalytic processes.
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Chapter 1. Introduction.

1.1 Overview of Heterogeneous Catalysis

The use of heterogeneous catalysis is widespread in the chemical industry and there are
estimates that over 90% of chemical manufacturing is based on or relies on catalytic processes.?
In more recent applications, the focus is not only on promoting reaction conversion, but also on
suppressing side reactions. This has been developed to improve reaction yield, to simplify
chemical manufacturing processes by eliminating the use of catalysts, and to reduce the production
of hazardous side products. A better control of the nature of the solids used as catalysts leads to a
better control of their catalytic activity, selectivity, and stability. The emphasis on reaction
selectivity has opened up new challenges on the requirements for the control of the characteristics
of heterogeneous catalysts. The traditional preparation of catalysts via precipitation and solid state
synthesis methods lacks control over morphology and nature of the solids and relies on averaging
the effects of many different particles. Therefore, it is difficult to modify activity and selectivity

of such materials.

With the development of nanotechnologies in recent years, the synthesis of more complex and
distinct materials has become possible, and with many of those having been implemented in
catalysis.>® New synthetic approaches enable us to not only produce materials with specific size,
but also to grow complex composites with different substrates as well as to control the surface
behavior of the materials. The fulfillment of afore-mentioned specific requirements in catalysis is
greatly improving the design and preparation of well-defined heterogeneous catalysts with highly

desirable properties.



1.2 Background and Significance
1.2.1 Heterogeneous Catalyst in CO Oxidation

The understanding of the oxidation of CO as a prototypical reaction for heterogeneous
processes has motivated enormous progress and fundamental insight. CO oxidation is one of the
well-known heterogeneous reactions and can be regarded as a probe system for examining the
activity of a prepared catalyst. From a chemist’s point of view, the simple reaction: 2CO + O, —
2CO; can be described as the oxidation of CO to form CO>. However, considering that this reaction
consist of a three stage process (diffusion, adsorption, and surface reaction) when heterogeneous
catalysts are incorporated, the inherent mechanisms are more complicated than the reaction
formula shown above. The reaction may be able to occur with the use of a catalyst through
activation of oxygen molecules closest to the location of chemisorbed CO molecules, thus allowing
a spatially decoupled combination to give the product molecule CO». This presents the challenge
of investigating the underlying processes at the atomic level and understanding the entire course

of the reaction, including its complexity under reaction conditions.

Current heterogeneous catalysts used for CO oxidation can be separated into three main
categories: metals, metal oxides, and supported composites. CO oxidation over metals has been
studied in detail elsewhere, and the development of commercially available catalytic converters in
the 1970s already pointed out the exceptional activity of noble metals (Pt, Pd, Rh) for CO
oxidation.* However, due to the relatively limited resources of noble metals and the remarkable
progress in oxide preparations, catalytic oxidation of carbon monoxide over oxide catalysts has
recently gained much interest. In general, noble metals are more active than base metals. However,
some oxides, especially those of Co and Cu exhibit an interesting activity for CO oxidation.

Undesirable behavior in cycled transient conditions and high susceptibility to deactivation by
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sulfur and water are the main reasons that prohibit the practical applications of base metal oxide

catalysts.>

1.2.1.1 Cobalt Oxide in CO Oxidation

The nature of cobalt oxides and especially the proportion of Co?*, Co**, and even Co*" was
investigated extensively for CO oxidation. Among all accessible types of cobalt oxide, the most
active form would be Co304 in which cobalt is present in two valence states (2* and 3%). The crystal
structure of Co3O4 is an ideal spinel structure in which Co?* cations occupy one-eighth of the
tetrahedral sites while Co®" cations occupy half of the octahedral sites. The spinel CosOs is also
the most stable oxide between 350 °C and 900 °C. Cobalt oxides have been widely used as
precursors to cobalt metal catalysts for Fischer-Tropsch synthesis.® The first comprehensive
studies on hydrocarbon oxidation of various unsupported CosO4 catalysts were performed by Yu
Yao et al. in 1974.” The important conclusion made was the fact that cobalt oxides containing
Co**/Co®" ion pairs are very active in CO oxidation. Specific sites for O adsorption (Co?*-O- Co%*)
and for CO adsorption (Co?*-CO) require a good balance between Co?* and Co®* species for an
optimum activity in oxidation. Further evidence showed that CozO4 has the lowest activation
energy (18 kdmol ), much lower than that of CoO (38 kJmol™). The cluster size of CosO4 was also

shown to be a factor that affects the activity.®

1.2.2 Heterogeneous Biomass Conversion Reaction

Fossil fuels are still the primary carbon feedstocks for fine chemical synthesis and energy

sources.® However, the increasing demand for fossil resources has raised many problems such as
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environmental degradation and global fossil carbon emission. The development of alternative
resources is important in decreasing the demand for fossil fuels. Many reported works on biosource
chemicals either deal with a large variety of biomass feedstock and reaction types or focus on
specific feedstocks such as carbohydrates, triglycerides, glycerol, 5-hydroxymethylfurfural,
cellulose, hemicelluloses and pentoses, lignin, and lignocellulose. Some works were dedicated to
specific reaction types such as hydrogenolysis/dehydroxylation, telomerization, metathesis, and
oxidation. Heterogeneous catalysts have only been recently utilized as a central element in biomass
conversion.!? Several solid acids such as zeolites,'*"** metal oxides,** polymer based acids,*® and
heteropoly acids®’ have been widely used to convert carbohydrates. Although solid acids are
more easily separated, recycled, and environmentally benign, there are still considerable
opportunities for improving the selectivity and mass transfer process of the insoluble polymers and
heterogeneous catalysts. The key aspect is the use of a molecule that is derived from sugars and
can be flexibly converted to either chemicals or biofuels, but without the loss of carbon atoms (i.e.
preserving intrinsic energy). This requires new catalytic (multifunctional) chemistry that offers the
advantage of utilizing the established knowledge on tailored synthesis in terms of pore and crystal

engineering, presence of different active acids, and redox sites.

1.2.2.1 Zeolite as Catalyst in Biomass Reaction

Zeolites and related materials have been one of the areas in the field of materials and catalysis
with the largest impact on science, technology, and industrial processes. The use of zeolites in the
field of biomass conversion has been studied extensively. Taarning et al.** have discussed the
conversion of lignocellulosic material or monosaccharides using Ti and Sn beta zeolites as the

catalysts. Due to the high Lewis acidity of such catalysts, the formation of alkoxyl lactates can be
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achieved in alcohol media. Huber and coworkers®® have instead discussed the role of Lewis and
Brensted acid sites in the design of catalysts for aqueous-phase dehydration of carbohydrates.
Davis and coworkers'® further demonstrated the possible mechanism using **C labeling NMR
characterization for the isomerization of trioses to lactic acid and for the isomerization-
esterification to form lactate esters. Interestingly, in another example, Corma and coworkers?°
presented the enhancement of biomass conversion using the combination of Lewis and Brgnsted

acids zeolite type catalysts.

1.2.2.2 Sulfated Metal Oxide as Catalyst in Biomass Reaction

Sulfated metal oxides are also a useful group of strong acid catalysts in biomass conversion.
Modification of the metal oxide surface with a suitable sulfated process can develop the ability to
catalyze reactions characteristic of very strong acid catalysts at low temperatures, although with
limited lifetimes. The nature-active catalytic site has been proposed in many different studies. In
general, different models of the active site can be based on the symmetry of the coordinated sulfate
ion on the surface of metal oxides.?* In the case of SO4?/ZrO, materials, Brgnsted-Lowry acidity
can be generated by an inductive effect when sulfate adopts a bridging Cov symmetry. For
heterogeneously catalyzed biomass reactions with sulfated metal oxides, Brgnsted acidity driven
reactions tend to produce platform molecules such as 5-hydroxymethylfurfural or levulinate esters.
Several examples of the sulfated acidic catalysts for transformation of fructose into levulinate
esters have been reported. These include nanoparticles of TiO2,2? carbon nanotubes functionalized
with sulfonic acids,?® mesoporous sulfonated materials such as SBA-SOsH,?* SO42/Ti02,2° SO4*
1Zr0,.2% With fructose as the starting resource, levulinate esters can be produced in 57~78% yield

with a corresponding alcohol at 130~200 °C. With glucose, the given levulinate esters produce

5



lower yields (13~50 %) than fructose and require harsher reaction conditions, i.e. higher

temperatures, stronger acidity of the catalyst, and a longer reaction time.

1.2.2.3 Heteropoly acid as Catalyst in Biomass Reaction

Among the many acid catalysts discussed above, heteropoly acids (HPAs) are another
preferred choices. The high crystalline nature of HPAs often presents intrinsic low specific surface
areas. To overcome such a problem, HPAs are usually used with metal oxide supports that have
high specific surface areas. Dharne et al.?” demonstrated the importance of HPA loading for
supported HsPW12040 or (NH4)sPMo012040 on montmorillonite. Similarly, Nandiwale et al.?
deposited HsPW12040 on partially desilicated ZSM-5 zeolite. The catalysts exhibited enhanced
textural and acidic properties and allowed for high conversion and higher selectivity to levulinate
esters. However, the loss of activity due to HPAs leaching on the substrate surface often occurred.
The use of HPAs inserted within oxide matrixes as catalysts can stabilize the active phase over
leaching. Pasquale et al.?° incorporated Hz3PM012040 or HaSiW1204 in silica frameworks to form
mesoporous solids. The confinement of the HPA into mesopores facilitates the mass transport of
reactant and products. Su et al.>* reported the introduction of H3PW1204 in a zirconia-modified

mesoporous organic silica matrix.



1.2.3 Transition Metal Based Catalyst for Water Oxidation Reaction

Artificial photosynthesis is a process in which solar energy is used to reduce a substrate into
an energy-rich chemicals while generating fuel either for direct combustion or for fuel power cells.
The key task to yield a breakthrough for constructing an artificial photosynthetic device requires
detailed understanding of the catalytic aspects of photo- or photoelectro-driven water oxidation.
In the majority of related studies in the past two decades, many homogeneous catalysts were made
of noble metals such as, ruthenium, iridium, and rhodium.3! The studies dealing with molecular
aspects of the catalysts provide hints for development of novel efficient catalysts and help gain
clues to reveal the mechanism of Oz evolution catalyzed at the photosynthetic oxygen evolving
complex (OEC) whose active site is known to consist of a tetramanganese-oxo cluster.3? However,

these noble metal catalysts significantly increase the cost for real applications.

With respect to the heterogeneous catalysts in water splitting, first-row transition metal oxides
have been investigated extensively since the 1980s%*3, forming a large part of commercially
available electrolyzers. Ni and Co oxide based OER catalysts have shown superior catalytic
activity. Various Mn oxides have also been reported to catalyze the OER; with the extent of
catalysis being based on the modification of synthetic method as well as on the nature of the dopant
(such as Mo or W). However, there are two main drawbacks to using first-row transition metal
oxides for the water splitting reaction: difficult characterization and benchmarking as well as
limited working conditions. The activity of metal oxide catalysts depends on many parameters,
including preparation method, material structure, morphology, etc. The lack of exact structural and
electronic information about the active sites makes it difficult to optimize these activities.3%%
Moreover, most metal oxide catalysts are efficient only in alkali conditions, and are inactive in

neutral or acidic environments. Based on current progress, the design of highly active materials as



bifunctional catalysts for simultaneously generating H2 and O is still a challenging issue, which

is crucial for improving the overall efficiency of water electrolysis.83°

1.2.3.1 Catalytic Methods Used for Water Oxidation Reaction

Catalytic methods used to evaluate catalyst activity can be categorized into photochemical,
chemical, and electrochemical when considering the water oxidation reaction. In photochemical
methods, the well-established Ru(bpy)s**-S.0s> (bpy = 2,2’-bipyridine) system with visible light
irradiation is often used. This system can provide a modest overpotential (1) of 370 mV. The

overall photo-electrochemical reaction of this system is: 2Ru(bpy)s** + S,05%” + hv —

2Ru(bpy)s>* + 50,7, where Ru(bpy)s?* is a photosensitizer and S,0s? is a sacrificial electron
acceptor. The Ru(bpy)s®* species can be reduced back to Ru(bpy)s?* by pulling one electron from
the catalyst, whereas water molecules lose electrons and get oxidized to form O». The generated
02 in solution is often measured by the Clark-type electrode system. In chemical oxidation system,
one-electron primary oxidants such as cerium (IV) ammonium nitrate (CAN) are typically used.
Higher overpotential () of 530 mV is achieved by using such oxidant. These one-electron oxidants
may better mimic the multiple, sequential, single-electron transfer events which take place in
natural photosynthesis, and studies on water oxidation catalysts driven by these one-electron
oxidants show promise for adaptation to light-driven systems (i.e., artificial photosynthesis).
Headspace-released O- is often measured and quantified by gas chromatography due to relatively

higher oxidative activity of such oxidants.



In electrochemical oxidation methods, the term oxygen evolution reaction (OER) is often used.
The overall electrolysis of water is presented below. The OER reaction takes place at the anode

and hydrogen evolution reaction (HER) at the cathode.

Anode: 2H 0" — 4H "+ Oz +4e ..o @
Cathode: 4H" +4e™ — 2Ho ..o (2)
Cell: 2H20 —> 2H2+ On vooeeeeeeeeeeeeee e, ©)

Due to the large energy barrier in electrochemical oxidation of water, OER is regarded as one
of the most difficult electrolytic reactions in an electrochemical cell, in which the cell voltage (i.e.
the energy consumption of the process) is governed by the anodic reaction. The catalyst used here
is thought to participate in the reaction mechanism in such a way that charge transfer is facilitated.
OER results from reactions in series show that hydroxyl radicals are the important intermediates

produced during OER.

For the discussion of the mechanism in the OER reaction using heterogeneous electrocatalysts,
the first common step is the discharge of water molecules to hydroxyl radicals at the anode
surface.®® The subsequent steps depend on the strength of the interaction between the hydroxyl
radicals and the electrode surface which, in turn, depends on the nature of the electrode material.
Atomic oxygen is later formed and adsorbed at the surface followed by fast recombination into
molecular oxygen. At the active electrodes, a strong interaction with hydroxyl radicals exists and
the oxygen evolution reaction occurs via the formation of higher oxides. In contrast, at the non-
active electrodes, the substrate does not participate in the process and the oxidation is assisted by

hydroxyl radicals that are weakly adsorbed at the electrode surface.



1.2.3.2 Manganese Oxide Based Catalysts for Water Oxidation reaction

Manganese is one of the most studied metals in water oxidation catalysis,*

exhibiting
remarkable efficiency within a tetramanganese and calcium cluster in the photosystem Il (PS II).
Therefore, manganese oxide surfaces and molecular mimics are potentially interesting materials
in water oxidation catalysis. Dismukes et al. reported the use of nanocrystalline A-MnQO; as a water
oxidation catalyst, and this is believed to be the first example of a heterogeneous system.*? The
delithiation of Spinel LiMn;O4 to form cubical MnsOs substructure in A-MnO; successfully
mimics the CaMnsO4 core of the PSII-WOC structure. A number of Mn-based catalysts such as
MnOOH, a-MnOz, B-MnO2, amorphous MnOx, and Mn3O4 have already demonstrated activity for
the WOR, particularly the a-Mn2O3 phase. The hypothesis has been made by Dismukes et al.,
stating that Mn3*—O edge sharing octahedra at the surface are more reactive due to the weaker,
more flexible bonds.** However, the Mn®" species are unstable under acidic and even neutral
conditions due to their disproportionation into Mn?* and Mn** for the formation of less active
MnO:; on the catalyst surface. Therefore, several examples using Li* or mixed-metal oxide systems
are reported for the purpose of stabilizing Mn3" in the catalyst structure. Other efforts dealing with
adjusting catalyst morphology,** enhancing surface area by loading MnOx on supports,* and
increasing activity with noble metal loaded*® are also reported. Many efforts are still needed in

order to overcome the limitation of working conditions and to improve the long-term catalytic

activity.
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Chapter 2. Facile Synthesis of CosO4@CNT with High Catalytic Activity for CO Oxidation

under Moisture-Rich Conditions.

2.1 Overview and Abstract

The catalytic oxidation reaction of CO has recently attracted much attention due to potential
applications in the treatment of air pollutants. The development of inexpensive transition metal
oxides catalysts that exhibit high catalytic activities for CO oxidation is in high demand. However,
these metal oxide catalysts are susceptible to moisture, as they can quickly be deactivated in the
presence of trace amounts of moisture. Our work here concentrates a facile synthesis of highly
active Co304@CNT catalysts for CO oxidation under moisture-rich conditions. Our synthetic
routes are based on the in situ growth of ultrafine CozO4 nanoparticles (NPs) (~2.5 nm) on pristine
multi-walled CNTs in the presence of polymer surfactant. Using a 1% CO, 2% O> balanced in N2
(normal) feed gas (3-10 ppm moisture), a 100% CO conversion with CozO4@CNT catalysts was
achieved at various temperatures ranging from 25 to 200°C at a low O2 concentration. The
modulation of surface hydrophobicity of CNT substrates other than direct surface modification on
the Cos04 catalytic centers is an efficient method to enhance the moisture resistance of metal oxide
catalysts for CO oxidation. After introducing fluorinated alkyl chains on CNT surfaces, the
superhydrophobic Cos04@CNT exhibited outstanding activity and durability at 150°C in the
presence of moisture-saturated feed gas. These materials may ultimately present new opportunities

to improve the moisture resistance of metal oxide catalysts for CO oxidation.
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2.2 Introduction

Carbon monoxide (CO) from the incomplete combustion of hydrocarbon fuels is one of the
major air pollutants.! The catalytic oxidation reaction of CO has become increasingly important in
diminishing the emission of CO through the pretreatment of effluent gas from various industries
and automobile exhaust. Although noble metal catalysts or supported noble metal catalysts (i.e. Pt,
Pd, and Au) have proven to be the most active,?® the high cost of such catalysts largely limits their
extensive applications. In this context, inexpensive metal oxide catalysts have recently attracted
attention. Particularly, CozOs, CuO and MnO- exhibit high catalytic activities for CO oxidation.®-
19 The metal oxide catalysts, like Co3O4, however, are susceptible to moisture, as they can quickly
be deactivated in the presence of trace amounts of moisture (> 3 ppm). To date, the development
of highly active Co304 catalysts for CO oxidation that operate at high moisture conditions is still
very challenging. Recent reports have demonstrated that nanostructures®!” 2° and surface
properties of Co304 catalysts!® 1819 2L play important roles in the activity of catalysts under
moisture. On one hand, the active species of Co®" cations are distributed on (110) facets of the
spinel structure Cosz04.22 The synthesized nanostructures that can selectively expose such facets
are particularly beneficial for their catalytic activity. Xie et al. reported that CozO4 nanorods were
much less sensitive to water and highly active for CO oxidation at low temperature (-77°C) using
normal feed gas (3-10 ppm moisture).* The predominant exposure of (110) facets, which enriched
active species of Co®" on the surfaces along nanorods, resulted in efficient interactions with CO.
On the other hand, the hydrophobicity of the catalyst surface disrupts the affinity of water to the
Co304 surface. For example, Co304 coated with hydrophobic polydimethylsiloxane can prevent
deactivation of catalysts in the presence of water.’® However, the active sites/surface of these

catalysts can easily be blocked by hydrophobic coatings, thus decreasing catalytic efficiency.
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In the present study we report a facile and robust wet-chemical approach to synthesize
Co304@CNT with high catalytic activity for CO oxidation. Carbon nanotubes (CNTs) with large
surface area have been widely used as 1-dimensional substrates to support the growth of various
nanostructured Co304.2%32 Our synthetic route, herein, is based on the in situ growth of ultrafine
Co0304 nanoparticles (NPs) on pristine multi-walled CNTs (Figure 2.2), without any covalent
functionalization or chemical oxidation of the CNT surface. By controlling hydrophobicity of CNT
substrates other than direct surface modification of the Co3O4 catalytic centers, Co30Os@CNT
catalysts are markedly active for CO oxidation and 100% CO conversion is achieved using
moisture-saturated (~3%) feed gas. Our approach thus stands out as a promising pathway to
synthesize highly efficient catalysts on CNTs. These materials may ultimately present new

opportunities to improve the moisture resistance of metal oxide catalysts for CO oxidation.

2.3 Experimental Section
2.3.1 Materials

All chemical reagents were purchased from Aldrich and used without further purification
unless otherwise noted. 2-(2-Methoxyethoxy)ethyl methacrylate (MEO2MA, 95%), tert-butyl
acrylate (98%) and styrene (99.9%) were passed through a basic aluminum oxide column prior to
use. Azobisisobutyronitrile (AIBN) was recrystallized from ethanol. Pristine multi-walled CNTs
(Southwest Nanotechnologies Inc.) with diameters of ~10 nm and aspect ratio > 350-550 were
used as received. Commercial Co304 (99.5%) was obtained from Strem Chemical Inc. and used as

received.
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2.3.2 Polymer Synthesis and Characterizations

2.3.2.1 Synthesis of PMEO2MA macroRAFT chain transfer agent (PMEO2MAss-CTA)

The block copolymers were synthesized through two-step RAFT polymerization procedures
as reported (see Scheme 2.1). To prepare PMEO2MA-CTA, MEO:2MA (18.8 g, 0.1 mol), CPDB
(737 mg, 3.3 mmol) and AIBN (135 mg, 0.825 mmol) were dissolved in 10 mL of anisole (99%,
anhydrous) in a 50 mL flask. The mixture was then degassed under vacuum for 10 min and refilled
with nitrogen three times. After that, the flask was placed in a pre-heated oil bath at 60°C for 15
hrs. The solution was then cooled down to room temperature and the polymer was precipitated in
cold hexane three times and dried under vacuum at 40°C for 24 h. From GPC measurements using
polystyrene (PS) standards, the polymer sample has a Mn(GPC) of 12.5 Kg/mol and a
polydispersity index (PDI, Mw/My) = 1.21. From the *H NMR spectrum (in CDCls), the NMR-
based Ma(NMR) is 16.7 Kg/mol, by comparing the integrals of the resonance peaks of aromatic

ring in CPDB (7.4-7.9 ppm) and the side methylene groups of MEO2MA (4.1 ppm).

2.3.2.2 Synthesis of PMEQO2MAss-b-P(Ste1-co-tBAs)

To synthesize diblock copolymer of PMEO2MA-b-P(St-co-tBA), PMEO:MA-CTA (1.25 g,
0.1 mmol), styrene (2.08 g, 20 mmol), tert-Butyl acrylate (1.28 g, 0.01 mol) and AIBN (1.64 mg,
0.01 mmol) were dissolved in 5 mL of anisole in a 10 mL flask. The reaction mixture was degassed
under vacuum for 10 min and refilled with nitrogen three times. The flask was then placed in a
pre-heated oil bath at 85°C for 10 h. After polymerization, the solution was cooled down to room
temperature and the polymer was precipitated in cold hexane three times and dried under vacuum
at 40°C for 24 h. From GPC measurements, the polymer sample has a M,(GPC) of 38.5 Kg/mol
and a polydispersity index (Mw/Mp) PDI= 1.22. From the *H NMR spectrum (in CDCls), the NMR-

17



based Ma(NMR) is 23.7 Kg/mol, using the integrals of the resonance peaks of aromatic rings of

the PS block (6.4-7.3 ppm).

2.3.2.3 Synthesis of PMEO2MAss-b-P(Sts1-co-AAs) by the hydrolysis of PMEO2MAss-b-

P(Ste1-co-tBAs)

PMEO2MAgs-b-P(Ste1-co-tBAs) (0.5 g) was dissolved in dichloromethane (10 mL) ina 20 mL
vial, followed by the addition of trifluoroacetic acid (2 mL). After stirring at room temperature for
72 h, the solvent was removed by vacuum. The polymer was then dissolved in 10 mL of THF and
precipitated in cold hexane three times. After drying the polymer in vacuum at 40°C, the polymer
was obtained as a pink powder. The removal of tert-butyl groups was evidenced by the

disappearance of the tert-butyl peak located at 1.58 ppm in the *H NMR spectrum.
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Scheme 2.1 The synthetic routes of polymers.
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2.3.3 Synthesis of CozO4 NPs

Co0304 NPs were synthesized using a reported procedure with a slight modification.® Briefly, 500
mg of cobalt (1) acetate tetrahydrate (Co(Il)Acz) as a precursor for CosO4 NP growth was first
dissolved in 30 mL of water/ethanol solution (1:1, vol) at 45°C. Three mL of ammonium hydroxide
(27-30 vol%) solution was added dropwise to the above solution under strong stirring. The reaction
mixture was then heated to reflux for 3 h. After cooling down to room temperature, the reaction
suspension was centrifuged at 4500 rpm for 20 min in the presence of 100 mL of acetone. The
collected precipitates were redispersed in 100 mL of ethanol and washed twice with acetone by

centrifugation. The final product of CosO4 NPs was dried under vacuum at 60°C.

2.3.4 Synthesis and the Fluorination of CosOs@CNT

The polymer surfactant of PMEO2M Asgs-b-P(Sts1-co-tAAs) has a Mn(GPC) of 38.5 Kg/mol and
a polydispersity index (Mw/Mn) PDI= 1.22. For the synthesis of Co304s@CNT, 5 mg of
PMEO2MAgs-b-P(Ste1-co-tAAs) was firstly mixed with 5 mg of CNTs in 15 mL of
dimethylformamide. The uniform suspension was obtained after sonication for two minutes at
room temperature. About 3 mL of the suspension (~1 mg of CNTs) was then mixed with 3 mL of
Co(I)Ac: ethanol solution (30 mg of Co(Il)Ac: in 3 mL of ethanol). After sonication for another
two minutes, 0.1 mL of ammonia hydroxide (27-30 vol%) was quickly injected into the above
solution under magnetic stirring. The reaction was then heated to 85°C and refluxed for 3 hours.
After cooling down, the reaction suspension was centrifuged at 6000 rpm for 15 minutes. The
collected precipitates were washed with ethanol and centrifuged another 3 times to remove the
unreacted precursors and unattached CozO4 NPs. The final product was dried under vacuum at

40°C. The fluorination of Co30s@CNT was performed by using the vapor phase deposition
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technique. Co30s@CNT (100 mg) was loaded into a 100 mL sealed jar and pretreated at 80°C for
30 min. Subsequently, 50 uL of 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES) was
added to a 4 mL vial and quickly loaded into a sealed jar. After 1h, 50 uL of PFDTES was added
again using the above method. After silanation for another 1 h, the fluorinated Co30s@CNT (F-

Co304@CNT) was obtained.

2.3.5 CO Oxidation of CozOs@CNT and F-C030s@CNT

The CO oxidation reaction was carried out in a continuous flow fixed bed glass tubular reactor
under atmospheric pressure. As-prepared catalyst (100 mg) was used for each test. Before the
measurement, the catalyst was pretreated at 200C for 1 h under air and another 1 h under helium
flow to clean the catalyst surface. After loading the catalysts in the glass tubular reactor, a gas
mixture containing 1% CO, 2% O balanced in N2 (normal feed gas) was passed through the
catalyst bed. The outlet gas streams were analyzed with an online gas chromatograph (SRI 8610C
Multiple Gas Analyzer #1 GC) equipped with a thermal conductivity detector (TCD), a 6 foot long
molecular sieve 13X packed column, and a 6 foot long silica gel packed column. The reaction
temperature was measured using a K-type thermocouple inserted directly into the catalyst bed. GC
samples were injected after 10 min stabilization at any given temperature. The reaction conversion
was calculated based on CO concentration, using nitrogen as an internal standard. Normal gas
conditions were obtained by using the as-mixed normal feed gas (~3 ppm of water vapor). Wet
conditions were obtained by passing the feed gas through a water bubbler at room temperature (~
3% of water vapor). To protect the GC column, moisture was trapped by desiccant before the outlet

gas streams entered the GC.

20



2.3.6 Other Characterizations

Size exclusion chromatography (SEC) measurements were performed on a Malvern system
equipped with a Viscotek RI detector and D6000M column (300x8.0 mm). Dimethylformamide
was used as the carrier solvent at a flow rate of 0.7 mL/min and polystyrene standards (Polymer
Laboratories, Inc.) were used for calibration. The data were processed using OmniSEC software.
'H NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer. The crystallinity of
C0304@CNT materials was characterized using a Rigaku UltimalV powder X-ray diffractometer
with Cu K, radiation and a beam voltage of 40 kV and 44 mA beam current. High resolution
transmission electron microscopy (HRTEM) studies were carried out using a JEOL 2010
transmission electron microscope with an accelerating voltage of 200 kV. The TEM samples were
prepared by casting the suspension of Cos04s@CNT (3-5 pL in ethanol) on a carbon coated copper
grid (300 mesh). Thermogravimetric analyses (TGA) were performed on a Hi-Res TA 2950
thermogravimetric analyzer with 60 mL/min of air flow from 25 to 1000°C at a heating rate of
10°C/min. The evaluation of cobalt content on the surface of CNTs was carried out on a Varian
AA-4 updated atomic absorption spectrometer (AAS) with a hollow cathode lamp and a deuterium
background corrector, at the respective resonance line using an air-acetylene flame. The as
synthesized samples were digested with aqua regia then filtering out insoluble CNTs. The collected
filtrates were diluted with deionized water and used for analyzing the concentration of cobalt ions.
The X-ray photoelectron spectra (XPS) surface analyses were performed on a PHI model 590
spectrometer with multi-probes (Physical Electronics Industries Inc.), using Al K, radiation (A =
1486.6 eV) as the radiation source. The powder samples were pressed on carbon tape mounted on
adhesive copper tape stuck to a sample stage placed in the analysis chamber. The water contact

angles (CA) were measured on a Dataphysics OCA20 contact-angle system at ambient
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temperature. The sample was uniformly mounted on double sided carbon tape with one side
sticking on a glass slide. Three pL of distilled water were slowly dropped onto the surface of the
carbon tape coated with various samples. Reported CA values are averages of three independent
measurements. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were
recorded using a Thermo Scientific Nicolet Nicolet iS5 spectrometer by directly placing samples
on a germanium crystal. The Brunauer-Emmett-Teller (BET) surface area of catalysts was
measured using a Quantachrome Autosorb-1-C automated N> gas adsorption system. Fifty mg of

samples were degassed at 150 °C for 12 h to remove water and other physically adsorbed species.

2.4 Results and Discussion

The in situ growth of Co30O4 NPs on CNTs was assisted by a polymer surfactant of poly(2-
(2-methoxyethoxy)ethyl methacrylate (PMEO2MA) and poly(styrene-co-acrylic acid)
(PMEO2MA-b-P(St-co-AA), 8 mol% of AA units in styrene block). The polymer surfactant
is composed of an inert block of PMEO2MA and a functional block of P(St-co-AA) where
styrene units can interact with CNTs through n-m interactions and carboxylic acid moieties
can coordinate with Co ions via electrostatic forces.®% The inert PMEO.MA block is
essential to enable the good solubility of polymer surfactants under high ionic strength. For
example, the polymer surfactant of PMEO2MA-b-P(St-co-AA) can stabilize the suspension
of CNTs even at ~30 mM of cobalt salts. In a typical synthesis, PMEO2MA-b-P(St-co-AA)
and CNTs (=10 nm in diameter) (1:1, wt%) were first mixed in dimethylformamide. As a
result of strong 7m-m interactions of CNTs with aromatic rings on P(St-co-AA) blocks (see

Figure 2.1), a uniform suspension could be obtained after sonication for two minutes at room
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Figure 2.1 ATR-FTIR spectra of CNT/polymer composites (red, top), pristine CNTs (black,
middle) and polymer surfactant (blue, bottom). The strong peak at 1710 cm™ is assigned to the
stretching of C=0. The peaks at 1560 to 1520 cm™ are assigned C=C stretching on the nanotube
body. The blue-shift of these peaks after incorporating with polymer indicates n-r interactions of

polymer surfactants and CNTSs.

temperature (Figure 2.2a).33-% Given the small fraction of carboxylic acid groups in P(St-co-
AA\) blocks coordinating with Co ions, the CosO4 NPs can thus easily nucleate and grow on
the surface of CNTSs following the addition of cobalt(ll) acetate and ammonium hydroxide in
the mixed solvent of ethanol, dimethylformamide, and water at 80 °C.3"-38 Ammonia
hydroxide can steadily mediate the hydrolysis and oxidation of Co ions and the loading
amount of Co3z04 NPs on CNTSs can be readily controlled by the amount of cobalt(l1) acetate.
Compared to the covalent functionalization treatment of CNTs where the aggressive chemical

oxidations can alter the orbital hybridization of carbon atoms from sp? to sp® and disrupt the
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Figure 2.2 (a) The images of pristine CNTs (left) and CNTs with polymer surfactants (right) in
dimethylformamide taken after sonication and stayed overnight. The CNTs can form the stable
suspension in the presence of polymer surfactants. (b) Powder XRD pattern for synthesized
C030:@CNT catalysts. The peak located at 26° is ascribed to CN (002) reflections. (c,d) High
magnification TEM images of Cos04@CNT catalysts. The measured size of Co3O4 NPs is 2.5£0.5
nm by averaging more than 100 NPs. The inset in (d) is the selected area electron diffraction pattern

of CosO4@CNT.

band-to-band transitions of m electrons of CNTs,3*! the non-covalent functionalization of
CNTs is based on the weak n-7 interactions with polymer surfactants and has the advantages
of, i) simple and mild reaction conditions; ii) no strong redox reactions involved on tubular
body (see Raman discussion below); and iii) facile yet general approach that can be applied
to the in situ growth of other metal oxide NPs, e.g. TiO2, Mn3O4, and CeO- (See Figure 2.3).
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This may illustrate an alternative and simple approach for the in situ growth of NPs on CNT

surfaces via the non-covalent bonding of polymer surfactants.

Figure 2.3 The in situ growth of other metal oxide NPs under similar reaction conditions. (a,b)
Mn3O4s@CNT; and (c,d) CeO2@CNT. The average size of Mn3O4 particles is 6.5+1 nm and
3.8+£1.5 nm for CeO: particles.

Figures 2.2c and d present representative transmission electron microscopy (TEM)
images of Coz04@CNT at high magnifications. Spherical CosO4 NPs are uniformly decorated
on CNT surfaces and they are fairly monodispersed with an average diameter of 2.5£0.5 nm.

The high resolution TEM image of C03z04 NPs clearly shows the crystalline nature of
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Figure 2.4 Thermogravimetric curves of polymer surfactant of PMEO.MA-b-P(St-co-AA) (blue)
and activated CozO4s@CNT catalyst (red) under atmosphere. The block copolymer thermally
degrades in three stages, including the decomposition of oligo(ethyloxide) side groups of
PMEO2MA blocks (200°C, the mass loss of 20 wt%), the degradation of polymer backbone
(250°C, the mass loss of 60 wt%), and the degradation of residual aromatic carbons (310°C, the
mass loss of 15 wt%). The mass loss of Coz04@CNT catalyst (35 wt%) is clearly attributed to the
degradation of polymer surfactants. The loading amount of Co3z04 in Cos04s@CNT catalyst was
estimated to be ~30 wt% assuming the weight ratio of polymer and CNTs is close to 1:1. The value
is slightly larger than that from atomic absorption measurements, as the mass loss of CNTSs is not

being taken into account.

individual Co3O4 NPs (Figure 2.2d). The interplanar distances with the d-spacing of 0.47 and
0.29 nm correspond to (111) and (220) facets of spinel Co304, respectively. The powder X-
ray diffraction patterns in Figure 2.2b show strong diffraction peaks of (111), (220) and (311)
facets indexed to the cubic spinel structure of Coz04 NPs (JCPDS card no: 00-043-1003), in
accordance with the TEM observation. The loading amount of Co304 NPs on CNTSs estimated
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Figure 2.5 (a) Raman spectra of pristine CNTs, CNTs with polymers and Coz0s@CNT. The D,
G, 2D and D+G bands are defect-related peaks of CNT or amorphous carbon. No shift of these
peaks was observed after mixing with polymers and the growth of Coz0s, indicating that the
surface of CNTs was not chemically modified. (b) The close observation of Raman active lattice

vibrations of C030s.

from atomic absorption measurements (digesting Coz04 NPs from CNTSs using aqua regia
solution) is approximately 43 wt%, calculated from the Co standard calibration curve. The
estimated amount of CosO4 on CNTs collected from atomic absorption measurements is
slightly larger than thermogravimetric measurements (see Figure 2.4). Due to supporting the

catalyst on CNTs with a very large surface-to-volume ratio, the CosOs@CNT catalyst has a
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BET surface area of 143 m?/g and pore volume of 0.67 cm®/g, notably higher than nanosized

Co0304 NPs and commercial Coz0O4 materials.

The non-covalent bonding of CNTs and polymers does not alter their electronic structures, as
evidenced by Raman spectra (Figure 2.5). The D- and G-bands of multi-walled CNTs for pristine
CNTs, polymer/CNTs, and Cos0s@CNT appear at 1354 and 1598 cm:, respectively, assigned to
the defects and disorder-induced mode and in planar Ezq zone-center mode.*>** No obvious shift
of D- and G-bands of CNTs was observed after polymer modification and the growth of Coz04
NPs. In addition, the intensity ratios of D- and G-bands (Io/lg) for pristine CNTs, polymer/CNTSs,
and Coz04@CNT are 1.09, 1.11 and 1.06 respectively. This suggests that such non-covalent
functionalization of CNTs preserves their pristine surface and does not introduce further defects
on the tubular body. The formation of Co3O4 NPs was further confirmed by Raman spectra as well
(Figure 2.5b). Four Raman active lattice vibrations appear at 477, 516, 612, 682 cm, indicating

the cubic spinel structure of CosO4 NPs.

To investigate the catalytic activity, the obtained Co3zO0s@CNT was first pretreated by
annealing at 200°C under atmosphere for 1 h. After loading ~100 mg of activated catalyst (~43 mg
of C0304) into a glass tubular reactor, the CO oxidation reaction was carried out under a continuous
flow of a normal gas mixture containing 1% of CO and 2% of O, balanced in 97% of N> (space
velocity of 35000 mL g h'* and 3-10 ppm moisture). The catalytic performance of Cos0s@CNT
is given in Figure 2.6. A 100% conversion of CO to CO> was achieved at various temperatures
ranging from 25 to 200 °C at a low O, concentration. The high catalytic activity is likely attributed
to nano-sized Co304 particles supported on CNTs having a much larger specific surface area of
143 m?/g and pore volume of 0.67 cm®/g.%® 444 These results suggest that more active sites on

C0304@CNT catalysts can be exposed. The free CosO4 NPs synthesized without CNT supports
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Figure 2.6 Temperature dependence of catalytic activity of CozO4@CNT catalysts for CO
oxidation. The CO conversion was measured and quantified by gas chromatography. Each data
point was collected after stabilizing the catalysts under feed gas conditions and temperature at least

10 min.

and commercial Co304 catalysts only show little activity for CO oxidation at room temperature
(see Figures 2.7). The Tso (50% CO conversion at this temperature) of free CosOs NPs and
commercial Co304 catalysts is ~86°C and ~178°C, respectively. Subsequently, the Co30:@CNT
catalysts have been tested using moisture-saturated feed gas (~3% water) close to the water
concentration of automobile exhaust (Figure 2.6).*” Under such a critical environment, the light-
off temperature of Co304@CNT catalysts is ~100°C and the Tso is ~132°C. The catalytic activity
at higher temperatures (T >175°C) is not affected. When the temperature is further decreased, the
CO conversion drops rapidly. For example, only 80% of CO was converted into CO; at T=150°C.
The commercial Cos0s catalysts are completely inactive under such conditions at T=200°C (see
Figures 2.7).
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Figure 2.7 (a) Time dependent studies of CO oxidation for commercial Co304 material under
normal gas and moisture saturated gas. (b) Time dependent studies of CO oxidation for synthesized

Co0304 NPs under normal gas and moisture saturated gas.

The surface hydrophobicity of CosO4s@CNT catalysts is assumed to influence the moisture
resistance of catalysts. In order to further optimize moisture resistance, we have further modified
the CosO4s@CNT surface using the fluorination of 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES). The residual -COOH groups from polymers can selectively react with PFDTES to
introduce fluorinated alkyl chains that alter the hydrophobicity of catalysts. Through the vapor
phase deposition technique, the Co30s@CNT catalysts were treated with PFDTES vapor at 80°C
for 30 min. The fluorinated coating on the surface of Co304@CNT is further confirmed by X-ray
photoelectron spectra (XPS) (Figures 2.8). The F 1s peak at 688 eV is assigned to fluorinated alkyl
chains of PFDTES.*® The Co 2pi2 and 2ps. areas did not show any significant differences
following the fluorination treatment, indicating that the terminal silane groups of PFDTES are
bonded to CNT substrates other than CozO4 NPs.*® The fact that the active sites on CozO4 were

preserved is particularly important.
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Figure 2.8 X-ray photoelectron spectrum of F-Co3O4s@CNT catalysts. The appearance of F 1s
signals at 688 eV is assigned to the PFDTES coating. The inset is the Co 2p signals, correlated to
Co 2p312 (780.8 eV) and Co 2p12 (796.5 eV) peaks.

Figure 2.9 presents the CO conversion curves of F-Co304@CNT at various temperatures.
Again, when using normal feed gas, 100% CO conversion was obtained at various temperatures.
This confirms that the fluorination of CozO04@CNT did not shield the surface of CosQOa, therefore
not preventing adsorption of CO and O on the catalytic center. Under saturated moisture, the shift
of CO conversion curve to lower temperature is obvious compared to bare CozOs@CNT catalysts.
The light-off temperature of F-Cos04@CNT catalysts is ~40°C and Tso is ~110°C, corresponding
to a 22°C decrease as compared to that of non-fluorinated Coz0.@CNT. At T=150°C, the CO
conversion can still reach 100% for F-Coz04s@CNT. This is the lowest light-off and Tioo
temperature of Co304 NPs under saturated moisture so far. The improved moisture-resistance of
F-CosO4@CNT is attributed to the increase in surface hydrophobicity of catalysts that prevents
water accumulation on the surface of CosO4 active sites.
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Figure 2.9 Temperature dependence of catalytic activity of F-CosO04s@CNT catalysts for CO
oxidation. The CO conversion was measured and quantified by gas chromatography. Each data
point was collected after stabilizing the catalysts under feed gas conditions and temperature at least

10 min.

The changes of surface hydrophobicity of catalysts were confirmed by water contact angle
measurements. The powder samples of catalysts were pressed onto carbon tape mounted on
adhesive copper tape stuck to form a condensed film. From water contact angles (Figure 2.10a-
c), our Coz04@CNT catalysts having a contact angle of 108.8° are more hydrophobic than pure
Co304 particles which have a contact angle of 86.1°. The surface hydrophobicity of CNTs slightly
improved the moisture resistance of catalysts, as evidenced by 100% of CO conversion achieved
in the presence of 3-10 ppm moisture. However, the hydrophobicity is not high enough to repel
the moisture at higher water content (3% of moisture). After surface treatment by PFDTES, the
contact angle of fluorinated Cos04s@CNT (F-Co30s@CNT) further increased to 142.4° (Figure

2.10c), indicating the superhydrophobicity of F-Co3Os@CNT. The fluorinated alkyl chains of
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Figure 2.10 (a-c) The contacting angle measurements of commercial Coz04 (a), Co304@CNT (b)
and F-Cos04@CNT (c) catalysts. (d) Schematic illustration of surface hydrophobicity of catalysts

preventing water accumulation on the surface of catalysts.

PFDTES can form a hydrophobic layer on CNTs that enhances hydrophobicity of F-Cos04s@CNT.
The hydrophobic layer does not block the active sites on CosO4 as evidenced by catalytic activity
of F-Co30s@CNT with normal feed gas. Thus, the improved hydrophobicity of CNT substrate
only shields the moisture from the active sites, resulting in the decrease of light-off and Tso

temperature for F-Co304@CNT (Figure 2.10d).

To gain further insight on the effect of surface properties, we have examined the kinetics of
moisture deactivation of two catalysts. Figure 2.11 presents a time-resolved study of catalytic
performance of Co304@CNT and F-CosO4@CNT at 150 and 100°C as a function of water
exposure time. At T=150°C, F-Co304@CNT showed high catalytic performance and 100% CO
conversion was reached regardless of the water exposure time. The bare CozOs@CNT showed a

continuous decrease of CO conversion when the water exposure time was increased to 30 min.
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Figure 2.11 Time-resolved study of catalytic performance of Coz0s@CNT and F-CozO4@CNT
at 150°C and 100°C using the moisture saturated feed gas. For the long term stability test, the
moisture saturated gas were keeping pass through catalysts and the moisture was removed before

measurement of the CO conversion.

This suggests that water can still accumulate around the catalytic centers and gradually deactivate
the catalysts. At this point, the turnover frequency of F-CosO4@CNT is 3.31x10™ s, which is
nearly twice as high as 1.86x10* s of Cos04@CNT (based on the total mass of Co ions). When
the temperature dropped to 100°C, the CO conversion of F-CO304@CNT decreased in the first 10
min and remained at ~50%. Co304@CNT, on the other hand, quickly deactivated within 10 min.
This observation implies that the water adsorption rate on the CO304@CNT catalyst surface is
higher than the water desorption rate at 100°C; the accumulation of water would gradually
passivate the catalytic sites. On the contrary, the adsorption rate on the F-CO30:@CNT is much

lower due to the surface hydrophobicity and water does not accumulate.

34



Finally, the long-term stability of F-CO30s@CNT catalysts was studied at 150°C under
moisture-saturated conditions (Figure 2.11). The catalytic activity of F-CO304@CNT is
extremely stable. This catalyst gave 100% conversion of CO after 26 h and a small fluctuation of
CO conversion appeared after that. The loss of stability is probably due to partial
detaching/degradation of fluorinated PFDTES on the catalyst surface, as well as accumulation of
carbonate species on the surface. The nanostructure of catalysts did not change after the catalytic
tests at 150°C for 40 h (data not shown). Overall, the F-CO304@CNT catalysts have shown high

durability of CO conversion under a harsh environment.

Table 2.1 Turnover frequency of the CosO4@CNT for CO oxidation under different conditions.?

Temperature (°C) TOF (s7)°
Co304@CNT F-C0304@CNT
r.t. (normal gas) 3.10x10* 3.31x10*
r.t. (~3% water) 0 7.63x10°
50 °C (~3% water) 0 3.49x10°
75 °C (~3% water) 0 5.27x10°
100 °C (~3% water) 1.43x10° 1.27x10*
125 °C (~3% water) 1.19x10* 2.11x10*
150 °C (~3% water) 2.48x10* 3.31x10*
175 °C (~3% water) 3.10x10* 3.31x10*
200 °C (~3% water) 3.10x10* 3.31x10*

& The turnover frequency values were measured with continues flow of 1.0 vol% of CO, 2.0 vol%
of O, and N2 was used as carrier gas and internal standard. The total weight hourly space velocity
(WHSV) was 3.5x10% in mL g* h*. Normal gas (~3 ppm of water) and water saturated gas (~3%
of water) were used in order to determine the water tolerance ability of the catalysts. ® Turnover
frequencies were calculated based on the total Co ions contained in the CosO4 NPs used in the

system.
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2.5 Conclusion

In summary, we have developed a polymer-assisted, facile synthesis of highly active
Co304@CNT catalysts for CO oxidation under moisture-rich conditions. The modulation of
surface hydrophobicity of CNT substrates was demonstrated to be an efficient method to enhance
the moisture resistance of metal oxide catalysts for CO oxidation. Using moisture-saturated feed
gas, the fluorinated Co304@CNT exhibited an outstanding activity and durability at 150°C. This
approach is simple, fast, yet general, and can be potentially applied to other types of metal oxide
catalysts. This research may open up a new realm of possibilities in developing inexpensive and

moisture-resistant metal oxide catalysts for CO oxidation.
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Chapter 3. Heterogeneous Acidic TiO2 Nanoparticles for Efficient Conversion of Biomass

Derived Carbohydrates.

3.1 Overview and Abstract

Selective conversion of biomass derived carbohydrates into fine chemicals is of great
significance for the replacement of petroleum feedstock and the reduction of environmental
impacts. Levulinic acid, 5-hydroxymethyl furfural (HMF) and their derivatives are recognized as
important precursor candidates in a variety of different areas. In this study, the synthesis,
characterization, and catalytic activity of acidic TiO2 nanoparticles in the conversion of biomass
derived carbohydrates were explored. This catalyst was found to be highly effective for selective
conversion to value-added products. The nanoparticles exhibited superior activity and selectivity
towards methyl levulinate from fructose in comparison to current commercial catalysts. The
conversion of fructose to methyl levulinate was achieved with 80 % yield and high selectivity (up
to 80 %). Additionally, conversions of disaccharides and polysaccharides were studied. Further,
the production of versatile valuable products such as levulinic esters, HMF, and HMF-derived

ethers was demonstrated using the TiO. nano-sized catalysts in different solvent systems.

3.2 Introduction

Since the use of fossil fuels as feedstock for fine chemical synthesis and energy resources is
approaching unsustainable levels, the development of innovative strategies and resources for the
sustainable production of fuels and chemicals from renewable materials are stimulating interest.-

4 Among these resources, biomass has attracted enormous attention due to its considerable
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potential as a raw material for the production of green fine chemicals, fuels and fuel additives.®
Therefore, it is highly desirable to convert carbohydrates to platform molecules selectively under
mild conditions, which can subsequently be used for the production of various chemicals. The
typical approach for biomass degradation involves acid-catalyzed hydrolysis® followed by either
chemical or biological conversion to monosaccharides.” For example, glucose produced from
cellulose through hydrolysis in an aqueous medium can be transformed to useful molecules such
as alkyl glucosides, 5-hydroxymethyl furfural (HMF),® levulinic acid, and gluconic acid.® Among
these valuable molecules, levulinic acid and ester derivatives are among the most promising
building blocks in a biomass refinery. Levulinic acid and its esters are classified as some of the
top 12 valuable chemicals converted from biomass according to the US Department of Energy’s
National Renewable Energy Laboratory (NREL). Levulinic acid can also be converted into other
useful chemicals such as acrylic acid, succinic acid, pyrrolidines, and diphenolic acid.! 12

A traditional approach to the synthesis of levulinic acid from biomass-derived carbohydrates
requires the use of homogeneous mineral acids such as sulfuric acid and metal chloride salts.3-16
The use of homogeneous catalysts for biomass conversion has been extensively studied and is
known to be highly effective. However, there are several drawbacks to this approach, including
catalyst separation, reactor corrosion, and recyclability. Recently, there have been several studies
conducted regarding direct synthesis of platform molecules from biomass-derived feedstock such
as cellulose!’, saccharides®®, and furfuryl alcohol'® using various acids and solvents. Essayem et
al. proposed a method for the direct synthesis of methyl levulinate from cellulose using solid acids
in supercritical MeOH.1"© Wang and co-workers developed an acid and metal free method for
converting fructose to HMF using an ionic liquid system.*® Mascal et al. investigated the process

of producing HMF derived ethers and levulinic acid by 5-(chloromethyl)furfural (CMF).1%
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Furthermore, Tominaga et al. explored the Lewis and Brensted mixed-acid systems as an efficient
way to synthesize methyl levulinate.”® Despite all of the afore-mentioned progress, development
of novel heterogeneous, cost-effective and efficient catalysts for direct synthesis of platform
molecules from biomass resources is imperative for the production of useful chemicals from
biomass resources.

The proposed synthetic pathways?° for the direct conversion of monosaccharides using acid
catalysts are shown in Scheme 3.1. The reaction starts with the isomerization of glucose to fructose
followed by the Brensted-acid-catalyzed dehydration to produce HMF. Subsequent rehydration of
HMF yields levulinic acid. Further reaction of these acids (levulinic or formic acids) with alcohols
can produce acid esters. HMF also reacts with alcohols to form HMF derived ethers under specific
conditions. The control of the acid type on the catalyst surface is crucial for its selectivity, since
different acid types determine the formation of different products. Several solid acids have been
widely utilized to convert carbohydrates, such as zeolites,?! metal oxides,?? polymer based acids,°
and heteropoly acids.?® Although solid acids are more easily separated, recycled, and
environmentally benign, there are still considerable opportunities for improving the selectivity and
mass transfer limitations between the insoluble polymers and heterogeneous catalysts.

Herein, we report the facile synthesis of acidic TiO2 nanoparticles that can be used as catalysts
in biomass derived carbohydrate conversion. In addition, several other solid acids such as zeolites,
polymer based acids, and sulfated metal oxides were chosen for comparison. Detailed process
parameters including reaction time, temperature, catalyst loading, and the reusability of the catalyst
were investigated in terms of catalytic performance. Moreover, different carbohydrate sources and

solvents were studied.
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Scheme 3.1 Proposed reaction pathway for the conversion on carbohydrates to platform

molecules.

3.3 Experimental Section
3.3.1 Catalyst Preparation

All chemicals were purchased from Sigma-Aldrich and used without further purification. P-25
were purchased from Degussa Inc.. H-ZSM5 (Si/Al = 50) and H-Beta (Si/Al = 30) were purchased
from Zeolyst Inc. and calcined at 550 °C before use. Sulfated ZrO, and TiO2 were made from the

corresponding hydroxides prepared by hydrolysis of a 0.4 M aqueous solution of the metal
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precursor with NH4OH (25 wt% in water) at r.t. under vigorous stirring, at a given final pH of ~
10. The hydroxides were then impregnated (via an incipient wetness technique) with 0.5 M sulfuric
acid and dried at 150 °C.2* Finally, all the samples were calcined in the air at temperatures between
450 ~ 650 °C with a soak time of 3 h.

The TiO2 nanoparticles were synthesized via modified precipitation of TIOSO4xH2SO4 (Alfa
Aesar) with ammonia solution at 85 °C. The pH value of the solution was controlled under acidic
conditions during precipitation. The resulting suspension was then refluxed overnight. Impurities
and by-products, such as excessive SO+* and NH4" ions, were removed by filtration and washing
with an adequate amount of distilled deionized water until the filtrate pH was neutral. The obtained

white powder was then dried overnight at 120 °C.

3.3.2 Catalyst Characterization

The catalyst was characterized by powder X-ray diffraction (PXRD), field emission scanning
electron microscopy (FESEM), high resolution transmission electron microscopy (HRTEM),
thermogravimetric analysis (TGA), temperature programmed desorption (TPD), X-ray
photoelectron spectroscopy (XPS) and nitrogen adsorption/desorption [Brunauer-Emmett-Teller
(BET) surface area]. The acid types of the catalysts were determined by pyridine-adsorption and
FT-IR experiments. The amount of acid sites was determined by thermogravimetric titration using

2,6 lutidine and 3,5 lutidine.?®
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3.3.3 Typical Condition for Biomass Conversion Reaction

Carbohydrate conversion experiments were carried out in a 100 mL cylindrical stainless steel
pressurized reactor made by PARR Instrument Company, USA. In a typical reaction, 1 mmol of
monosaccharide (0.18 g of fructose/glucose), 0.5 mmol of disaccharide (0.18 g of sucrose/
cellobiose) or biomass sources (molecular weight of cellulose and starch are calculated as a glucose
unit) were used as substrates. Catalyst (0.01 to 0.20 g) and solvent (20 mL) were charged into the
reactor, followed by purging with nitrogen, and pressurizing to 20 bar. The reactor was then heated
to designated temperatures for different reaction times with stirring. After the reaction was
completed, the reactor was cooled in an ice bath. The reaction mixture was centrifuged and filtered
to remove the catalyst and insoluble solids before analyses. For testing of the reusability of the
catalyst, the catalyst was collected by centrifugation after reaction, then washed with methanol (20
mL) twice and dried at 100 °C before reuse. The catalyst was regenerated by calcining under air

at 400 °C for 1 h.

3.3.4 The Synthesis and Characterizations Procedures of Standard Chemicals Levulinic

Esters and HMF-Derived Ethers

'H and *C NMR spectra were recorded on a Bruker AVANCE I11- 400 MHz spectrometer.
'H NMR spectra were collected at 400 MHz with chemical shift referenced to the residual peak in
CDClIs (8: H 7.26 ppm). 1*C NMR spectra were collected at 100 MHz and referenced to residual
peak in CDCl3 (6: C 77.0 ppm) or CD30D (6: C 49.1 ppm). Multiplicities are given as s (singlet),

d (doublet), t (triplet), and m (multiplet).
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3.3.4.1 Preparation and Characterization of Levulinic Esters

n-Propyl levulinate To a mixture of levulinic acid (5.8 g, 0.05 mol), and n-propanol (7.5 g,
0.125 mol) in toluene (15 mL) was added H2SO4 (0.1 mL) dropwise under reflux. The mixture
was refluxed for 4 h. After cooling, the reaction mixture was added to dichloromethane and washed
with H20. The organic layer was dried over MgSOa. After removal of the solvent, the residue was
purified by vacuum distillation to yield n-propy! levulinate as a colorless liquid. *H NMR (CDCls,
400 MHz): §: 4.04 ~ 4.00 (m, 2H), 2.74 (t, J = 6.6 Hz, 2H), 2.57 (t, J = 6.6 Hz, 2H), 2.18 (s, 3H),
1.68 ~ 1.59 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (CDCls, 100 MHz): §: 206.6, 172.8, 66.2,

37.9,29.8, 28.0, 21.9, 10.3. HRMS m/z (M + H)" for CgH1503 159.1021, found 159.0993.

2-Propyl levulinate 2-Propyl levulinate was obtained from 2-propanol as a colorless liquid
following the procedure for the preparation of n-propyl levulinate. *H NMR (CDCls, 400 MHz):
8:5.01 ~4.95 (m, 1H), 2.72 (t, J = 6.6 Hz, 2H), 2.53 (t, J = 6.6 Hz, 2H), 2.17 (s, 3H), 1.22 (s, 3H),
1.21 (s, 3H). 3C NMR (CDCls, 100 MHz): &: 206.7, 172.2, 67.9, 38.0, 29.8, 28.4, 21.7 (2C).

HRMS m/z (M + H)* for CgH1503 159.1021, found 159.0995.

2-Butyl levulinate 2-Butyl levulinate was obtained from 2-butanol as a colorless liquid
following the procedure for the preparation of n-propyl levulinate. *tH NMR (CDCls, 400 MHz):
8:4.86 ~ 4.78 (m, 1H), 2.73 (t, J = 6.6 Hz, 2H), 2.53 (t, J = 6.6 Hz, 2H), 2.18 (s, 3H), 1.62 ~ 1.48
(m, 2H), 1.18 (d, J = 6.3 Hz, 3H), 0.88 (t, J = 7.4 Hz, 3H). *C NMR (CDCls, 100 MHz): &: 206.7,
172.4, 72,5, 38.0, 29.8, 28.7, 28.3, 19.4, 9.6 HRMS m/z (M + H)" for CoH1703 173.1178, found

173.1162.

t-Butyl levulinate To a mixture of levulinic acid (5.9 g, 0.05 mol), and t-butanol (7.6 g, 0.1

mol) in dichloromethane (80 mL) was added 4-dimethylaminopyridine (DMAP) (1.8 g, 0.015 mol)
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under r.t. Then, N,N'-dicyclohexylcarbodiimide (DCC) (12.5 g, 0.06 mol) was added at 0 °C. After
stirring at r.t. for 10 h, the urea was filtered and the organic layer was concentrated in vacuum.
After removal of the solvent, the residue was purified by vacuum distillation to yield t-butyl
levulinate as a colorless liquid. *H NMR (CDCls, 400 MHz): &: 2.68 (t, J = 6.6 Hz, 2H), 2.48 (t, J
=6.6 Hz, 2H), 2.17 (s, 3H), 1.43 (s, 9H). 13C NMR (CDCls, 100 MHz): &: 206.9, 172.0, 80.6, 38.1,

29.9, 29.2, 28.0 (3C). HRMS m/z (M + H)* for CoH1703 173.1178, found 173.1188.

3.3.4.2 Preparation and Characterization of Hydroxymethylfurfural Ethers

5-(Isopropoxymethyl)furan-2-carbaldehyde A mixture of hydroxymethylfurfural (0.3 g,
2.38 mmol) and TiO2 nanoparticles (100 mg) in 2-propanol (6 mL) was heated to 100 °C for 6 h.
After cooling, the reaction mixture was added to dichloromethane and washed with H20O. The
organic layer was dried over MgSQ4. After removal of the solvent, the residue was purified by
column chromatography (dichloromethane/hexane=1/1) to yield 5-(isopropoxymethyl)furan-2-
carbaldehyde as a light yellow liquid. *tH NMR (CDCls, 400 MHz): &: 9.59 (s, 1H), 7.19 (d, J =
3.5 Hz, 2H), 6.50 (d, J = 3.5 Hz, 2H), 4.52 (s, 2H), 3.74 ~ 3.64 (m, 1H), 1.20 (s, 3H), 1.19 (s, 3H).
13C NMR (CDCls, 100 MHz): §: 177.6, 159.4, 152.4, 122.1, 110.7, 72.1, 62.5, 21.9 (2C). HRMS

m/z (M + H)" for CoH1303 169.0865, found 169.0852.

5-(sec-Butoxymethyl)furan-2-carbaldehyde  5-(sec-Butoxymethyl)furan-2-carbaldehyde
was obtained from 2-butanol as a mixture of diastereomers (6:1) a light yellow liquid following
the procedure for the preparation of 5-(isopropoxymethyl)furan-2-carbaldehyde. *H NMR (CDCls,
400 MHz): 8: §: 9.60 (s, 1H), 7.20 ~ 7.19 (m, 2H), 6.50 (d, J = 3.5 Hz, 2H), 4.59 ~ 4.48 (m, 2H),

3.51 ~ 3.43 (m, 1H), 1.64 ~ 1.52 (m, 2H), 1.17 ~ 1.16 (m, 3H), 0.92 ~ 0.88 (m, 3H). 13C NMR
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(CDsOD, 100 MHz): 6: 179.5, 161.0, 154.0, 124.5, 112.3, 78.5, 63.6, 30.3, 19.5, 10.1. HRMS m/z

(M + H)* for C10H1503 183.1021, found 183.1002.

The H and 3C NMR of 5-(sec-butoxymethyl)furan-2-carbaldehyde contained signals that we
ascribed to the diastereomer, which accounted for approximately 15% of product material.
Selected *H signals of the minor isomer: 9.63 (s, 0.15H), 6.62 (d, J=8.7 Hz, 0.15H), 5.60 (t, J=5.8
Hz, 0.15H), 5.29 (s, 0.15 H), 3.76 ~ 3.70 (m, 0.15H). Selected *3C signals of the minor isomer:

63.48, 19.48, 10.03.

5-(tert-Butoxymethyl)furan-2-carbaldehyde  5-(tert-Butoxymethyl)furan-2-carbaldehyde
was obtained from t-butanol as a light yellow liquid following the procedure for the preparation of
5-(isopropoxymethyl)furan-2-carbaldehyde. *H NMR (CDCls, 400 MHz): 8: 9.54 (s, 1H), 7.16 (d,
J=3.5Hz, 2H), 6.45 (d, J = 3.5 Hz, 2H), 4.43 (s, 2H), 1.22 (s, 9H). 23C NMR (CDCl3, 100 MHz):
8: 177.4, 160.1, 152.2, 122.3, 110.2, 74.3, 57.1, 27.3 (3C). HRMS m/z (M + H)* for C1oH1503

183.1021, found 183.1035.

3.3.5 Other Characterizations

The catalysts were characterized using several techniques: Powder X-ray diffraction (PXRD)
patterns were obtained using a Rigaku UltimalV X-ray diffractometer with Cu Ka radiation and a
beam voltage of 40 kV and 44 mA beam current. Field emission scanning electron microscopy
(FESEM) micrographs were taken on a Zeiss DSM 982 Gemini emission scanning microscope
with a Schottky Emitter at an accelerating voltage of 2 kV with a beam current of 1 pA. Samples
were ultrasonically dispersed in methanol and deposited onto a silicon wafer. High resolution

transmission electron microscopy (HRTEM) studies were carried out using a JEOL 2010
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transmission electron microscope with an accelerating voltage of 200 kV. The samples were
prepared by dispersing the material in methanol. A drop of the dispersion was placed on a carbon
coated copper grid and allowed to dry. Thermogravimetric analyses (TGA) were performed on a
Hi-Res TA 2950 thermogravimetric analyzer with 60 mL/min of air flow from 25 to 1000 °C at a
heating rate of 10 °C/min. Temperature programmed desorption (TPD) was carried out in a furnace
with a quadrupole MS residual gas analyzer. Catalyst powder (200 mg) was placed in a quartz tube
and then pre-treated in helium flow (100 mL/min) at 180 °C for 1 h to dry the catalyst. After the
pre-treatment, 10 % NHs in Ar (100 mL/min) was fed at room temperature for 1 h, followed by
feeding pure helium flow (100 mL/min) for another 2 h to remove the physically adsorbed NHa.
The acid sites of the catalyst were analyzed by following the m/z = 17 signal over a temperature
range from room temperature to 800 °C in pure helium flow (100 mL/min). The m/z = 64 signal
was also followed to check the decomposition of sulfate ion to SO, gas. FT-IR spectra were
recorded using a Thermo Scientific Nicolet 8700 spectrometer. The samples were pressed into
pellets and self-supporting wafers in a holder in an in situ cell and dried at 200 °C for 12 hours
before analysis. To obtain the spectra of pyridine adsorbed on the surface, the samples were
exposed to pyridine vapor for 1 hour at room temperature. Spectra were then recorded after
evacuation (1072 Torr) for 30 min at 200 °C. The Brunauer-Emmett-Teller (BET) surface area of
TiO, was measured using a Quantachrome Autosorb-1-C automated N2 gas adsorption system.
Samples (150 mg) were pre-degassed at 150 °C for about 12 hours to remove water and other
physically adsorbed species. The N» isothermal adsorption and desorption experiments were
performed at relative pressures (P/Pg) from 1073 to 0.992 and from 0.992 to 0.01, respectively. The

thermogravimetric titration analysis was done using 2,6- and 3,5- lutidine as probing bases. The
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acid amount of the solid acids was calculated by subtracting the weight loss for desorption of base

from the materials.

The undiluted reaction mixture was characterized using a gas chromatograph (HP 5890 series
I1) equipped with a DB-17MS capillary column (20.0 m x 180 um x 0.18 pm) and mass selective
detector (5971 series). The reaction mixture was also analyzed with a Shimadzu series HPLC
(Biorad Aminex HPX-87H column) with an RI detector using 0.005 M H2SO4 (rate = 0.6 mL/min)
as eluents. An HP 5890 series 1l GC system equipped with a MTX®-biodiesel TG w/Integra-
GapTM capillary column (14.0 m x 530 um x 0.16 um) and an FID detector was used for
quantitative analysis. The yields of organic products were obtained from GC analyses based on a
calibration curve from commercial or synthesized samples and an internal standard (1-octanol).
The yields were calculated on a carbon-basis. Carbohydrate conversions were determined from
HPLC data. The conversion was calculated from the fructose, glucose, sucrose, and cellobiose on
a carbon-basis. The polysaccharide conversions of cellulose and starch were further calculated by
subtracting the weight of remaining solids (unreacted biomass) at the end of the reaction. The data

were obtained using the following equations:

Monosaccharides conversion (%) = 100(A-C)/ A
Polysaccharides conversion (%) = 100(B-C-D)/B
Organic products yield (%) = 100E/A or B

A: total amount (mol) of monosaccharides used.

B: total amount (mol) of glucose monomer in cellulose.
C: total amount (mol) of remaining monosaccharides.
D: the unreacted biomass after reaction.

E: total amount (mol) of organic products produced by catalytic reaction.
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3.4 Results and Discussion

3.4.1 Discussion of Catalyst Characterization

PXRD, FESEM, HRTEM and N2 sorption analyses. As-Synthesized TiO> nanoparticles
were indicated as the anatase phase in PXRD analysis. The broadening of diffraction lines indicates
small crystallite sizes. Crystallite sizes were calculated to be an average of ~ 4 nm using Scherrer’s
equation. The anatase phase was maintained up to 800 °C and fully converted to the rutile phase
by 1000 °C. The FESEM images show mostly micron size aggregated powder and with no distinct
particle morphology. The HRTEM images confirmed the nano-size nature of synthesized TiO-
particles. The HRTEM image shows that the powder sample consists of aggregated nanoparticles
and estimated particles size were consistent with XRD data (~ 4 nm) (Figure 3.1). The BET
surface area of the TiO, was calculated to be 238 m? g from N2 sorption data, which is high

compared to other tested catalysts.

Figure 3.1 The SEM and TEM images of TiO> nanoparticles (a) SEM image of freshly prepared
TiO»; (b) SEM image of after the 6 reaction; (c,d) TEM images of freshly prepared TiO.. Inset:
SAED of freshly prepared TiO2 nanoparticles.
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Pyridine-adsorption and FT-IR experiments. The type of acid sites on TiO2 nanoparticles
was determined by pyridine adsorption and FT-IR spectroscopy (Figure 3.2). The FT-IR spectrum
of TiO2 nanoparticles without pyridine adsorption treatment showed the typical surface SO4*
stretch modes in the 1000-1500 cm™ region. The vibrations at 1045 cm™, 1132 cm™ and 1221 cm
L are attributed to surface SO3™ stretches. The band at 1400 cm™ is ascribed to O=S=0 stretching
of SO+ groups, which could be chelating in bidentate or bridged bidentate forms on the surface
of the TiO2 nanoparticles.! In the pyridine-adsorption FT-IR spectrum, three peaks were observed
in the region between 1400 ~ 1600 cm™ due to C—C stretching vibrations of pyridine. The peak at
1445 cm™ was assigned to pyridine adsorbed on Lewis acid sites; the peak at 1548 cm™ is
characteristic of pyridine adsorbed on Brgnsted acid sites and the peak at 1490 cm™ appears for

pyridine adsorbed on both Brgnsted and Lewis acid sites.

:
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Figure 3.2 (a) The IR spectrum of freshly prepared TiO2 nanoparticles. (b) The pyridine adsorption

IR spectrum of TiO2 nanoparticles.

NHs3-TPD and TGA analyses. NHs-TPD experiments were conducted to determine the

relative strengths of acid sites (Figure 3.3). A major desorption occurred between 150 to 500 °C,
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and another minor desorption peak between 550 to 700 °C. The desorption peak centered at ~ 325
°C is attributed to NH3 adsorbed on weak acid sites while the one centered at ~ 600 °C is due to
NH3 adsorbed on strong acid sites.? The amount of SO4?" ions attached to the surface of the TiO,
nanoparticles was determined by TGA experiments. A 3 % mass decrease was observed between
450 and 700 °C, which resulted from decomposition of SO4? ions from the TiO; surface. This is
also shown by the TPD experiments where SO, (decomposition of SO+ ions, m/z = 64) was
detected starting at 450 °C. These data suggest that the weight loss peak around 600 °C can

properly be ascribed to SO4? ion decomposition.

——NH, m/z 17
—— S0, m/z 64

Intensity (a.u.)

At

T T T T v T T T T T T T T 1
200 300 400 500 600 700 800
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Figure 3.3 The NHs-TPD desorption analysis of freshly prepared TiO2 nanoparticles.

3.4.2 Catalytic Conversion of Fructose to Methyl Levulinate

The catalytic performance of the TiO, nanoparticles was first tested by fructose conversion in
MeOH (Figure 3.4). The reaction started with dehydration of fructose to HMF followed by
rehydration of HMF to levulinic acid. Finally, levulinic acid was further converted to methyl
levulinate (ML) by esterification with MeOH. In primary temperature-dependent studies using

fructose as a substrate, TiO2 nanoparticles exhibited moderate activity (93 % conversion and 4 %
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Figure 3.4 Influence of the reaction temperature on fructose conversion and ML yield. (Reaction
conditions: 20 mL 0.05 M fructose in MeOH, 0.1 g TiO2 nanoparticles, 1 h.)

ML yield) when the reaction temperature was below 100 °C; however, when the temperature was
increased to 150 °C, the yield of ML was enhanced to 79 %. It was not until 225 °C that the yield
of ML dropped to 68 %. This drop is probably due to decomposition of ML at higher temperatures.
In addition, HMF and levulinic acid were barely detected in any experiment throughout this study,
indicating rapid rehydration of HMF and esterification to produce ML. Typically, the formation
of humins either from sugar decomposition or HMF oxidation is believed to be the main factor
that lowers the ML yield.?® Therefore, the origin of humins was further investigated by FT-IR
analyses (Figure 3.5). For these analyses, formed humins were collected from two separate
reactions utilizing fructose and HMF as substrates, respectively. Both FT-IR spectra showed
similar features, such as several broad absorbance peaks located in 900 ~ 1800 cm™ region as well
as two distinct peaks located at 1596 and 1716 cm™. The latter two can be assigned to humins
formed from aldol addition/condensation polymerization of 2,5-dioxo-6-hydroxyhexanal (DHH),
which is a highly active intermediate formed from HMF. In addition, humins collected from the
HMF reaction exhibited two additional peaks at 758 and 795 cm™, which can be attributed
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Figure 3.5 IR spectra of (a) humins formed using HMF as substrate, and (b) humins formed using

fructose as substrate.

to polymerized HMF.8® Thus, fructose and HMF polymerization are not the main sources for the
formation of humins. Instead, the intermediate HMF is most likely rapidly converted to ML
contributing to the higher yields of ML at short reaction times.

To investigate the effects of catalyst loading on activity, different amounts of catalyst were
used. The studies showed that TiO> nanoparticles exhibit high activity even with lower catalyst
loading. For example, only 5.5 wt% catalyst loading (with respect to fructose) was required for a
67 % yield of ML with 95 % conversion. The product mixture in methanol solution was analyzed
by NMR without further purification and was identified as ML with minimal impurities. In contrast
to homogeneous acid catalyzed reactions, the purification process in this system only requires

filtration and solvent removal, which affords a straightforward and economical approach.

3.4.3 Comparison of Different Catalysts for the Conversion of Fructose to ML
The catalytic performances of TiO. nanoparticles were compared to other TiO> materials and
solid acid catalysts such as Amberlyst-15, sulfated ZrO2 and TiO, niobic acid, and H-type zeolites.
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Table 3.1 Summary of catalytic results and characterization for different solid acid catalysts?

Conversion Yield / Selectivity (%) BET Acid sites by  Acid sites by
Catalyst (%)° HMEP ML MLAC (m?/g) 2,6 Py 3,5 Py
umol/g® pumol/g®
TiO, >99 0/(0)  79/(80) d 238 303 218
nanoparticles
CO”}T&“"”" 23 3/(13)  0/(0) - 189 19 20
P-25 TiO, 87 20/(23)  0/(0) - 569 48 42
Sulfated Zro, 89 25/(28)  62/(70) - 106 207 154
Sulfated TiO, 82 33/(40)  41/(50) - 98 144 127
Amberlyst-15  >99 0/(0)  66/(60) - 35 457" 457"
NbOs 76 5/(7) 0/(0) - 20 5 125
H-ZSM5
g
(Si/AI =50) 98 0/0)  26/(27)  21/(21) 426 272 674
H-Beta
(SIAI =30) 72 0/(0)  11/(15)  23/(32)  680° 607 628

& Reaction conditions: MeOH (20 mL), fructose (1 mmol), catalyst (0.1 g), 175 °C, 1 h under No.
The average yields are reported. ® Conversions and yields of HMF were obtained by HPLC
analysis. ¢ Yields and selectivities of methyl levulinate (ML) and methyl lactate (MLA) were
obtained by GC-FID analysis. ¢ Not observed product. ¢ The number of acid amount measurements
were done by thermogravimetric titration method. T Due to the thermal instability of Amberlyst-

15, the acidity data was acquired from literature.®! 9acquired from literature. 3t

Due to the fact that dehydration of fructose is associated with the acidity of the catalyst,?’ the
acidities of the solid catalysts were characterized by thermogravimetric titration using 2,6 and 3,5
lutidines.?®® The catalytic results, surface areas, and acidities are summarized in Table 3.1. For the
acid-catalyzed dehydration of fructose, commercial TiO. was inactive under the same conditions.
P-25 did not show any rehydration ability; only HMF (20 %) was detected after reaction. Among
the other tested solid acids, Amberlyst-15 showed the highest activity and niobic acid only
produced a small amount of HMF (5 %). Sulfated ZrO, and TiO2 showed the formation of the
desired product ML in moderate yields (62 % and 41 %, respectively). The catalytic results are

strongly correlated with surface acidity. Among the studied materials, TiO2 nanoparticles exhibited
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the most acidic sites as well as the largest surface areas. This might be the reason why TiO-
nanoparticles were highly active for fructose conversion. Moreover, the notable high activity of
prepared acidic TiO2 nanoparticles is attributed to its nano-sized nature. Ultra-sonicated TiO- in
MeOH is able to remain in suspension for more than one week. Such behaviour minimizes mass
transfer limitations under reaction conditions.

Classic acid-rich H-type zeolites like HZSM-5 and H-beta were also tested under the same
reaction conditions. Thermogravimetric titration results showed that the acidities of HZSM-5 and
H-beta catalysts were higher than that of TiO. nanoparticles. However, HZSM-5 and H-beta
exhibited lower selectivities for fructose conversion than the TiO2 nanoparticles. Both zeolites
converted fructose not only to ML and methyl lactate but also unidentified side products. This
might be due to the mixture of acid types in zeolites. The H-type zeolites contain both Brgnsted
and Lewis acid sites on the surface.?® As shown in Scheme 1, Brgnsted acids allow reactions to
undergo dehydration then rehydration to produce ML; Lewis acids, on the other hand, catalyze a
retro-aldol reaction to generate methyl lactate. Also, the relatively stronger acidities of H-type
zeolites were not suitable for fructose conversion under optimized conditions for TiO>
nanoparticles. Consequently, the selectivity toward ML was significantly lowered to 27~15 % for
H-type zeolites. The TiO2 nanoparticle catalyst provide appropriate acidity to catalyze both the

dehydration and further rehydration of fructose.

3.4.4 Investigations on Conversion of Different Biomass Sources
Investigation of the conversion of different biomass sources demonstrated the practical
applicability of the synthesized TiO, catalyst (Table 3.2). In glucose conversion, the reaction

pathway involves isomerization of glucose to fructose. Fructose is then converted to ML in MeOH.
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Table 3.2 Methyl levulinate yields from different biomass carbohydrates catalyzed by TiO;

nanoparticles?

. __
Substrate Yield / Selectivity (%)

Conversion (%)® MLE
Fructose >99 80/(80)
Glucose >99 61/(61)°
Sucrose 82,>99 51/(62),
65/(65)¢
Cellobiose 68, >99 17/(25),
58/(58)°
Cellulose 72 42/(58)f
Starch 67 40/(60)f

& Reaction conditions: MeOH (20 mL), fructose (1 mmol), catalyst (0.1 g), 175 °C, 1 h under No.
All reactions were repeated three times. The average yields are reported. ® Conversions were
obtained by HPLC analysis. ¢ Yields and selectivities of ML were obtained by GC-FID analysis. ¢
Reaction time: 3 hours. ¢ Reaction time: 9 hours. f Reaction time: 20 hours .

The time-dependent studies (Figure 3.6) showed the co-existence of glucose and fructose in the
first 5 hours, indicating a slow glucose isomerization. The yield of ML stabilized at a maximum
of 61% after 9 hours. The rate of glucose isomerization controls the selectivity to ML. The use of
disaccharides such as sucrose (a disaccharide of glucose and fructose) and cellobiose (a
disaccharide of glucose) requires initial hydrolysis of disaccharide into the monosaccharides.
Sucrose and cellobiose were also selectively converted to ML with high yields (65 % and 58 %,
respectively), indicating that sequential reactions (hydrolysis of disaccharides, isomerization of
glucose to fructose and finally conversion to ML) were successfully catalyzed. The main
differences between the conversions of sucrose and cellobiose are the reaction times; sucrose only
requires 3 hours while cellobiose requires 9 hours to complete the reaction. This difference may
be due to the hydrolysis of sucrose to glucose and fructose units, which is feasible for conversion
of ML. Besides these monosaccharides (fructose, glucose) and disaccharides (sucrose, cellobiose),

polysaccharides (cellulose and starch) were also tested under the same conditions as fructose
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Figure 3.6 Effect of time on conversion of glucose to fructose and ML. (Reaction conditions: 0.18
g glucose in 20 mL MeOH, 0.1 g catalyst, 175 °C.)

conversion. Both cellulose and starch reached ML yields around 40% after 20 hours. Conversion
of cellulose to ML involves depolymerization of cellulose to glucose and the subsequent
transformation of glucose to ML, therefore, a longer reaction time was needed for this reaction.
The depolymerization of cellulose/starch to glucose may be hindered in organic solvents by
solubility constraints.
3.4.5 Investigations on Conversion in Different Solvents

Utilization of TiO2 nanoparticles for converting fructose in various solvents was investigated,
and the results are given in Table 3.3. Fructose was dehydrated to HMF, but no further rehydrated
products such as levulinic acid were detected in aprotic solvents. Among all tested aprotic solvents,
tetrahydrofuran (THF) gave the highest HMF yield (54 %). Although fructose solubility is higher
in solvents with relatively high boiling points [such as dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and dimethylacetamide (DMA)] the use of these solvents produced
more humins during the reaction (as indicated by a deep brown color observed after the reaction).

The formation of humins suppressed the HMF yield in these solvents.
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Table 3.3 Effect of solvents on fructose conversions and products yields catalyzed by TiO;

nanoparticles?

Yield (%)
Solvent  Time (h) Conversion (%)° Levulinic
HMF®  HMF ether® LAP
ester®
1 >99 42 -d - i
THF
3 >99 54 - - -
CHs:CN 3 66 19 - - -
DMF 3 >09 31 - - -
DMSO 3 >09 30 - - -
DMA 3 >09 35 - - -
1 97 n.d. 18 58 n.d.
EtOH
3 >99 n.d. n.d. 71 n.d.
1 98 n.d. 14 66 n.d.
n-PrOH
3 >99 n.d. n.d. 78 n.d.
1 96 <1% 52 8 2
2-PrOH
3 >909 <1% 68 13 4
1 >99 n.d. 12 67 n.d.
n-BuOH
3 >99 n.d. n.d. 75 n.d.
1 96 <1% 54 4 2
2-BuOH
3 >99 <1% 67 10 6
BUOH 1 98 9 45 3 8
3 >09 7 63 7 9

4 Reaction conditions: solvent (20 mL), fructose (1 mmol), catalyst (0.1 g), 150 °C, under N2. °
Conversion and yield of HMF and levulinic acid were obtained by HPLC analysis. ¢ Yields of
levulinic esters and HMF-derived ethers were obtained by GC-FID analysis. ¢ Not observed

product.
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Regarding the utilization of levulinic esters as diesel blend components, lower molecular
weight levulinic esters have shown some disadvantages. ML is miscible with water, which is
difficult to manage. Another disadvantage is that ML might separate from biodiesel at low
temperatures. However, higher molecular weight levulinic esters have higher octane numbers,
which are thermally more stable. Mixing diesel with higher boiling point levulinic esters can also
reduce volatile organic compound (VOC) emissions, and is more environmentally friendly.?
Therefore, n-ethanol, propanol, and butanol were used as solvents in order to produce levulinic
esters with higher molecular weights. The results showed that fructose converted to different n-
alkyl levulinates can reach 71~ 78% yield in three hours. Zhang et al. tried to produce alkyl
levulinates in high yields.?®® However, the expensive furfuryl alcohol was needed as a precursor
while our process uses economical raw precursors such as fructose to produce versatile levulinic
esters using a TiO2 nanoparticle catalyst.

The formation of levulinic esters from fructose is a consecutive reaction which probably
proceeds by either rehydration of HMF-ether to form levulinic ester or by rehydration of HMF to
levulinic acid, followed by esterification to form levulinic ester. Interestingly, the use of higher
steric hindrance alcohols such as 2-propanol, 2-butanol and t-butanol led to the HMF-derived
ethers as main products as opposed to levulinic esters. The reaction was not favorable for further
rehydration to form levulinic esters, so the generation of other products such as levulinic acid or
esters was suppressed. The yields of HMF-derived ethers were 63 ~ 68% in 2-propanol, 2-butanol
and t-butanol. HMF-derived ethers such as 5-ethoxymethylfurfural have already been tested, and
exhibited comparable energy density relative to standard gasoline.>® The advantage of forming

HMF-derived ethers is that they are much more stable and easier to work with than HMF.
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Therefore, by adjusting n-alkyl alcohols to higher sterically hindered alcohols, another selection

of valuable platform chemicals (HMF-derived ethers) was obtained.
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Figure 3.7 Reusability of TiO> nanoparticles and sulfated metal oxides. The catalysts were
calcined at 400 °C for 1 h before reuse except the one for TiO2 nanoparticles without calcination
(V) and calcined at the 6th use (4). (Reaction conditions: 20 mL 0.05 M fructose in MeOH, 0.1

g catalyst, 175 °C, 1 h.)

3.4.6 Investigations of the Catalysts Reusability

Reusability is also a key factor in heterogeneous catalysis. Results indicate that the yields of
ML gradually decreased to 40 % after the 5th use (Figure 3.7). The color of the catalyst changed
from white to deep brown, indicating an accumulation of humins on the surface of catalyst over
time, possibly causing deactivation. Therefore, post treatment of the catalyst was performed by
calcination at 400 °C for 1 h. The white color of the catalyst was restored, and the yields reverted
to 70 % with only around a 10 % loss of yield after the 6th use. The recovered catalysts were
further characterized. The XRD patterns and SEM images of recovered TiO2 nanoparticles showed
no significant changes after calcination. These characterization studies showed that the

morphology of TiO2 nanoparticles remained the same after reaction and regeneration.
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Sulfated metal oxides are well known strong solid acid catalysts and are widely tested for
catalytic reactions.®! The main drawback of sulfated metal oxides is the unstable activity due to
sulfate leaching problems. Therefore, we compared the stability of TiO> nanoparticles to other
sulfated ZrO, and TiO2 prepared by impregnation methods. To reduce interferences, humins
adsorbed on the catalysts were removed by calcination after each use. The results are shown in
(Figure 3.7). The yield of ML from 80 % dropped to 70 % after the 3rd use but stabilized at around
70 % in further uses for TiO2 nanoparticles. On the other hand, the activity of sulfated ZrO and
TiO, catalysts drastically dropped; both of the sulfated catalysts were almost completely
deactivated after the 5th use. Strong acidity for the sulfated catalysts is primarily due to the
chelation of sulfate ions on the surface of metal oxides.! Therefore, the thermal stability of TiO,
nanoparticles was also tested. The results indicated the sulfur concentration of the TiO>
nanoparticles for different treatments. Almost no sulfur was detected for the catalyst calcined at
800 °C which showed no activity toward ML production. The deactivation might occur due to
sulfate ion decomposition. Deactivation of the sulfated metal oxide catalysts due to sulfate ion
leaching or the thermal instability of the catalysts has been discussed in several other studies.®
The post-treatment of catalysts to remove humins might also be responsible for sulfate ion removal
on the metal oxide surface due to thermal decomposition. Ultimately, synthesized acidic TiO>

nanoparticles showed superior behaviour in preserving activity and thermal stability.

3.5 Conclusions

In summary, we report a one-step synthesis of acidic TiO2 (anatase) nanoparticles that can
produce high yields of ML in MeOH from different biomass derived carbohydrates under moderate

conditions. The ML vyields obtained from fructose were as high as 80 % with 80 % selectivity.
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Moreover, HMF, HMF-derived ethers and higher molecular weight levulinic esters can also be
obtained by changing solvent feeds. Remarkable catalytic activity of the nanoparticles is attributed
to in-situ sulfation on the surface and their superior dispersion in reaction media. These novel
catalytic nanoparticles allow for the conversion of biomass derived carbohydrates efficiently at
low temperatures ranging from 150 to 200 °C. The catalysts also show high recyclability with a
minor loss of performance. These newly discovered acidic TiO, nanoparticles for biomass
conversion open up a new avenue of cost effective biomass refinery processes toward the

production of affordable bio-chemicals and biofuels.
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Chapter 4. Understanding the Role of Gold Nanoparticles in Enhancing the Catalytic

Activity of Manganese Oxides in Water Oxidation Reactions.

4.1 Overview and Abstract

The Earth-abundant and inexpensive manganese oxides (MnOx) have emerged as an intriguing
type of catalysts for the water oxidation reaction. However, the overall turnover frequencies of
MnOy catalysts are still much lower than that of nanostructured IrO2 and RuO; catalysts. Herein,
we demonstrate that doping MnOyx polymorphs with gold nanoparticles (AuNPS) can result in a
strong enhancement of catalytic activity for the water oxidation reaction. For the first time, the
catalytic activity of MnOx/AuNPs catalysts correlates strongly with the initial valence of the Mn
centers. By promoting the formation of Mn** species, a small amount of AuNPs (<5 %) in a-
MnO2/AuNP catalysts significantly improved the catalytic activity up to 8.2 times in the
photochemical and 6 times in the electrochemical system, compared with the activity of pure a-

MnO..

4.2 Introduction

Photochemical and electrochemical water splitting into H> and O has received continuous
attention over a half century for its potential applications in the renewable energy technologies.
The half-photolysis of photochemical water oxidation reaction (WOR) or electrochemical oxygen
evolution reaction (OER) [2H,0 (1) — 4e~ — 4H™ (aq) + 0,(g)] is known as a complex process
involving a four-electron transfer process. The oxygen generation is Kinetically slow and has been

recognized as a bottleneck that largely limits the overall efficiency of water splitting. The rational
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design of numerous novel photochemical or electrochemical catalysts is crucial for the more
efficient water oxidation.[! Inspired by highly active cubane-like CaMnsOx photocatalysts, the
earth-abundant and inexpensive manganese oxides (MnOx) have emerged as an intriguing type of
catalysts for light-driven and electricity-driven water splitting.[ MnOx materials have versatile
crystalline/amorphous structures due to the multi-valent nature of Mn element. Given that the
complex/variable valence,? 3 multiple polymorphst* 4 and versatile morphologies of MnOx
materials® can influence their catalytic activity, considerable efforts have been devoted to
developing highly efficient MnOx catalysts for water splitting in the past few years. The catalytic
activity of MnOx polymorphs for WORs/OERs is dependent upon the presence of Mn®* species!®!
which have an antibonding electronic configuration and a longer Mn-O bond than that of
Mn**/Mn?* species. [

A number of recent studies have also shown that the underlying substrate (e.g. metal electrode)
of the catalysts can largely improve O evolution performance for both WORs and OERs.["! The
incorporation of catalyst and substrate may result in the synergetic coupling effect at their interface,
thus leading to the enhancement of catalytic activity.’¥ For instance, Bell’s group has
demonstrated that cobalt oxide (CoOx) films deposited on noble metal substrates (e.g. Au, Pt and
Pd) have exhibited a much higher activity for OERs.["®! The turnover frequency (TOF) of CoOx
deposited on Au for OERSs is nearly 40 times higher than that of bulk CoOx. Jaramillo et al. lately
reported that the catalytic activity of Au nanoparticle (AuNP) doped MnOx films was significantly
enhanced and the TOF of AuNPs/MnOx films was an order of magnitude higher than that of bulk
films.["41 As such, the use of noble metal NPs doped metal oxide catalysts may stand out as a
promising opportunity to develop highly active catalysts for WORs/OERs. However, the

underlying role of metal NP dopants in the catalytic activity for O, evolution is still under debate
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in the current literature. A study from Primo et al. proposed that the hot electron injection from
photoexcited gold NPs (AuNPSs) to the catalytic centers may occur to alter the electron transfer
pathways for WORs.[®! One model involves the oxidation of water on the surface of AuNPs. Other
reports, conversely, show the enhanced OER activity of metal oxide catalysts "> 79 that have core-
shell nanostructures”™ where metal NPs cannot directly interact with water molecules.

In the present study, we choose to focus on five different MnOyx materials doped with AuNPs,
I.e., cryptomelane-type a-MnOa, birnessite-type 8-MnO., amorphous MnO., cobalt doped a-MnOy,
and cubic bixbyite Mn20s, to further understand the role of metal NPs on the catalytic activity of
MnOx materials. We observed that, for the first time, the catalytic activity of MnOx/AuNPs for
WORSs presented a strong correlation with the valence of Mn centers. For the oxidation state of
Mn**, the MnOx/AuNPs catalysts (<5% Au) showed nearly an order of magnitude higher catalytic
activity for WORS/OERs than bulk MnOx catalysts. The electron transfer from Mn?* to AuNPs
was envisaged to improve the catalytic activity of MnOx/AuNPs. Our study highlights the
importance of noble metals in developing mixed metal/metal oxide systems as efficient water

oxidation catalysts.

4.3 Experimental Section
4.3.1 Materials

Potassium permanganate (>99%), manganese(ll) sulfate monohydrate (>99%), potassium
hydroxide (90%), cobalt(Il) nitrate hexahydrate (>98%), gold(lIl) chloride hydrate (HAuCls,,
99.999%), Mn203 (99 %, ~325 mesh), urea, sodium persulfate (>98%), sodium sulfate (anhydrous,
>99%), sodium hexafluorosilicate, and sodium bicarbonate (>99.5%) were purchased from Sigma-

Aldrich and used without further purification unless otherwise noted. Photosensitizer, tris(2,2'-
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bipyridyl)ruthenium(ll) chloride hexahydrate [Ru(bpy)s®*] (98%) was obtained from Strem
Chemical Inc. and used as received. The ultra-pure water was obtained using High-Q, Inc. system

(model 103S) with resistivity of >10.0 MQ.

4.3.2 Synthesis of MnOx Polymorphs
4.3.2.1 Synthesis of a-MnO:2

a-MnO; of potassium containing Cryptomelane-type manganese oxide with 2x2 tunneling
structure was synthesized using a well-established reflux method. Briefly, in a 500 mL round-
bottom flask, 225 mL of potassium permanganate aqueous solution (1.7 M) was added dropwise
to a mixture of 67.5 mL of manganese sulfate hydrate aqueous solution (26 M) and 6.8 mL of
concentrated nitric acid under strong stirring. The dark-brown slurry was further stirred and
refluxed for 24 h. After cooling down to room temperature, the reaction mixture was then filtered
to obtain to a-MnO> and the final product was washed with distilled water for several times until

the filtrates was neutral. The catalyst was dried at 120°C before use.

4.3.2.2 Synthesis of K-Birnessite 8-MnO2

8-MnO, of potassium containing Birnessite-type manganese oxide layered material was
prepared as following. In a typical synthesis, 200 mL of potassium hydroxide solution (0.3 M in
water/EtOH (1:1, vol) solution) was added dropwise to 150 mL of potassium permanganate
aqueous solution (0.4 M) under vigorous stirring. The resulting mixture was stirred for 1 h and
aged at 80°C for 48 h. The product was washed with deionized water for several times until the

filtrate was neutral. The collected material was dried at 80°C before use.
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4.3.2.3 Synthesis of Cobalt Doped a-MnO:2

The synthesis of cobalt doped a-MnO> was described as following. In a 500 mL round-bottom
flask equipped with condenser, 225 mL of potassium permanganate solution (0.4 M) and 50 mL
of cobalt nitrate (0.6 M) were added dropwise to a mixture of 67.5 mL of manganese sulfate
hydrate solution (1.75 M) and 6.8 mL of concentrated nitric acid. After completing addition, the
dark brown slurry was further refluxed for 24 h, then filtered and washed with distilled deionized

water several times until the filtrate was neutral. The catalyst was dried at 120°C before use.

4.3.3 Synthesis of AUNPs/MnOx Catalysts

The post-treatment of AuNPs deposited on the manganese oxide materials was synthesized
according to a reported procedure.lt! In general, 100 mg of manganese oxide materials and 1 g of
urea with 10 mL of ultra-pure water were placed in a 25 mL vial with a stir bar. The predetermined
amount of HAuCIs solution (25 mg/mL) was added subsequently. After sonication for five
minutes, the reaction mixture was then heated to 85°C for one hour. After cooling down, the
reaction suspension was filtered and washed with deionized water. The collected material was

dried at 120°C then further calcinated at 250°C for 2 hr.

4.3.4 Water Oxidation Test of Manganese Oxide and Au Containing Manganese Oxide
Materials
Photochemical water oxidation tests were conducted in a 20 mL quartz reaction vessel
containing 3 mg of the catalyst, 1.5 mM Ru(bpy)s?*, 13 mM NaS20s, and 68 mM NazSO4 in 15
mL buffered aqueous solutions (0.022-0.028 M NaSiFs - NaHCOs3 solution with pH ~ 5.8).

Reactants in the quartz vessel were sonicated for 1 min and purged with argon for 10 min to remove
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all dissolved oxygen from the aqueous solution. The quartz vessel was then irradiated with a
continuous output xenon lamp set at 250-W power. A cut-off bandpass filter (A>400 nm + 10 nm)
was placed in between the quartz vessel and the light source. The amount of dissolved oxygen was
measured using an automatic temperature-compensated needle-type oxygen microsensor based on

a 140 um optical fiber (Microx TX3-trace, Presens).

4.3.5 OER Evaluation

Cyclic voltammograms (CVs) were obtained with a CHI 660A electrochemical workstation
(CH instruments). For electrochemical oxygen evolution measurements, pyrolytic graphite carbon
working electrodes were used (surface area ~ 0.18 cm?) equipped with a rotating disc working
electrode (RDE) configuration. A platinum wire was used as a counter electrode and saturated
calomel electrode (SCE) as reference electrode. The potentials reported in this work are referenced
to the reversible hydrogen electrode (RHE) and denoted as RHE potential. The preparation of the
working electrode is as follows: 5 mg of the catalysts was dispersed in 1 mL of water by sonication.
Then 45 pL of Nafion solution was added and sonicated for another 1 min. 8 pL of obtained
solution were dropped on the working electrode surface and dried overnight before use. CV curves
were iR-compensated and performed from 0.05 to 1.95 V with a sweep rate of 10 mV st in oxygen

saturated 0.1 M KOH solution. The working electrode was rotated at 1600 rpm.

The calculation of mass activity and TOF in this work is based on literature published by Guo
et al. 2. Mass activity (A g*') values were obtained from deposited material on the working
electrode (~ 0.2 mg) with measured current density (j, mA cm™) at = 0.35 V. Mass activity =
j/m, where j is the current density at 10 mV and m is the mass of material loaded on the electrode

surface. Turnover frequency (TOF) values were obtained using the following equation and
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assuming all materials on the working electrode are involved in the reaction. TOF = j S/ 4Fn,
where j (MA cm™) is the measured current density at 1 = 0.35 V, S represent the surface area of
the working electrode, F is Faraday’s constant, and n is the moles of the metal atom on the working

electrode.

4.3.6 Characterization

The crystallinity of as-synthesized materials was characterized using a Rigaku UltimalV power
X-ray diffractometer (XRD) with Cu K, radiation and a tube voltage of 40 kV and current of 44
mA. Morphologies of catalysts were studied using high resolution transmission electron
microscopy (HR-TEM) and field emission scanning electron microscopy (FE-SEM). HRTEM
studies were carried out using a JEOL 2010 transmission electron microscope with an accelerating
voltage of 200 kVV. TEM samples were prepared by casting the suspension of material on a carbon
coated copper grid (300 mesh). FE-SEM studies were carried out using Zeiss DSM 982 Gemini
FE-SEM with a beam current of 1 mA and a Schottky emitter operating at 2 kV. For the surface
analysis, the X-ray photoelectron spectroscopy (XPS) was performed on a PHI model 590
spectrometer with multi-probes (Physical Electronics Industries Inc.), using Al Ko (A = 1486.6 V)
as the radiation source. The powder samples were pressed on carbon tape mounted on adhesive
copper tape stuck to a sample stage placed in the analysis chamber. Raman measurements were
recorded using a Renishaw 2000 Ramascope attached to a charge-coupled device (CCD) camera,
with an Ar* ion laser (514.4 nm) as the excitation source. Before each measurement was taken, the
spectrometer was calibrated with a silicon wafer. The chemical compositions of the as-synthesized
materials were characterized with energy dispersive X-ray spectroscopy (EDX) with an FEI Nova

NanoSEM 450 SEM equipped with an Oxford X-max80 EDX analyzer operating at an electron
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accelerating voltage of 10 kV. The determination of specific surface area and pore size distribution
was done using a Quantachrome autosorb iQ surface area system using N gas as the adsorbate at
77 K. Prior to the experiments all the samples were degassed at 150C for 12 h. The XAFS data
were collected at the National Synchrotron Light Source at Brookhaven National Laboratory

utilizing beam line X18A.

4.3.7 X-ray Absorption Spectroscopy Data Reduction and Data Analysis

Energy Eoexp Of the raw data was determined from the first inflection point in the spectra.
Afterwards the difference between the obtained energy Eoexp and the tabulated absorption edge
energy of the manganese K-edge (Eorer = 6.539 keV) was used to calibrate the raw data.
Background subtraction and normalization were performed by fitting a linear polynomial to the
pre-edge region and a cubic polynomial to the post-edge region of the absorption spectrum. A
smooth atomic background, uo(k), was obtained using cubic splines. The number of splines was
nine and the k weight was three. The fitting range in k space was set from 2.4 to 14 A 1. After
XAFS data reduction, the radial distribution function FT(y(k)) was obtained by Fourier
transforming the k3-weighted experimental y(k), multiplied by a Bessel window, into the R space.
EXAFS data analysis was performed using theoretical backscattering phases and amplitudes

obtained from FEFF calculations. The model structure was a-MnO-.

EXAFS fitting and simulation were performed using the standard EXAFS formula. The fit was
carried out in R space in the R range from 1.0858 to 3.4569 A . The number of single-scattering
(SS) paths was 3. For the studied system the number of independent parameters was 19 and the
number of free running parameters was 7. Structural parameters that are determined by a least-

square EXAFS fit to the experimental spectra are the bond length R, the Debye-Waller factors o2
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and the Eo shifts. The coordination numbers were kept invariable in the refinement. The reduction
factor So? was also kept invariable and set to 0.9. Eo shifts were correlated while the Debye-Waller
factors and the bond lengths were allowed to run free. EXAFS refinements were conducted in R

space to magnitude and imaginary part of a Fourier transformed k3-weighted experimental (k).

A satisfactory refinement could already be obtained by taking into account only single-
scattering paths. In this work it sufficed to consider three scattering shells in the chosen R range.
The refinement was also carried out by entering two distances into the Mn-O-shell, but an
improvement of the R-value could not be achieved. Hence, it was decided to consider the Mn-O
distance of 1.89 A, the Mn-Mneqge distance of 2.86 A and the Mn-Mncomer distance of 3.47 A of

the structure model a-MnO; for the refinement.

4.4 Results and Discussion

Various MnOx polymorphs were synthesized by following the reported procedures.[®! AuNPs
were deposited on the surface of MnOy materials through chemical reduction of HAuCls using
urea. The growth of AuNPs on MnOy catalysts was confirmed by transmission electron
microscopy (TEM) as shown in Figure 4.1a and c. Figure 4.1a shows TEM images of as-prepared
cryptomelane-type a-MnO> nanorods with an average diameter of ~20 nm and a length of 200-
500 nm. AuNPs have an average diameter of 4 nm and are well-dispersed on the surface of a-
MnO> nanorods. The amount of Au deposited on a-MnO2 was determined by energy dispersive
X-ray (EDX) spectroscopy. By adjusting the ratio of HAuCls and MnOy, the doping amount of
AuUNPs could be readily controlled in the range of 0.9% to 5.8%. Catalysts are denoted as

MnO2/AuNP-n hereafter, where n is the percentage of Au relative to Mn.
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Figure 4.1 (a,c) TEM images of MnOx (left) and MnOy/AuNP (right) catalysts: (a) a-MnO> and
a-MnO2/AuNP-4.4; and (c) 6-MnO; and 3-MnO2/AuNP-5.8. Scale bars are 50 nm in (&) and 200
nm in (c). (b,d) Dissolved O> concentration measured under visible light irradiation (~400 nm)
using a-MnO2/AuNP (b) and 5-MnO2/AuNP (d) as catalysts. Conditions: 1.5 mM of Ru(bpy)s",
13 mM of Na>S20g, 68 mM of Na,SOs and 3 mg of catalysts in a 15 mL of Na,SiFs-NaHCO3
buffer solution (pH ~5.8). The WOR results were confirmed by three individual measurements at

least.

Other MnO2 polymorphs, including birnessite-type 6-MnO- (Figure 4.1c), amorphous MnOs,
cobalt doped a-MnO: rods, and bixbyite Mn2O3 were deposited with AuNPs using a similar
procedure. The crystallinity of MnOx/AuNP catalysts was further confirmed by X-ray diffraction
(XRD) and Raman spectroscopy. No noticeable change in crystalline structures of MnOx
polymorphs was found in all samples after Au deposition. The surface area of MnOx/AuNPs is
close to that of pure MnOx and no obvious changes were observed.
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The catalytic performance of MnOx polymorphs was first evaluated for WORs as

photocatalysts utilizing well-established Ru(bpy)s?*-S20s%" system. The overall
photoelectrochemical reaction of this system is 2Ru(bpy)s*" + S,05%” + hv >

2Ru(bpy)s>* + 50,7, where Ru(bpy)s?* is a photosensitizer and S,0s? is a sacrificial electron
acceptor. Formed Ru(bpy)s®* species can be reduced back to Ru(bpy)s** by pulling one electron
from the catalyst where water molecules lose electrons and get oxidized to form Oz. The generated
O2 in solution was measured using a needle-type oxygen microsensor upon exposure to visible
light (A>400 nm). Using a-MnO2/AuNPs and 3-MnO./AuNPs as photocatalysts, WOR results are
presented in Figs 1b and d. Pure a-MnO> exhibited a moderate oxygen evolution rate and the
dissolved oxygen content was ~0.7 mmol/mol Mn after 3 min (Figure 4.1b); while pure 5-MnO>
showed nearly no activity for WORs and no significant oxygen content was detected (below 0.2
mmol/mol Mn) (Figure 4.1d). Similar results were reported by Robinson!® and Bharat'%. The
deposition of a small amount of AuNPs on both a-MnO2 and 3-MnO- led to a significantly higher
rate of oxygen generation. The dissolved oxygen content increased from 4.0 mmol/mol Mn for a-
MnO2/AUNP-0.9 to 5.8 mmol/mol Mn for a-MnO2/AuNP-4.4 with increased loading of AuNPs
on a-MnO2. The TOF of 1.70x10° s for a-MnO2/AuNP-4.4 calculated from WOR results is 8.2
times higher than that of pure a-MnO: (see Table 4.1). For 3-MnO2/AuNPs, a dramatic
enhancement of WOR activity was of particular note and ~18 mmol/mol Mn of O was generated.
The TOF of 3-MnO2/AuNP-5.8 is 5.1x10° s, close to that of Mn,0s[?3. Likewise, the
enhancement of WOR activity was found in the other two types of MnO: polymorphs, including
amorphous MnO: and cobalt doped a-MnQO> rods. Moreover, the increase of doping contents of

AuUNPs in MnOx polymorphs seemed to further improve the catalytic activity; but this effect is
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Table 4.1 Summarized WOR and OER activities of a-MnO; and a-MnO2/AuNP catalysts!@

Catalysts n at Mass activity at TOF at TOF of
J=10mA/cm?2 (V) =035V (Agl =035V (s!) WORs
a-MnO; 0.63[° 2.4 0.004 2.08x10°®
a-MnO2/AuNP-0.9 0.54 45 0.009 1.18x10°°
a-MnO2/AuNP-2.2 0.46 4.7 0.012 1.25x10°°
a-MnO2/AuNP-3.1 0.41 10.3 0.029 1.51x107°
a-MnO2/AuNP-4.4 0.39 14.7 0.039 1.70x10°°

[e{IDetailed calculation methods were given in SI. PIThe overpotential of pure a-MnO,was obtained

at highest current density of 9.6 mA.

minimalt*Y, WOR results suggest that the addition of AuNPs to MnOx polymorphs results in a
much higher photochemical catalytic activity.

To further explore the enhanced catalytic activity of MnO2/AuNP catalysts, the OER
performance of a-MnO2/AuNP was also measured for electrochemical oxidation of water by
cyclic voltammetry (CV). The voltammograms of a-MnO2/AuNPs with various contents of AUNPS
under alkaline conditions (0.1 M KOH, pH ~13) are shown in Figure 4.2. Larger current density
and lower over potential of water oxidation were obtained with a higher loading amount of AuNPs.
The over potential (;) at the current density (j) of 10 mA/cm2 is 0.39 V for a-MnO2/AuNP-4.4,
compared to pure a-MnO2 with #=0.63 V (Table 4.1). The mass activity of a-MnO2/AuNP-4.4 at
7=0.35 V is ~6 times higher than that of pure a-MnO2; while the TOF of a-MnO2/AuNP-4.4 for
OERs is roughly 10 times higher than that of pure a-MnOo. It is quite challenging to compare the
catalytic activity to that of previously published MnOx catalysts as the sample preparation and
measurement conditions vary. However, under similar conditions, Fekete et al. reported the
electrochemical activity of nanostructured 3-MnO; catalysts and found that the over potential at
J=10 mA/cm? is 0.55 V in NaOH solution (0.1 M), which is close to that of pure a-MnOz in this

work.[*2 The recent report from Gorlin and Jaramillo showed that the electrodeposited
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Figure 4.2 Cyclic voltammetry studies of a-MnOz and a-MnO2/AuNP for electrochemical

1.0 1

oxidation of water. All measurements were carried out in Oz purged 0.1 M KOH solution at a scan
rate of 10 mVs™ with a RDE rotation rate of 1600 rpm.

MnOx/AuNP composite catalyst has an over potential of 0.35 V at J=10 mA/cm2.U'd Similar
effects from AuNP doping are shown in the study we present here.

How does catalytic intriguing synergy of MnOx/AuNPs for water splitting occur? To
investigate synergetic effects, it is useful to address two important factors focusing on the ex situ
material characterization as well as the reaction mechanism: i) the influence of AuNPs on structural
evaluation and surface properties of MnOy, including the crystalline structures of MnOy and the
valence/oxidation state of Mn; and ii) the influence of AuNPs on the reaction pathways and
catalytic centers, e.g. whether AUNPs can act as co-catalysts or new active centers instead of Mn.
As aforementioned, macroscopic crystalline structures of MnOy catalysts were not influenced by
the presence of AuNPs. The enhancement of WORs may be ascribed to the change in either the
surface properties of MnO2/AuNP catalysts or the in situ involvement of AuNPs in the WOR

mechanism.
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Figure 4.3 The average oxidation state of Mn for a-MnO and a-MnO2/AuNP catalysts derived

from Mn K-edge absorption threshold.

The surface property of MnO2/AuNPs catalysts was first investigated by X-ray photoelectron
spectroscopy (XPS). The high resolution XPS spectra of Mn 2p region present two peaks at 642.2
eV and 653.8 eV assigned to Mn 2ps2 and 2pus2, respectively. The difference in binding energy of
the two peaks frequently used for characterizing Mn3" and Mn** ratios did not display any
significant change as compared to that of pure a-MnQO>. However, the Mn K-edge X-ray absorption
near-edge structure (XANES) analysis of MnO2/AuNPs catalysts suggested a slight change in the
average oxidation state of Mn (Figure 4.3). The overall features of Mn K-edge XANES spectra
are quite similar for all samples of a-MnO2/AuNP. Extended X-Ray Absorption Fine Structure
(EXAFS) also revealed no significant influence of gold loading on the average Mn-O and Mn-Mn
distances (Table 4.2). However, a decreasing XAFS amplitude indicated an increasing Mn-O and
Mn-Mn distance distribution with gold loading. The slight shift from 6551.84 (a-MnO>) to 6551.61

eV (a-MnO2/AuNP-4.4) corresponds to the decrease of Mn oxidation state from 3.91 (a-MnO3)
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Table 4.2 EXAFS curve fitting parameters?

Fit

Sample Pair  CNrxa R[A] o?[A?] Eo[eV] residual

R [%]
Mn-O 6 1.91 0.0034

0o-MnO3 Mn-Mn 4 2.88 0.0037 -5.0 7.689
Mn-Mn 4 3.45 0.0039
Mn-O 6 1.91 0.0055

a-MnO2/AuNP-0.9 Mn-Mn 4 2.88 0.0060 -5.6 12.46
Mn-Mn 4 3.45 0.0061
Mn-O 6 1.90 0.0056

a-MnO2/AuNP-3.1 Mn-Mn 4 2.88 0.0064 -4.8 9.252
Mn-Mn 4 3.45 0.0067
Mn-O 6 1.92 0.0070

a-MnO2/AuNP-4.4 Mn-Mn 4 2.89 0.0079 -4.6 12.74
Mn-Mn 4 3.46 0.0088

3Fit range in R space 1.0858 A t0 3.4569 A ; k range from 2.4 A t0 14 A ; Nigp =19; Nfree = 7;
Number of SS paths = 3; S¢? = 0.9; 0-MnO as theoretical model.

to 3.84 (a-MnO2/AuNP-4.4)."1 This small shift in binding energy indicates that, i) the localized
electronic interaction of MnO2 and AuNPs is present to lowwer Mn valence; and ii) the weak,
positive charge of AuNPs will compensate the valence change of Mn, resulting in the formation
of Mn species with lowered oxidation state.[**] The co-presence of positive Au ions (Au®") was
further confirmed by Au 4f XPS spectra.

To explore the influence of AUNPs on the reaction pathway and catalytic centers, more control
experiments were performed. First, the individual AuNPs (citrate stabilized AuNPs with diameter
of 3~5 nm) were tested for WORs and no oxygen was detected. Second, by physically mixing
AuNPs and a-MnO2, no enhancement of catalytic activity compared to that of pure a-MnO> was
observed. Third, the catalytic performance of Mn>O3z and Mn,O3/AuNPs catalysts for WORs was
examined using the identical conditions of Ru(bpy)s®*-S20s? system (see Figure 4.4). There is no

significant difference in the catalytic activity of Mn2O3z, Mn2Os/AuNP-0.4 and Mn2Os/AuNP-3.9
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Figure 4.4 Dissolved O concentration measured using Mn2Oz and Mn2O3/AuNPs catalysts under

visible light irradiation (>400 nm).

catalysts for WORs. The TOF value of 4.39x107° s for Mn,Os is close to that of Mn,Os/AuNPs,
4.14x10° s (within 5% difference). We can conclude from the above results, i) AuNPs are
catalytically “inactive” for WORs without the presence of MnO> catalysts in photochemical
system; ii) the mixture of AUNPs with MnO. did not promote the activity of MnO, indicating that
the interaction of AuNPs and MnO: is localized and diminished at long distance; and iii) the
deposition of AUNPs on Mn,O3 do not improve its WOR activity, implying that only Mn®* species
are the catalytic centers and AuNPs are not directly involved in the WORSs. This suggests that
AUuNPs cannot act as the catalytic centers for WORSs or modify the electron transfer pathways from
water molecules to catalytic centers.

In general, Mn®" has a very labile Mn-O bond compared to that of Mn**/Mn?* species and it
can act as precursors for Oz evolution. The active Mn3* species can be generated by the electron
injection from H,0 to Mn** ions in MnO-. [ However, they are rather unstable under natural or

acidic conditions; and the disproportionation of Mn3* to Mn?* and Mn** species occurs quickly to
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Scheme 4.1 (a) The changes in oxidation state of Mn catalytic centers in photochemical water
oxidation. (b) Schematic illustration of mechanism for photochemical water oxidation on
MnOy/AuNPs catalysts. The proposed electron transfer pathways describe two possibilities

involving electron loss of water molecules on AuNPs (left) or MnO2 (right).

diminish the active Mn®'centers for WORs (Scheme 4.1a), 2Mn3* - Mn2* + Mn**. The
equilibrium concentration of Mn3" species is less than 104% of the initial concentration of Mn**
and Mn?* at pH~6.® Based on our observation of valence-dependent catalytic activity, it is
reasonable to deduce that AuNPs in MnO2/AuNPs catalysts promote the in situ formation of active
Mn3* species for WORs. One hypothesis is that, the electron loss of Mn?* species to AuNPs
through the following reaction, 2Mn2* + 3H,0 — Mn,05; + 2e~ + 6H™, to re-generate Mn*"

catalytic centers (Scheme 4.1a). In this redox reaction, the electron transfer from Mn?*/Mn®* (E°=
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Figure 4.5 (a) Time-resolved UV-vis absorption spectra of a-MnO2/AuNP-4 (0.1 mg/mL) in the

presence of Na2S>0g. The absorption spectra of above solution were measured immediately after
the addition of Na>S>Og at an interval of 1 min. (b) Spectral changes of UV-vis absorption of a-
MnO2/AuNP-4.4 in 6 minutes by subtracting the reference spectrum recorded at 1 min. The arrows

are to indicate the increase of reaction time.

+1.49V) redox pairs to AuNPs (note that, Au*/Au of E°= +1.83V and Au®'/Au of E°= +1.52V)
continuously yields Mn®* species. The results presented in Figure 4.3 clearly demonstrate that the
localized electronic interaction of MnO, and AuNPs leads to the weakly positive charge. The
electron transfer pathway will increase the concentration of surface Mn®" species, but not directly
impact the electron loss of water molecules. For Mn,Os catalysts, Mn®* species pre-exist; thus, no

change in activity of Mn,O3z/AuNP catalysts was observed. Moreover, the electronic
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communication of AuNPs and other metal oxide semiconductors has been reported previously at
a metal-semiconductor interface, e.g. AuNPs/TiO.* and AuNPs/WO3[*®1. AuNPs may also
increase the electron transfer efficiency at the metal-semiconductor interface,[**® compared to
catalytic materials and Ru?*/Ru** redox species.

We have examined the in situ change of the oxidation state of Mn species using UV-vis
spectroscopy. As shown in Figure 4.5a, a-MnO> displayed a broad peak centered at ~370 nm in
aqueous solution, corresponding to the d-d transition band gap of MnO2.['®1 The broadness of the
absorption peak is due to the coexistence of lower oxidation states of Mn in a-MnO,.[%d For
instance, Mn®* species in the octahedral center induce a red-shift of the absorption band due to the
single spin-allowed d-d transition and the change transfer between Mn*"-0.!%"1 The spectral
change of a-MnO2/AuNP-4.4 catalysts (0.1 mg/mL) was recorded in the presence of Na>S>Os as
an electron acceptor at a time interval of 1 min (Figure 4.5a). The gradual red-shift of the
absorption peak (~50 nm) of a-MnQO3 to a longer wavelength occurs with increasing reaction time.
The change in absorption of a-MnO; as a function of reaction time is plotted in Figure 4.5b. The
new peak appearing at 540-560 nm is ascribed to the generation of surface Mn®" species. The
control experiments were performed with pure a-MnO> without AuNPs and a-MnO2 mixed with
free AUNPs under identical conditions. No absorption shift was observed in these experiments.

The spectral changes of a-MnO2/AuNP-4.4 suggest that AuNPs promote the formation of
active Mn®* species. The electron transfer between Mn and S;0s> is known to be
thermodynamically favorable (S;0s%/SO4% of E°=2.1 V) but proceed at a kinetically slow rate.
The redox reaction cannot be measured without the presence of AuNPs. The role of AuNPs is
likely to enhance the electronic communication between Mn and redox species e.g. S20s*/S04>

and Ru?/Ru®*, by pulling electrons from the catalysts (Scheme 4.1b). Similar results were
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reported in OERs using metal oxides (Co and Ni) with noble metals, where noble metals generated
and stabilized metal ions at higher oxidation states (e.g. Co*" and Ni®*"). Such species are
recognized as active centers for the water oxidation reaction. Of greater relevance to our present
study, Casella et al.['"1 and Yeo et al.'l demonstrated that the growth of Ni hydroxide on Au
electrode favors the oxide of Ni** over Ni?*. Yeo et al. also noted that the cobalt oxide deposited
on Au electrodes exhibits a high occurrence of Co** species on the surface.[’™ The enhanced

activity was correlated to the electronegativity of noble metals.

4.5 Conclusion

In summary, we have systematically studied five different MnOx/AuNP catalysts for both
WORs and OERs. The enhanced catalytic activity of MnOyx by depositing AuNPs has been
confirmed in both photochemical and electrochemical systems. By doping a small amount of
AuNPs (<5%), the catalytic activity of a-MnO2/AuNP was significantly enhanced up to 8.2 times
in photochemical and 6 times in electrochemical system compared with pure a-MnO.. The
catalytic activity of MnOx/AuNPs was found to be strongly correlated to the valence of Mn centers.
The enhanced electronic communication Mn and redox species that solely promote the in situ
formation of active Mn3* species for WORs played a key role for the higher catalytic activity of
MnO2/AuNPs. Our results may provide fundamental guidance to prepare highly active transition

metal oxide catalysts for both WORs and OERs.
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Chapter 5. Robust Mesoporous Manganese Oxide Catalysts for Water Oxidation.

5.1 Overview and Abstract

Inspired by the natural oxygen evolution reaction of Photosystem II, the earth-abundant and
inexpensive manganese oxides (MnOy) have been recognized for their great potential as highly
efficient and robust materials for water oxidation reaction (WORs). To date, most of the
heterogeneous, synthesized MnOx catalysts still exhibit lower activities for WORs, in comparison
to RuO2 and IrO,. Herein, we report a single-step and scalable synthesis method for mesoporous
MnOx materials that is developed through a soft-templated method. This method allowed precise
control of Mn3*-rich Mn,Oj3 structure as well as pore sizes and crystallinity of these mesoporous
MnOy. These catalysts were investigated for both photochemical and electrochemical water
oxidation, and they presented a superior activity for water oxidation. The highest turnover
frequency of 1.05 x 107 s was obtained, which is comparable with those for precious metal oxide
based catalysts (RuO2 and IrOz). Our results illustrate a guideline to the design and synthesis of

inexpensive and highly active heterogeneous catalysts for water oxidation.

5.2 Introduction

The design of highly active catalysts for solar-driven water oxidation reactions (WORS) is critical
to develop integrated artificial photosynthetic systems. Inspired by the Photosystem Il system
catalyzed by Mn tetramer clusters of CaMn4Os,'® earth-abundant and inexpensive manganese
oxides (MnOy) have been recognized for their great potential as highly efficient and robust

catalysts of WORs.* However, the documented catalytic activity of MnOy for WORs is still rather
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low: at least 1 order of magnitude lower than that of IrO, and RuO>. In order to improve the
catalytic activity of MnOx, much effort has been devoted to the study of structural properties: e.g.,
the valence of Mn centers and the surface properties of catalysts.>! Mn3* species having longer
Mn—O—-Mn bonds were found to be much more active for WORs than Mn?*/Mn** species. Mn®*-
rich structures with labile Mn—O bonds allow for the formation of surface Mn—OH: species and
the cleavage of Mn—02 bonds, which facilitates WORs and increases the overall turnover
frequency (TOF) of the catalytic centers.’?¥® The controllable synthesis of MnOx with enriched
Mn®* species is therefore highly desired. In addition, the control of surface properties of MnOx
catalysts, e.g. surface area and surface oxygen mobility,>” is known to be very critical for WORs
as well. For instance, mesoporous catalysts exhibited better catalytic performance for WORSs in
comparison to bulk catalysts.’2° Jiao et al. reported that nanometer-sized MnOx catalysts
supported on mesoporous silica were highly active for WORs.*® The high surface area of the silica
support played a critical role in the performance of these catalysts. However, the preparation of
mesoporous MnOy catalysts via the hard template approach involves a complicated and time-
consuming process that limits the practical applications of those materials. Moreover, the precise
control over the crystallinity and valence of MnOx based transition-metal oxides is still challenging
due to the different possible coordination numbers and oxidation states of Mn centers.

Herein, we report a facile and general synthesis of high quality mesoporous MnOx with the
crystal structure of Mn,Oj3 using a one-step inverse micelle templating approach.?* Our synthesis
procedure involves a simple sol-gel process using manganese nitrate as a precursor and nonionic
surfactant P123 as a soft template. By varying the calcination temperature, manipulation of the

crystal structures and size of the Mn,O3 phase of the materials from the amorphous to the bixbyite
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Mn,O3 structure is possible. In comparison to previous species prepared by a nano-casting (using
a hard template) approach, our synthetic approach has the advantages of (i) being a single step
wet-chemical synthesis without any post-treatment, (ii) producing large quantities of mesoporous
Mn.Oz materials on gram scales, (iii) tuning the pore size, surface area, and crystallinity of Mn>O3
materials, and (iv) most importantly, precisely controlling the valence transition of MnOx to enrich
the amount of Mn®*. The mesoporous Mn,O3 materials exhibit superior activities for photocatalytic
WORs. A TOF of 1.05 x 103 s for WORs, to the best of our knowledge, is the highest TOF using

synthetic MnOx reported so far.24>78

5.3 Experimental Section
5.3.1 Materials

Manganese (II) nitrate tetrahydrate (Mn(NO3)2-4H>0, >97%), 1-butanol (anhydrous, 99.8%),
nitric acid (HNOsz, 68~70%), Mn20; (99%, ~325 mesh), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (PEO20-b-PPO70-b-PEO70, Pluronic P123),
NaxSiFs, NaxS>0s, NaxSO4, and NaHCO3 were purchased from Sigma-Aldrich and used without
further purification unless otherwise noted. K-Cryptomelane a-MnQO2, K-Birnessite 6-MnO- and
amorphous manganese oxide (AMO) were synthesized followed published literature.®
Photosensitizer of tris(2,2'-bipyridyl)ruthenium(II) chloride hexahydrate [Ru(bpy)s>*] (98%) and
commercial RuO, were obtained from Strem Chemical Inc. and used as received. The ultra-pure

water was obtained using High-Q, Inc. system (model 103S) with resistivity of >10.0 MQ.
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5.3.2 Synthesis of Mesoporous Mn203

Manganese (II) nitrate tetrahydrate (1.2 g, 4.78 mmol) was first dissolved in n-butanol (10 g,
0.13 mol), HNOs (~3.5 g in 68% solution, 0.38 mol) and P123 surfactant (1.2 g) in a 150 mL
beaker at room temperature under strong stirring. The solution was then placed in preheated oven
at 120 °C for 3 h. The obtained deep-brown powder was washed several times with ethanol to
remove the excess surfactant by centrifugation. The final powder product was dried at 40 °C under
vacuum overnight. The dry powder was then subjected to heating cycles to achieve desired crystal
structures and mesopore sizes. The sample was firstly heated at 150 °C for 12 hr. The collected
material was denoted as Mn-150. The further heating processes were followed by 250 °C for 6 hr,
350 °C for 4 hr, 450 °C for 2 hr and 550 °C for 1 hr, and the obtained samples were denoted as
Mn-250, Mn-350, Mn-450, and Mn-550, respectively. All heat treatments were done under air
atmosphere. Be cautious that, the annealing treatment of all samples was performed in ovens with

proper ventilation due to release of toxic NOx gas from the gel.

5.3.3 Water Oxidation Reaction of Mesoporous Mn203

Photochemical water oxidation tests were conducted in a 20 mL quartz reaction vessel
containing 3 mg of the catalyst, 1.5 mM Ru(bpy)s*', 13 mM Na,S,0s, and 68 mM Na»SO4 in 15
mL of buffered aqueous solutions (0.022-0.028 M NaxSiFs-NaHCOs3 solution with pH~5.8).
Reactants in the quartz vessel were sonicated for 1 min and purged with argon for 5 min to remove
all dissolved oxygen from the aqueous solution. The quartz vessel was then irradiated with a
continuous output xenon lamp (250 W). A cut-off filter (A>400£10 nm, SCHOTT North America,
Inc.) was placed in between the quartz vessel and the light source to remove UV light. The amount
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of dissolved oxygen was measured using an automatic temperature-compensated needle-type

oxygen microsensor based on a 140 um optical fiber (Microx TX3-trace, Presens).

5.3.4 Electrochemical Oxygen Evolution Study

Linear sweep voltammetry (LSV), electrochemical impedance (EIS), and chronopotentiometry
experiments were obtained with a CHI 660A electrochemical workstation. For electrochemical
oxygen evolution studies, pyrolytic graphite carbon working electrodes were used (surface area
~0.14 cm?) equipped with a rotating disc working electrode (RDE) configuration. A platinum wire
was used as a counter electrode and saturated calomel electrode (SCE) as the reference electrode.
The potentials reported in this work are referenced to the reversible hydrogen electrode (RHE) and
denoted as RHE potential. The preparation of the working electrode is as follows: 4 mg of catalysts
and 0.4 mg of carbon (VulcanXC-72) were dispersed in 2 mL of water/EtOH by sonication. Then,
19 pL of Nafion solution was added and sonicated for another 20 min. 15 pL of mixture solution
were dropped on the working electrode surface and dried overnight before use. CV curves were
iR-compensated and performed from 1.21 to 1.81 V (vs. RHE) with a sweep rate of 5 mV s in
oxygen saturated 0.1 M of KOH solution. The working electrode was rotated at 1600 rpm. The
electrochemical impedance spectra were applying an AC voltage with 5 mV amplitude in a
frequency ranged from 0.01 to 100 kHz for 5 cycles. To check fitting results selected experimental
data was also fitted using the ZSimDemo software package (version 3.2). In this procedure, RC
initial estimates were obtained using a circle fitting function. Similar fitting parameters were
obtained using both software packages. For chronopotentiometric test, the current density was

fixed at 5 mA/cm? for the anodic reaction.
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The calculation of mass activity and TOF of electrochemical studies in this work is based on

1.22 Mass activity (A g!) values were obtained from deposited the

literature published by Guo et a
catalytic materials on the working electrode (~0.03 mg) with measured current density (j, A cm™)
at 1 = 0.35 V. Turnover frequency (TOF) values were obtained using the following equation and
assuming all materials on the working electrode are involved in the reaction, using TOF= jS/4Fn,
where j (A cm™) is the measured current density at 1= 0.35 V, S (cm?) represent the surface area

of the working electrode, F (C mol™) is Faraday’s constant, 4 is the number of the electrons

involved in the reaction, and n (mol) is the moles of the metal atom on the working electrode.

5.3.5 Detailed Characterization

The crystallinity of as-synthesized materials was characterized using a Rigaku UltimalV power
X-ray diffractometer (PXRD) with Cu K, radiation and a tube voltage of 40 kV and current of 44
mA. The low-angle PXRD patterns were collected over a 26 range of 0.5~10° with a continuous
scan rate of 0.5° min’!, where the wide-angle PXRD patterns were collected over a 26 range of
5~75° with a continuous scan rate of 1.0° min™'. Morphologies of catalysts were studied using high
resolution transmission electron microscopy (HR-TEM) and field emission scanning electron
microscopy (FE-SEM). HRTEM studies were carried out using a JEOL 2010 transmission electron
microscope with an accelerating voltage of 200 kV. TEM samples were prepared by casting the
suspension of material on a carbon coated copper grid (300 mesh). FE-SEM studies were carried
out using Zeiss DSM 982 Gemini FE-SEM with a beam current of 1 mA and a Schottky emitter
operating at 2 kV. For the surface analysis, the X-ray photoelectron spectroscopy (XPS) was

performed on a PHI model 590 spectrometer with multi-probes (Physical Electronics Industries
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Inc.), using Al Ko (A = 1486.6 V) as the radiation source. The powder samples were pressed on
carbon tape mounted on adhesive copper tape stuck to a sample stage placed in the analysis
chamber. The XPS spectra were analyzed and fitted using CasaXPS software (version 2.3.12). The
C Is photoelectron line at 284.6 eV was used as a reference for correction of the surface charging.
A mixture of Gaussian (70%) and Lorentzian (30%) functions was used for the least-squares curve
fitting procedure. Raman measurements were recorded using a Renishaw 2000 Ramascope
attached to a charge-coupled device (CCD) camera, with an Ar" ion laser (514.4 nm) as the
excitation source. Before each measurement was taken, the spectrometer was calibrated with a
silicon wafer. The determination of specific surface area (by BET method) and pore size
distribution (by BJH desorption method) were done using a Quantachrome autosorb i1Q surface
area system using N> gas as the adsorbate at 77 K. Prior to the experiments all the samples were
degassed at 150°C for 12 h or 6 h.. The XAFS data were collected at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory utilizing beam line X18A. A Silicon
(111) double crystal monochromator was used to monochromatize the synchrotron radiation. The
incident and transmitted beam intensities were monitored using ionization chambers filled with
N>. The samples were diluted by h-BN with a ratio of (1:8) then pressed into pellets and mounted
in front of transmission detector. Before the measurements were taken, a thin Mn foil reference
was used for energy calibration. The XANES data were analyzed using Athena software where

background and post and pre-edge corrections were made.
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Figure 5.1 (a) SEM and (b) high-resolution TEM images of mesoporous Mn-550 catalyst,
respectively. The measured lattice distance of 0.38 nm in (b) is correlated to (211) plane of bixbyite
a-Mn0O;3 structures. Scale bars are 50 nm in (a) and 10 nm in (b). (¢) The powder XRD pattern of
Mn-550 catalyst. (d,) Nitrogen adsorption isotherm and (e) BJH desorption pore distribution
diagram of the Mn-550 catalyst. (f) The dissolved oxygen concentration of photochemical water
oxidation for Mn-550 and C-Mn2O3; (commercial Mn»>O3) catalysts. Conditions: 1.5 mM of
Ru(bpy)s*, 13 mM of Na2S,0s, 68 mM of Na,SO4 and 3 mg of catalysts in a 15 mL of Na,SiFe-
NaHCO; buffer solution (pH ~ 5.8). The WOR results were confirmed by at least three individual

measurements.
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5.4 Results and Discussion

The synthetic procedures of mesoporous Mn;O; catalysts are given in experimental
section.?!"*} Briefly, manganese (II) nitrate, P123 and nitric acid were first dissolved in n-butanol.
After stirring for 30 min to generate a homogeneous clear solution, the reaction mixture was placed
in an oven running at 120 °C for 3 hours. The collected solids were further washed with excess
ethanol to remove the surfactant (solvent extraction). In order to maintain the mesoporosity of the
materials, the stepwise annealing process was utilized for the structural transformation of
amorphous structure to crystalline mesoporous Mn>Os3. The materials were subjected to an
annealing cycle between 150 to 550 °C and denoted as Mn-150~Mn-550 hereafter. The
mesoporous Mn-550 catalyst was studied by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) as shown in Figure 5.1a and b. The SEM image clearly
showed the porous structure of the material. The crystal domain size of Mn»O3 as well as its pore
size are in the range of 10~20 nm. High-resolution TEM analysis showed the crystalline bixbyite
structure of Mn20s. The measured d-spacing of 0.38 nm is attributed to (211) plane of Mn20Os. The
powder X-ray diffraction (PXRD) pattern clearly shows the main diffraction peaks of (211), (222),
(400), (332), (431), (440), and (622) planes, confirming the bixbyite Mn,Os structures.>* The size
of aggregated Mn»Oj3 nanoparticles estimated from Scherrer’s equation is approximately 17.3 nm,
which is consistent with our TEM observations. The mesoporosity with uniform pore size
distribution of Mn-550 was confirmed by Type-IV nitrogen adsorption isotherm followed by a
Type I hysteresis loop. The Brunauer-Emmett-Teller (BET) surface area of Mn-550 was estimated

to be 120 m?/g with a pore size of 9.6 nm and a pore volume of 0.42 cc/g.

Photocatalytic water oxidation was studied using a Ru(bpy)3?*-Na2S,0s system

(E(Ru**/Ru*")=1.24 V) and mesoporous Mn-550 as a catalyst.> The overall photochemical reaction
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Figure 5.2 (a) The powder XRD patterns and (b) the Raman spectra for synthesized mesoporous

MnOx catalysts with different calcination temperatures. The observed main diffraction peaks of

Mn-450 and 550 in (a) are ascribed to bixbyite Mn>O3 (211), (222), (400), (332), (431), (440), and

(622) planes.

of WORSs is, 2Ru(bpy)s*" + S:0s> + hv — 2Ru(bpy)s>* + SO, where S,0s> is the sacrificial

electron acceptor. The generated Ru*" species can be reduced back to Ru?** by removing one

electron from the Mn catalyst while water molecules are oxidized to form O> by losing electrons
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to the catalysts. The evolved oxygen concentration was monitored using a needle-like oxygen
microsensor (temperature compensated optic oxygen meter). The Mn-550 material showed a
superior activity for oxygen evolution under these conditions (Figure 5.1f). The dissolved oxygen
content quickly increased to 270 mmol/mol Mn after 6 min of irradiation. The TOF number of
Mn-550 reached 1.05x1073 s°!, which is nearly one order of magnitude higher than a commercial
Mn,0; (C-Mn03 ) material which has a TOF of 1.85x10*s™!. This TOF value is the highest among
the synthetic manganese oxides. Mn,O3 materials are known to be the most active phase for water
oxidation among all manganese oxide phases.>!> As a comparison, commercial RuO2 and Mn,Os
were also tested under the same reaction conditions; the RuO» has a TOF of 3.87x107 s! which is
much higher than C-Mn2O3; whereas the Mn-550 activity was comparable to that of RuO-
materials. Such a dramatic enhancement of WOR catalytic activity is presumably because of the

high surface area and the uniform mesoporous size distribution of the Mn-550 material.

To understand the correlation between the nanostructures and catalytic performance of
mesoporous Mn,O3 catalysts, we further investigated the effect of calcination temperatures on the
catalytic performances of mesoporous Mn>Os catalysts. The mesoporous MnOx catalysts calcined
at lower temperatures (mesoporous Mn-150, 250 and 350) exhibited poor crystallinity, as shown
to be nearly amorphous by XRD (see Figure 5.2a). Upon calcination at temperatures of 450 °C
and higher, the bixbyite Mn;0O; structure was identified. Table 5.1 summarizes the
physicochemical properties of mesoporous materials obtained at different calcination
temperatures. The surface areas of all mesoporous materials are in the range of 129~226 m?/g,
much higher than C-MnxO3 (11 m?%/g). The pore size and pore volume increased solely with
calcination temperature due to the increase of nanoparticle size.?! The crystal domain size of

mesoporous Mn>Os3 was also enhanced with the increase of calcination temperatures as is observed
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Table 5.1 Structural parameters of mesoporous manganese oxide materials.

Materials SBET P \% L D Crystal structures
(m*/g)* (am)’  (ce/g)  (am)”  (nm)° (XRD)

Mn-150 129 2.7 0.21 2.6 N/A amorphous
Mn-250 182 34 0.24 7.8 N/A amorphous
Mn-350 226 34 0.24 8.1 N/A amorphous
Mn-450 150 4.3 0.26 11.5 11.4 Mn;0s (Bixbyite)
Mn-550 120 9.6 0.42 N/A 17.3 Mn;0s3 (Bixbyite)
C-Mn20O3 11 N/A N/A N/A 35.4 Mn;0s3 (Bixbyite)

@ Surface area obtained from Brunauer-Emmett-Teller (BET) measurements (Sper). ° BJH
desorption pore size distribution (P).  BJH desorption pore volume (V). ¢ Low-angle XRD peak

position (L). ¢ Scherrer’s crystallite size (D).

from low angle XRD diffraction peaks. For example, the crystal domain size of Mn-150 is ~2.6
nm; while Mn-450 has the crystal domain size of ~11.5 nm. The structural evolution of
mesoporous Mn>O3 materials obtained at different calcination temperatures was investigated using
Raman spectroscopy (see Figure 5.2b). For Mn-150 and Mn-250 samples, one strong band at 646
cm’ can be assigned to the Mn-O breathing mode of the divalent Mn ions in tetrahedral
coordination and the other small peak at the range of 200 ~ 400 cm™' may correspond to asymmetric
stretching of bridging oxygen species (Mn-O-Mn). These spectra are very similar to those of
reported amorphous manganese oxide (AMO),> suggesting that Mn-150 and Mn-250 possibly

I and

consist of layered hydroxides. At higher calcination temperatures, new peaks at 311 cm™
570~770 cm™! arise which can be attributed to the out-of-plane bending modes and symmetric

stretching of bridge oxygen species (Mn—O—Mn), respectively.?’ These vibrational bands are
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Figure 5.3 The dissolved oxygen concentration of photochemical water oxidation for mesoporous

manganese oxide materials calcined at different temperatures. Conditions: 1.5 mM of Ru(bpy)s**,
13 mM of NaS>0s, 68 mM of Na,SO4 and 3 mg of catalysts in a 15 mL of NaSiFs-NaHCO3
buffer solution (pH ~5.8). The WOR results were confirmed by three individual measurements at

least.

identical to the Raman spectrum of C-Mn,O3, further confirmed the structural transition of MnOx
materials from amorphous layered structures to bixbyite Mn2Os. The transition temperature of
MnOyx materials in Raman studies is obviously lower than that in XRD results. This is possibly

because of the low crystallinity of MnOx calcined at 350 °C that cannot be observed using XRD.

The WOR activities of all samples obtained at different calcination temperatures were studied
under identical conditions (Figure 5.3). The dissolved oxygen content quickly increased with the
increase of calcination temperature, indicating the enhanced catalytic activity for WORs. The
turnover number of Mn-150 sample is 1.51x10% s}, close to that of non-porous C-Mn,O3 sample
(see Table 5.2). The crystalline mesoporous Mn»Os3 catalysts calcined at 450 (Mn-450) and 550
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Table 5.2 Summarized WOR and OER activities of mesoporous manganese oxide catalysts.

Mass activity at  Resistance TOF at TOF of
Catalysts # atJ =10 mA cm? (mV)
n=035V(Ag") R«(Q) #5=035V(s’) WORs

MnO-150 N/A® 2.75 567 1.57x10* 1.51x10*
MnO-250 N/A” 21.02 394 1.20x1073 3.15x10*
MnO-350 575 25.83 284 1.48%107 4.31x10*
MnO-450 507 35.23 165 2.01x107 7.70x10*
MnO-550 N/A” 9.60 539 5.49x10* 1.05x107
C-Mn;03 N/A? 2.48 1530 1.42x10* 1.85x10*

RuO; 415 183.62 168 1.15%107 3.87x107

4 Failed to reach J = 10 mA/cm under our experimental conditions.

°C (Mn-550) obviously exhibited higher activity than the ones calcined at lower temperatures. The
TOF number increased from 4.31x10* s to 7.70x10* s! when the calcination temperature was
increased from 350 to 450 °C. The formed Mn*"-rich crystalline Mn>O3 structures of Mn-450 were
believed to be crucial in the improvement of catalytic activity. Upon increasing the calcination
temperature to 550 °C, the TOF of Mn-550 increased to 1.05x10 s™!, even though the surface area

started to decrease.

Electrochemical oxygen evolution reactions (OERs) of mesoporous Mn»O3; materials were
further explored to confirm WOR results. Using the rotating disc electrode (RDE) system in a three
electrode chemical cell, linear sweep voltammetry (LSV) was done in an oxygen saturated 0.1 M
KOH solution with a scan rate of 5 mV s™' and a rotation speed of 1600 rpm. The catalytic materials
were mounted on the surface of pyrolytic graphite carbon working electrodes before
measurements. The OER results are summarized in Figure 5.4a and Table 5.2. The OER activities

of all materials showed similar trends as photochemical systems except Mn-550. Mn-450 exhibited
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the highest activity for OERs. The overpotential (1) of Mn-450 at current density of 10 mA cm™
is 507 mV. The calculated TOF of Mn-450 at = 350 mV is 2.01x107 which is higher than TOF
value (7.70x10#) from the photochemical system. Again, compared to the non-porous C-Mn,Os
with TOF of 1.42x10, the Mn-450 is at least one order of magnitude more active than C-Mn»Os
materials. Commercial RuO, was also tested for OERs under similar conditions. RuO> shows a
lower overpotential (n = 415 mV) compared to that of Mn-450. However, the current density of
Mn-450 surpassed that of RuO; after 1> 550 mV, suggesting that the electron transfer rate of Mn
catalysts may increase faster with the increase of applied potential. Furthermore, the durability of
catalysts was examined by chronopotentiometry at a current density of 5 mA/cm?. The results
demonstrate that Mn-450 has a good electrochemical stability along with the activity, as the
overpotential remained nearly constant for more than 10 hours. Moreover, the original Mn,0O3
crystal structure and mesoporosity did not show obvious change after reaction. In case of pure
RuO» catalyst, unstability is a disadvantage under long charge-discharge cycling test, even though
activity is higher.?® Therefore, combining the above performance factors, mesoporous manganese

oxide (Mn-450) is both more durable and feasible than RuOs.

The electrochemical impedance spectroscopy (EIS) technique was used to elucidate the
kinetics and mechanism of oxygen evolution.?’?° The low frequency area of the Nyquist plot
(Zreal vs -Zim) was presented, corresponding to the charge transfer resistance (R.) of the catalytic
materials. The fitted equivalent circuit and model are presented in Figure 5.4b. Firstly, the R.;
value of commercial Mn,O3 1s 1530 Q; while all mesoporous Mn>O3; materials have much lower
R in the range of 165~567 Q2 when measured under the same experimental conditions. R values
increase in the order of Mn-450 > Mn-350 > Mn-250 > Mn-550 > Mn-150. The R value is

inversely proportional to the electron transfer rate. Therefore, lower R.; value means the material
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Figure 5.4 (a) Linear sweep voltammetry curves for mesoporous MnOx materials for
electrochemical oxidation of water with comparison to RuOz. (b) The Nyquist plot at a frequency
region of 0.1 to 100000 Hz obtained from electrochemical impedance measurements under applied
potential of 1.71 V (vs. RHE). All measurements were carried out in O, purged 0.1 M KOH
solution at a scan rate of 5 mVs"! with a RDE at a rotation rate of 1600 rpm. The inset graph
represents fitted equivalent circuit model used to obtain charge transfer resistance of the OER
catalysts. Rs: active electrolyte resistance. Cai: double-layer capacitance. Rt active charge transfer

resistance. Zy: specific electrochemical element of diffusion W.
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has faster electron transfer rate and can be correlated with higher activity in OERs. Overall, the
measured R.; values are consistent with the OER activities. Secondly, Mn-450 has similar R,
values to RuO; (165 and 168 Q, respectively). Such enhanced kinetics may be ascribed to the
formation of a highly crystalline Mn2O3 phase at 450 °C that subsequently increases the electronic

conductivity of the electrode.

As structural or surface Mn®" species can act as precursors for oxygen production in WORs, a
higher Mn*" content might be responsible for the higher WOR activity. To determine the Mn>*
content of the catalysts, all mesoporous MnOy were first studied by X-ray photoelectron
spectroscopy (XPS). The Mn 2p3/> binding energy slightly decreased from 642.3 eV for Mn-150
to 642.1 eV for Mn-550, indicating an increase of the Mn valence at higher calcination
temperatures. The deconvolution of Mn 2ps» peak revealed that the ratio of Mn>"/Mn?"#*
increased with calcination temperature. This further confirmed the phase transition from
amorphous hydroxides to Mn*" rich Mn>O3 phase with the heat treatment.*° More detailed valence
studies of Mn centers were carried out, using Mn K-edge X-ray absorption near-edge structure
(XANES) analysis (Figure 5.5). To identify Mn oxidation states, the Mn K-edge absorption
threshold was determined from the first derivative of the near-edge region and least squares linear
combination fitting was used and accompanied by reference samples.*'*?> Accordingly, the average
oxidation state of mesoporous MnOx materials was found to be gradually increasing from 2.77 to
2.97 (~0.4 eV edge shift) while increasing the calcination temperature from 150 to 550 °C. The
final valence of Mn was very close to the commercial Mn>O3 standard sample. The results clearly
showed the oxidization of MnOx materials during calcination and structure transformation from

amorphous hydroxides to bixbyite Mn>Os3 structures.
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Figure 5.5 (a) X-ray absorption near-edge spectra (XANES) of Mn K-edge spectra of mesoporous

Mn>O3 materials depicted with normalized Y-axis. (b) The average oxidation state of Mn for

mesoporous Mn,0O3 materials derived from Mn K-edge absorption threshold.
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Another structural parameter that might be also important for the enhanced catalytic activity is
the high, accessible surface area of these crystalline mesoporous materials. Unlike conventional
mesoporous materials, the mesopores in these materials are formed by connected intraparticle
voids formed in between the close packed nano-crystals of manganese oxide. The mesopores
formed by intraparticle voids show higher thermal stability for applied heat treatments (up to
550°C), resulting in highly crystalline wall structures. Therefore, one can use the combined
advantages of the Mn,O3 phase and high surface areas for WOR catalysis. The more exposed
(accessible) catalyst surface minimizes the mass-transfer limitation and increases the catalytic
activity.>® In order to better evaluate the roles of surface area and crystallinity, we calculated the
normalized (w.r.t surface area) TOFs of WORs. The most crystalline C-Mn>0O3 sample showed the
highest surface area normalized activity indicating the crucial role of crystallinity. However, less
crystalline Mn-450 sample has higher total activity due to the significantly higher surface area
(150 m?/g vs. 11 m?/g) despite having lower normalized WOR activity (see Tables 5.1). The
increase of crystallinity can decrease the trapping of electrons or charge recombination during
water oxidation and enhance the electron transfer rate. Similar results have already been reported
in TiO; related materials.’***> However, mesoporous manganese oxides showed better catalytic
activity than their commercial analogue (C-Mn20O3) because of their both crystalline nature and

high surface area.

5.5 Conclusions

In summary, mesoporous MnOx with tunable mesoporosity and crystallinity along with high

surface areas were synthesized via a single step soft-templated (inverse surfactant surfactant
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micelles) wet-chemistry approach. The pore sizes as well as the crystallinity of mesoporous MnOx
catalysts can be well-controlled by a simple calcination process without the collapse of
mesoporosity. The mesopore sizes can be controlled precisely in the range of ~2.5 to 10 nm while
preserving a high surface area (up to 226 m?/g). The MnOx materials showed superior activities
for WORs and OERs compared to non-porous commercial Mn2Oz catalysts. The highest TOF
value (1.05x1073s%) was achieved by the sample calcined at 550°C (Mn-550). These TOF numbers
are comparable to the most active RuOz (3.87x10° s1). The enhanced catalytic activity is
correlated with the increase of Mn®" concentration (in a highly crystalline Mn,O3 phase) with
increasing calcination temperature as confirmed by XPS and XANES studies. The high surface
area of the mesoporous manganese oxide samples was found to be another crucial parameter
dictating the catalytic activity. Our study illustrates a general guideline to the design and synthesis

of inexpensive and highly active heterogeneous catalysts for water oxidation.
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Chapter 6. Facet-dependent catalytic activity of MnO electrocatalysts for oxygen reduction

and oxygen evolution reactions.

6.1 Overview and Abstract

The rational design of novel electrocatalysts is crucial for more efficient water oxidation
reactions (WORs) and oxygen reduction reactions (ORRs), both known as important energy
conversion processes between O and H20 for renewable energy technologies. The earth-abundant,
inexpensive manganese oxides (MnOy) have emerged as an intriguing type of catalysts for
OERS/ORRs, inspired by the photosystem |1 water-oxidizing complex of CaMnsOx clusters.
Despite tremendous efforts to improve the electrocatalytic performance of synthetic MnOx

catalysts for OERs/ORRs, the overall turnover frequencies of MnOy are rather low.

We herein demonstrate a facet-dependent electrocatalytic activity of MnO nanocrystals for
OERS/ORRs using halite MnO nanocrystals. Three-dimensional complex anisotropic MnO
nanoflowers, polypods, polyhedra and octahedral with selectively oriented MnO crystals were
prepared using a limited ligand protection method. MnO polypods exposed (100), (001), and (010)
planes on their branched MnO nanorods; while, MnO octahedral nanocrystals exposed (111)
planes on all surfaces. We found that MnO (100) planes with higher adsorption energy of O species
could largely promote the electrocatalytic activity for OERs/ORRs. MnO polypods were identified
as a superior bifunctional electrocatalyst for the overall oxygen electrode activity. Our results may
illustrate a guideline to the design and synthesis of inexpensive and highly active MnOx

electrocatalysts.
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6.2 Introduction

To meet the growing demands of renewable energy, various electrochemical energy
conversion processes between Oz and H20, e.g. oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) that are of great importance for solar water splitting and fuel cells, have
received much attention in the past decade.! A key technical barrier to achieve highly efficient
OERs and ORRs is the kinetically slow electron-transfer in which four electrons are involved.?
The rational design of active electrocatalysts is central to these energy conversion techniques.
Traditionally, expensive Pt and its bimetallic alloys have traditionally been the most active
catalysts for the ORR;? and precious metal oxide IrO, and RuO; catalysts have proved to be very
efficient for the OER.* However, the large-scale commercialization of these catalysts is limited
by, i) the cost effectiveness of the requisite raw materials, and ii) considerable overpotential (7)
required for both the OER and ORR (0.3~0.8 V). The earth-abundant and inexpensive transition
metal oxides, e.g. manganese oxides (MnOy), have been explored as alternative electrocatalysts
for OERs and ORRs under alkaline conditions.> MnOx families have over 30 different crystal
structures and variable valence of Mn centers in different polymorphs.® Despite numerous reports
on the electrocatalytic performance of MnOyx for OERs and ORRs, insight into the effect of
structural parameters, e.g. topological structures, surface compositions and energy, and valance of
Mn centers on their catalytic activity, is still lacking.®

In heterogeneous catalysts, control of complex anisotropic structures with preferentially
exposed crystal planes or surface atoms is a key to achieving a high catalytic selectivity and
activity. Moreover, the surface interactions between O species and catalytic centers towards the
formation of O-O bonds in -OOH species on catalytic centers, dominate the reaction activity of

both the OER and the ORR. To this end, for MnOy families, a fundamental understanding of
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correlations between the catalytic performance for OER and ORR and surface properties is
urgently needed. As a prototype system, we herein choose to concentrate on a simple halite MnO
with a face-centered cubic (fcc) structure to evaluate the effect of surface energy on catalytic
activity for both OER and ORR. 3-D complex MnO nanoflowers and polypods with selectively
oriented MnO crystals were prepared using a limited ligand protection method. Electrocatalytic
measurements demonstrated that the catalytic activity of MnO nanocatalysts for both OER and
ORR was highly dependent on exposed crystal planes. Our study highlights the correlation
between OER/ORR activities and exposed crystal planes of manganosite catalysts and it may

provide fundamental guidance for developing active and cost-effective electrocatalysts.

6.3 Experimental Section
6.3.1 Materials

The ultra-pure water was obtained and purified using High-Q, Inc. system with model 103S.
Manganese(ll) chloride tetrahydrate (>98%), cobalt(ll) chloride hexahydrate (>99%), sodium
hydroxide (95%), oleic acid (90%), 1-octadecene (90%) were purchased from Sigma-Aldrich and
sodium oleate (>97%) were purchased from Fisher Scientific Inc. All chemicals were used without

further purification unless otherwise noted.

6.3.2 Synthesis of Mn(oleate)2 Precursors and Nanocrystals
6.3.2.1 Synthesis of Mn(oleate)
Mn(oleate), was synthesized using a reported method with slight modification.! Briefly, in a

250 mL round-bottom flask, manganese(l1) chloride tetrahydrate (50 mmol, 9.9 g), sodium oleate
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(105 mmol, 32.0 g) was added to 180 mL of a mixed water/EtOH/hexane (5:4:9, vol) solvent. The
mixture was refluxed overnight under strong stirring. After cooling down to room temperature, the
reaction mixture was then washed with water and extracted with hexane. The orange waxy solid

of Mn(oleate). was obtained after dried under vacuum.

6.3.2.2 Synthesis of Co(oleate)

In a typical synthesis of Co(oleate)., cobalt(Il) chloride hexahydrate (10 mmol, 2.4 g), oleic
acid (20 mmol, 5.6 g) and NaOH (20 mmol, 0.8 g) were added to 63 mL of a mix
water/EtOH/hexane (20:8:35) solvent in a 250 mL flask. The mixed solution was heated for 4 h at
80°C and then cooled to room temperature. The reaction mixture was then washed with water and
extracted with hexane. The deep purple waxy solid of Co(oleate), was obtained after removal of

solvent under vacuum.

6.3.2.3 Synthesis of MnO Nanoflowers and Different Morphologies

In a typical synthesis, Mn(oleate)> (2 mmol, 1.24 g) and 10 g of 1-ocdacene were placed in a
25 mL of three-necked flask equipped with a condenser. The reaction was heated by heating mantle
with a temperature regulator. The reaction mixture was first heated at 80°C and vacuum treated for
30 min to remove residual moisture. After refilled with argon, the reaction was further heated to
320°C at a rate of 10°C/min. The clear orange solution gradually turned to greenish suspension
when reached 320°C and the mixture was stirred at 320°C for another 30 min. After cooling down
to room temperature, the crude product was precipitated with an excess of acetone and collected
by centrifugation. After washed for three time with hexane and acetone, the collected product was

redispersed in hexane and stored. To synthesize MnO nanocrystals of polypods and octahedrons,
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oleic acid (OA) was introduced as a free ligand. With various Mn(oleate)2/OA molar ratios, the
MnO polypods (Mn(oleate)2/OA = 1:0.09), MnO polyhedra with short arms (Mn(oleate)/OA =

1:0.27), and MnO octahedra (Mn(oleate)2/OA = 1:0.9) can be obtained.

6.3.2.4 Synthesis of MnO Nanocrystals with Co Dopants

To synthesize cation doped MnO nanocrystals, a similar procedure was used. A mixture of
Mn(oleate). (2 mmol, 1.24 g), Co(oleate). with molar percentage of 5% and 10%, and 10 g of 1-
ocdacene were placed in the flask. The reactions were heated at 80°C under vacuum for 30 minutes
and heated to 320°C at a rate of 10°C/min with 30 minutes duration time at 320°C under Argon.
After cooling down to room temperature, the crude product was precipitated with addition of

acetone and collected by centrifugation.

6.3.3 Electrochemical Studies

Linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and
chronoamperometry experiments were obtained with a CHI 660A electrochemical workstation.
For electrochemical oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)
studies, pyrolytic graphite carbon working electrodes were used (surface area ~0.13 cm?) equipped
with a rotating disc working electrode (RDE) configuration. A carbon rod was used as a counter
electrode and saturated calomel electrode (SCE) as the reference electrode. The potentials reported
in this work are referenced to the reversible hydrogen electrode (RHE) and denoted as RHE
potential. To prepare the working electrode, 4 mg of catalysts and 1 mg of carbon (VulcanXC-72)
were dispersed in 1 mL of water/EtOH by sonication. 85 pLL of Nafion solution was added to the

above mixture and sonicated for another 20 min. 10 puL of solution was then dropped on the
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working electrode surface and dried overnight before use. CV curves were iR-compensated and
performed from 0.41 to 1.81 V (vs. RHE) with a sweep rate of 5 mV st in oxygen saturated 0.1 M
of KOH solution. The working electrode was rotated at 1600 rpm. The electrochemical impedance
spectra were collected by applying an AC voltage with 5 mV amplitude in a frequency ranged
from 0.1 to 10° Hz. To check fitting results, selected experimental data were also fitted using the
ZSimDemo software package (version 3.2). In this procedure, RC initial estimates were obtained
using a circle fitting function. Similar fitting parameters were obtained using both software
packages.

The calculation methods of mass activity and TOF of electrochemical studies in this work is
presented as following. Mass activity (A g™) values were obtained from deposited the catalytic
materials on the working electrode (~0.03 mg) with measured current density (j, A cm?) at ) =
0.35 V. Turnover frequency (TOF) values were obtained using the following equation and
assuming all materials on the working electrode are involved in the reaction, using TOF= jS/4Fn,
where j (A cm™) is the measured current density at = 0.35 V, S (cm?) represent the surface area
of the working electrode, F (C mol™?) is Faraday’s constant, and n (mol) is the moles of the metal
atom on the working electrode. The standard rate constant (K°) can be obtained using the measured
charge transfer resistance (Rct) and calculated using the following formulas:

. RT o
o= k =
nFR, nFC

Where io is the exchange current in A, R is the gas constant, T is the absolute temperature, n is the
number of electrons transferred (assumed to be 4 in OER for all catalyst for comparison), F is

Faraday’s constant, C is the saturated concentration of oxygen in 0.1 M KOH.
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Koutecky-Levich (K-L) plots were used to interpret the ORR results measured at different
rotating speed. The number of electron transferred per one oxygen molecule (n) can be obtained

from K-L plots by applying the following equations:

B =0.2nFC,(D,)*"*v"®

Where, J is the measured current density, Jk is the kinetic current, J. is the diffusion limiting
current, ® is the rotation speed of the electrode in rpm, B is the reciprocal of the slope of the K-L
plots, F is Faraday constant (96485 C mol™), Co is the saturated concentration of oxygen in 0.1 M
KOH (1.2x10° mol cm™), Dy is the diffusion coefficient of Oz (1.9 x 10° cm? s?), and v is

kinematic viscosity of the electrolyte (0.01cm? s2).

6.3.4 Characterization

The crystallinity of as-synthesized materials was characterized using a Rigaku UltimalV
powder X-ray diffractometer (PXRD) with Cu K, radiation and a tube voltage of 40 kV and current
of 44 mA. The PXRD patterns were collected over a 26 range of 5~75° with a continuous scan
rate of 2.0° min™. Morphologies of catalysts were studied using high resolution transmission
electron microscopy (HR-TEM). HRTEM studies were carried out using the JEOL 2010
transmission electron microscope with an accelerating voltage of 200 kV and the 2006 Tecnai T12
TEM/STEM equipped with EDAX EDS system. TEM samples were prepared by casting the
suspension of material on a carbon coated copper grid (300 mesh). In addition, the elemental maps
of the specimen were collected using a Gatan imaging filter detector. The image filtering was
carried out using the O K-, Mn K- and Co L-edges at 532, 540 and 456 ¢V, respectively. The
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structural model of interfacial features observed in the HRTEM images was established and
analyzed using Crystalmaker software.

For the surface analysis, the X-ray photoelectron spectroscopy (XPS) was performed on a PHI
model 590 spectrometer with multi-probes (Physical Electronics Industries Inc.), using Al K, (A =
1486.6 eV) as the radiation source. The powder samples were pressed on carbon tape mounted on
adhesive copper tape stuck to a sample stage placed in the analysis chamber. The XPS spectra
were analyzed and fitted using CasaXPS software (version 2.3.12). The C 1s photoelectron line at
284.6 eV was used as a reference for correction of the surface charging. A mixture of Gaussian
(70%) and Lorentzian (30%) functions was used for the least-squares curve fitting procedure. The
XAFS data were collected at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory utilizing beam line X18A. A Silicon (111) double crystal monochromator was
used to monochromatize the synchrotron radiation. The incident and transmitted beam intensities
were monitored using ionization chambers filled with N2. The samples were diluted by h-BN with
a ratio of (1:8) then pressed into pellets and mounted in front of transmission detector. Before the
measurements were taken, a thin Mn foil reference was used for energy calibration. The XANES
data were analyzed using Athena software where background and post and pre-edge corrections

were made.

6.3.5 Computational Detail

The first-principles computation is performed within the framework of density functional
theory (DFT), using the projector augmented wave method as implemented in the Vienna ab initio
simulation package. In present spin polarized calculations, the exchange correlation interaction is

treated within the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhoff
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(PBE) functional. The electronic wave functions were expanded in a plane wave basis with a cut
off energy of 400 eV. It is worth mentioning here that due to the errors associated with the on-site
Coulomb and exchange interactions, DFT based methods are known to fail to reproduce an
accurate description of the electronic structure for strongly correlated systems such as transition
metal oxides and rare-earth compounds. In such cases, the accuracy of DFT can be improved by
incorporating a Hubbard-model-type correction (U), which accounts for localized d and f orbitals.
Hence, in the present work to describe the localized nature of the manganese d states, all the
calculations are performed using U = 4 eV, which is well-optimized value particularly for MnO.

In case of bulk MnO, the relaxation of atomic positions and optimization of lattice parameters
are performed by the conjugate gradient method. The atomic positions are relaxed until the
maximum component of the force on each atom is smaller than 0.02 eV/A . The Brillouin zone
sampling was done using a Monkhorst-Pack mesh of 4 x 4 x 4, to achieve the convergence within
0.1 meV per formula unit. The optimized lattice parameter of the bulk MnO (4.51 A) is slightly
overestimated with respect to available experimental results (4.445A). The overestimation of
lattice parameters is also observed in earlier DFT based studies. The relative stability of
MnO(100), MnO(110), and MnO(111) surfaces is calculated using 9, 9, and11-layer slabs
respectively separated by a vacuum spacing of 12 A . During geometry relaxation a I'-centered 5
x 5 x 1 k-point mesh was considered.

The surface energy (y) for a symmetric slab is given by:

Surface energy (y) = (Eslab — N X Emno Bui) / 2A

where, vy is the surface energy, Esiab and Emno suik are the total energy of the surface and bulk MnO
respectively, n is the number of MnO formula units and A is the area of the two-dimensional unit

cell. The factor 2 takes into account symmetric nature of the slab used in the present work.
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To fully exploit the nature of above mention surfaces, we also study the interaction between
the surfaces and the spices from the surrounding environment such as gas-phase oxygen (both
neutral atomic and molecular oxygen) and OH on different facet of MnO surfaces. Here, for each
surface facet we determine exact orientation and preferential adsorption site for O, O, and OH
using our DFT energetics. The adsorption energy Eaq is the energy of the fully relaxed surface with

the adsorbate minus the sum of energies of the isolated relaxed surface and isolated adsorbate.

6.4 Results and Discussion

MnO nanoflowers and polypods were synthesized by using thermal decomposition of
Mn(oleate), in a non-coordinating, apolar hydrocarbon solvent.” Briefly, 1.24 g of Mn(oleate),
was dissolved in 10 g of octadecene in a 25 mL three-neck round-bottom flask. The mixture was
first degassed at 80°C under vacuum for 30 min and then heated to 320 °C at a rate of 10 °C/min
under argon. After stirring for another 30 min, the reaction mixture was cooled and then
precipitated with an excess of acetone. The obtained nanoparticles (NPs) were first characterized
by transmission electron microscopy (TEM). As shown in the low-magnification TEM image
(Figure 6.1a), the nanoflowers are composed of a spherical core decorated by densely packed
well-defined MnO nanorods. The as-synthesized MnO nanoflowers are quasi-spherical and have
an average diameter of 126.5+17.6 nm. These nanorods are nearly single crystalline MnO (see
below) and have a length of 40~50 nm and a diameter of ~15 nm. High-resolution TEM analysis

showed the manganosite crystalline structure of MnO with d-spacings of 0.22 nm and 0.32 nm that
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Figure 6.1 (a,b) TEM images of MnO nanolower. The inse in (a) is a zoom-in‘view of a single
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nanoflower. (¢) The powder XRD pattern of MnO nanoflowers. (d) Mn 2p XPS spectrum of MnO
nanoflowers. (e-g) TEM images of MnO nanocrystals obtained at different Mn(oleate)./OA molar
ratios: (e) 1:0.09; (f) 1:0.27; (g) 1:0.9.

correspond to (200) and (110) planes (Figure 6.1b), in good agreement with the powder X-ray
diffraction (XRD) pattern in Figure 6.1c. The deconvolution of X-ray photoelectron spectroscopy
(XPS) data (Figure 6.1d) shows the binding energy of Mn 2p1/, (653.4 €V) and Mn 2ps» (641.6
eV) falls in the Mn 2p region.> The co-existence of a satellite peak at 646 eV suggests the presence
of Mn?* species on the surface of the nanoflowers. X-ray absorption near-edge spectra also
confirmed the average Mn oxidation state of 2.02. No significant amount of Mn species with higher
oxidation state was detected for months.
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The oriented attachment of 1D nanorods to nanoflowers, e.g. the number and length of 1D
nanorods, appeared to be highly controllable using oleic acid (OA) as a free ligand. These results
are summarized in Figures 6.1e-g. At a low concentration of OA (Mn(oleate)>/OA=1:0.09,
mol/mol, M/O ratio hereafter), the formation of MnO polypods was observed (Figure 6.1e). These
polypods essentially retained the 3-D complex architectures of nanoflowers but had far fewer
branches. Of them, MnO tetrapods composed of four nanorod branches were the dominant product.
Compared to MnO nanoflowers, the length and diameter of nanorods in MnO polypods did not
change significantly. With increase of M/O ratio to 1:0.27 (mol/mol), irregular polyhedra with
surface protuberances were obtained where MnO nanorods were significantly shortened (Figure
6.1f). The average size of MnO polyhedra decreased to ~32 nm. By further increasing the M/O
ratio to 1:0.9 (mol/mol), the complex surface structures disappeared and nearly mono-disperse
MnO octahedral nanocrystals were obtained with a diameter of ~19 nm (Figure 6.1g).

The growth of MnO 3-D complex nanocrystals was likely due to the limited ligand supply.”
Without the presence of OA free ligands, the initially formed MnO seeds were not covered by OA
ligands; thus, the growth of MnO nanocrystals was nucleated on the exposed surface of MnO
seeds. Limited ligand protection would lead to the formation of nanoflowers with oriented
nanorods. In the presence of a low concentration of OA ligands (<20 mol%), the OA would
partially cover the surface of MnO seeds. The less exposed surface resulted in the formation of
MnO polypods with much less branched nanostructures. With the addition of 1: 0.9 equivalence
of OA ligands, the (111) planes of MnO seeds were preferentially bonded with OA ligands thus
leading to the formation of octahedral MnO nanocrystals.

To gain more insight into the crystallographic structure and growth mechanism of MnO

nanocrystals, high resolution TEM characterization with selected area electron diffraction (SAED)
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Figure 6.2 (a,b) The high-resolution TEM image of a single rod of MnO polypods (a) and the

corresponded SAED pattern (b). (¢) The schematic illustration indicating the growth direction and
exposed planes of MnO nanorods on MnO polypods. (d,e) The high-resolution TEM image of a
single MnO octahedral NP (d) and the corresponding SAED pattern (e). (f) The schematic

illustration indicating the growth direction of MnO octahedral NPs. O is red and Mn is yellow.

studies were further performed. The results of surface planes of MnO nanocrystals are intriguing.
The TEM image of a single nanorod on MnO polypods (Figure 6.2a) shows the (200) and (110)
planes with an interfacial angle of 45°. The SAED pattern of nanorods can be indexed to the
manganosite fcc structure with the <100> zone axis parallel to (001) and (010) planes (Figure
6.2b). MnO polypods exposed (100), (001), and (010) planes on their branches (Figure 6.2c).
These results further support the growth mechanism as aforementioned. The free OA ligands have
a favorable interaction with (111) planes with a slightly larger surface energy, resulting in the

anisotropic growth of MnO nanocrystals. For MnO octahedral NPs, the corresponding SAED
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Figure 6.3 (a,b) TEM images of 5 mol% (a) and 10 mol% (b) Co doped MnO nanoflowers. (c)
Size distribution of Co doped MnO nanoflowers, 5 mol% Co (red) and 10 mol% Co (black). (d-g)
TEM energy-dispersive X-ray (EDX) elemental mapping of 10 mol% Co doped MnO nanoflowers
and the corresponded TEM image (g). The molar ratio of Co/Mn from EDX mapping is 1:12.
Yellow, red and cyan colors indicate the Mn-rich, O-rich and Co-rich domains, respectively.

pattern (Figure 6.2¢) can be indexed as the <110> zone axis of the MnO fcc structure. Only (111)
planes are exposed for octahedral NPs. This is similar to previously reported FeO and CuO
octahedral NPs.®

In addition to pure MnO nanocrystals, other transition metal cations, e.g. Co?*, can be doped
into the complex nanostructure of MnO by mixing metal oleate precursors. TEM images of Co-

doped MnO nanoflowers with Co/Mn molar ratios of 5% and 10% were given in Figure 6.3. The
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3-D topological architectures of nanoflowers did not significantly change with the doping amount
of Co cations. With 5% of Co, the diameter of Mn-Co nanoflowers was 95.8+14.2 nm (Figure
6.3c) and nanorods appeared to pack more densely on the surface; while further increase of the
Co/Mn molar ratio to 10% would lead to the increase of their average size to 186.2+18.1 nm.
Energy-dispersive X-ray elemental mapping confirmed the uniform distribution of Mn and Co
elements in nanoflowers (Figures 6.3d~g). No change in the MnO crystalline structures was
observed from XRD after doping.

MnO nanocrystals were further evaluated as bifunctional catalysts for the OER and ORR using
rotating-disk electrode techniques. Figure 6.4a presents the typical linear sweep voltammograms
(LSVs) of MnO nanocrystals for OERs in KOH solution (0.1 M) with a sweep rate of 5 mV s,
MnO polypods with exposed (100) planes showed a superior activity with an overpotential (7) of
0.58 V at a current density (j) of 10 mA cm2, much lower than that of other MnO nanocrystals. At
#=0.35 V, the mass activity for MnO polypods catalyst was found to be 17.75 A g*. The turnover
frequency (TOF) of MnO polypods reached 4.19x10* s (see Table 6.1), comparable with the
reported best values of MnOx polymorphs.5f8° MnO octahedra with (111) dominated surface
exhibited a much lower activity and current densities, nearly overlapped with that of commercial
MnO catalysts. MnO nanoflowers with multi-exposed planes displayed a moderate catalytic
activity with a TOF of 1.32x10* s%. Tafel plots derived from LSV curves are given in Figure
6.4b. Tafel slopes of MnO polypods and nanoflowers are 149 and 169 mV/dec, respectively. The

lower Tafel slopes indicate that the OER of polypods and nanoflowers is kinetically more
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Figure 6.4 (a) Linear sweep voltammetry (LSV) curves of MnO nanocatalysts for electrochemical
OERs at a scan rate of 5 mV s in 0.1 M of KOH. C-MnO is commercialized MnO. (b) The
corresponded Tafel plots of MnO nanocatalysts in (a). (c) The Nyquist plots obtained from the

electrochemical impedance spectroscopy measurements at 1.76 V vs. RHE and a frequency range
of 0.1 to 10° Hz. (d) Linear sweep voltammetry (LSV) curves for ORRs in 0.1 M of KOH solution.

favorable compared to that of octahedra. Figure 6.4c shows the Nyquist plot of the electrochemical

impedance spectra (EIS) of MnO nanocrystals. The charge-transfer resistance value is inversely

proportional to the electron transfer rate. MnO polypods and nanoflowers have R¢t of 256 and 275

Q, respectively, lower than that of MnO octahedra and commercial MnO. This result is in good

agreement with their OER activities.
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Table 6.1 Summarized OER and ORR activities of MnO catalysts.

Oxygen Evolution Reaction Oxygen Reduction Reaction
Catalysts natJ=10 Mass activity at Resistance TOF at Ej at E1/2/ Eonset
ko (cms?) e
mA cm? (V)2 5 =0.35V (Ag?hP Ra (Q)F° 5 =035V (s J=-3mAcm? (V) (V)9
Nanoflowers - 5.60 275 1.32x10* 0.0016 0.73 0.77/0.91
Polypods 0.58 17.75 256 4.19x10* 0.0017 0.78 0.81/0.87
Octahedra - 4.34 1406 1.02x10* 0.0003 0.57 0.61/0.88
C-MnO - 0.52 3595 1.22x10° 0.0001 - 0.59/0.65
10% Co-MnO 0.64 22.16 196 5.23x10* 0.0022 0.73 0.79/0.88
5% Co-MnO 0.64 17.65 266 4.16x10* 0.0016 0.71 0.78/0.88

All data in the tables are extracted from the LSV and EIS experiments in 0.1 M KOH at a rotation
speed of 1600 rpm vs RHE.  Overpotential measured from LSV at a current density of 10 mA/cm?.
b Mass activity calculated from LSV at overpotential at 0.35 V. ¢ The charge transfer resistance
(Ret) obtained from EIS analysis at 1.76 V vs RHE. 4 The turnover number calculated from LSV at
overpotential at 0.35 V. © The standard rate constant calculated from Rt values. T The potential
obtained at a current density of -3 mA/cm?. 9 The half-way potential and onset potential obtained
from LSV.

ORR activity of MnO nanocrystals was also examined by cyclic voltammetry (CV) in 0.1 M
of KOH solution. In argon-saturated solution, the voltammogram without an obvious peak was
observed; while, a well-defined cathodic oxygen reduction peak with a high current density
appeared when the electrolyte was saturated with O», indicating MnO nanocrystals are
electrocatalytically active for the ORR. The ORR catalytic results of MnO nanocrystals are given
in Figure 6.4d. MnO polypods, again, displayed a superior activity with a half-wave potential of
0.77 V, only 80 mV lower than that of Pt/C catalysts.5" The diffusion-limiting current of MnO
polypods reaches ~5.0 mA cm, higher than MnO nanoflowers with 3.8 mA cm and octahedra

with 3.1 mA cm?, indicating that the preferentially exposed (100) planes indeed improved the
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Table 6.2 DFT (GGA+U) based calculated surface energy (y) and adsorption (Ead) and binding
distances (BD) for (100), (110) and (111) surface of MnO.

MnO (100) MnO (110) MnO (111)
Surface energy (meV/ A ?2) 60 110 170
Adsorbate Ead (eV) BD(A) Eaw(eV) BD(A) Eaw(eV) BDA)
O* 2950 160 -0446 179  -0.018  1.97
02 2.619 165 -0.725 184  -0298 212
OH* 2998 171 3428 196 -1.868  2.16

oée
3344

(100)

%%
<&

The representative of OH* adsorbate species on different MnO lattice surfaces. H is in white, O

is in red, and Mn is in yellow.

ORR activity as well. As compared to other reported MnOy catalysts for ORRs, e.g. MnOx film
reported by Gorlin et al. with a potential of 0.73 V5 and a-MnO- reported by Meng et al. with a
potential of 0.76 V at J=-3 mA cm,% MnO polypods have some of the lowest overpotentials for
the ORR. The stability of MnO ploypods for the ORR was also studied by current-time (i-t)
chronoamperometric response at a potential of 0.66 V (vs. RHE). MnO ploypods maintained 80%
of its original activity after an hour. Furthermore, the overall oxygen electrode activity (AE=Eoer-
Eorr) is as low as 1.02 V, smaller than that of Ir/C and Pt/C,3*" suggesting MnO polypods as a

superior bifunctional electrocatalyst for OER/ORR.
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For MnO (100) and (111) crystal planes, the (100) planes with mixed Mn?* and O% ions have
a lower surface energy; while, the (111) planes are polar surfaces consisting of alternating layers
of Mn?* and O? ions generating an electrostatic dipole field perpendicular to the surface. To gain
further insight into the correlation between OER/ORR activities and the exposed crystal planes of
the MnO nanocrystals, adsorption energies of O species, e.g. OH™ and Oz have been estimated for
different MnO crystal planes (Table 6.2) using density functional theory. The adsorption of O
species is known as a rate-determining step for ORRs/OERs.1% In comparison with (111) planes,
the MnO (100) planes are highly exothermic for OH™ and O> adsorption. The large exothermic

interaction may also be understood in terms of the unsaturated coordination on MnO (100) planes.

6.5 Conclusions

In summary, 3-D complex anisotropic MnO nanocrystals were demonstrated as superior
bifunctional electrocatalysts. Their electrocatalytic activity for OERS/ORRs was strongly
correlated with exposed lattice facets of MnO nanocrystals. The MnO (100) planes with higher
adsorption energy of O species could largely promote the electrocatalytic activity for the OER and
the ORR. Our results may illustrate a new paradigm for developing highly active and cost-effective

electrocatalysts.
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Chapter 7. Future Perspectives and Directions.

The field of catalysis has a long history, however there is still much more to contribute.
In fact, with incorporation of the new nanotechnologies briefly discussed in this thesis,
heterogeneous catalysis has the potential to impact many modern industrial processes that were
not previously accessible. However, such factors as cost, large-scale production, and
reproducibility are still among the main problems that we need to overcome in nanomaterial
synthetic techniques. One can imagine that expansion of the range of catalytic applications to
industrial processes will move forward, and thus relies on our ability to develop new effective

and selective catalysts.

In the work on CO oxidation with CosO4@CNT, hydrophobic inorganic metal oxide
(such as cerium oxide) might be used to replace the polymer-based coating layer in order to
achieve higher thermal stability of the catalyst. The synthetic method of creating metal oxide
nanoparticles on carbon nanotubes can also potentially be applied to other types of metal oxide
materials. This may open up new possibilities in developing inexpensive and active metal oxide
based composites for different applications. In the work on biomass reaction with acidic TiO>
nanoparticles, the combination of several catalytic reactions using a single catalyst will be the
next possible step in the research. Synthesis of a multi-functional catalytic system combining
solid acids for dehydration/renydration with noble metal/metal alloy for hydrogenation can
eliminate the current catalytic process for obtaining versitle platform products from raw biomass
resources. Additionally, incroporation of mix-metal oxides such as Zn, Ni, Sn with TiO2 can

possibly adjust the nature of the acid site in order to obtain different products.

In the work on water splitting with manganese oxide based catalysts, several specific

goals can be pursued considering the current limitations and understanding of these transition
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metal oxide based catalysts. These goals are the following: (1) Identify the active site of the
manganese oxide catalyst, potentially providing fundamental guidance for developing active and
cost-effective electrocatalysts. (2) Build up a protocol for material characterization to examine
the synthesized catalyst for activity prediction. (3) Minimize the time and the number of
experiments necessary to explore a new catalytic system. (4) Design an overall water splitting
catalyst using nonprecious catalysts with various valence state metals. The first three approaches
are aimed at finding correlation between the structure and the activity using known manganese
based materials. The purpose is to investigate the structural transformations of the manganese
oxide catalysts during the water splitting reaction. The structure of manganese oxides can be
studied with several different techniques using X-ray powder diffraction (XRD), X-ray
absorption fine structure (XANES) and extended X-Ray absorption fine structure (EXAFS)
spectroscopy. Conclusions on structure-activity relationships can be made using a combination
of structural information at the atomic scale as well as comprehensive catalytic behavior of
manganese oxide catalysts with different structures. For exploring overall water splitting
catalysts, synthesis of mesoporous cobalt and nickel mix-metal oxide catalysts can be used in the
future. With the low hydrogen binding energy of nickel oxide and better OER activity of cobalt
oxide, the proposed catalytic system will exhibit bifunctional catalytic efficiency for HER and
OER. Finally, tuning of the catalytic behavior can also be performed by adjusting the

cobalt/nickel ratio during material synthesis.
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