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ABSTRACT
Samantha L. Shumlas
Doctor of Philosophy
Temple University 2016
Doctoral Advisory Committee Chair: Dr. Daniel R. Strongin

Characterization of a material’s surface, structural and physical properties is
essential to understand its chemical reactivity. Control over these properties helps tailor a
material to a particular application of interest. The research presented in this dissertation
focuses on characterizing a synthetic method for carbon nanomaterials and the
determination of structural properties of manganese oxides that contribute to its reactivity
for environmental chemistry. In particular, one research effort was focused on the tuning
of synthetic parameters towards the formation of carbon nanomaterials from gaseous
methane and gaseous mixtures containing various mixtures of methane, argon and
hydrogen. In a second research effort, photochemical and water oxidation chemistry
were performed on the manganese oxide, birnessite, to aid in the remediation of arsenic
from the environment and provide more options for alternative energy catalysts,
respectively.
With regard to the synthesis of novel carbonaceous materials, the irradiation of
gaseous methane with ultrashort pulse laser irradiation showed the production of carbon
nanospheres. Products were characterized with transmission electron microscopy (TEM),
scanning electron microscopy (SEM), ultraviolet (UV) Raman spectroscopy, and infrared
iii

spectroscopy. Increasing the pressure of methane from 6.7 to 133.3 kPa showed an
increase in the median diameter of the spheres from ~500 nm to 85 nm. Particles with
non-spherical morphologies were observed by TEM at pressures of 101.3 kPa and higher.
UV Raman spectroscopy revealed that the nanospheres were composed of sp2 and sp3
hybridized carbon atoms, based on the presence of the carbon D and T peaks. A 30%
hydrogen content was determined from the red shift of the G peak and the presence of a
high fluorescence background. Upon extending this work to mixtures of methane, argon,
and hydrogen it was found that carbon nanomaterials with varying composition and
morphology could be obtained. Upon mixing methane with other gases, the yield
significantly dropped, causing flow conditions to be investigated as a method to increase
product yield. Raman spectra of the product resulting from the irradiation of methane
and argon indicated that increasing the argon content above 97% produced nanomaterial
composed of hydrogenated amorphous carbon.
In a second research effort, the effect of simulated solar radiation on the oxidation
of arsenite [As(III)] to arsenate [As(V)] on the layered manganese oxide, birnessite, was
investigated. Experiments were conducted where birnessite suspensions, under both
anoxic and oxic conditions, were irradiated with simulated solar radiation in the presence
of As(III) at pH 5, 7, and 9. The oxidation of As(III) in the presence of birnessite under
simulated solar light irradiation occurred at a rate that was faster than in the absence of
light at pH 5. At pH 7 and 9, As(V) production was significantly less than at pH 5 and the
amount of As(V) production for a given reaction time was the same under dark and light
conditions. The first order rate constant (kobs) for As(III) oxidation in the presence of light
iv

and in the dark at pH 5 were determined to be 0.07 and 0.04 h−1 , respectively. The As(V)
product was released into solution along with Mn(II), with the latter product resulting
from the reduction of Mn(IV) and/or Mn(III) during the As(III) oxidation process.
Experimental results also showed no evidence that reactive oxygen species played a role
in the As(III) oxidation process.
Further research on the triclinic form of birnessite focused on its activation for
water oxidation. Experiments were performed by converting triclinic birnessite to
hexagonal birnessite in pH 3, 5, and 7 DI water with stirring for 18 hrs. Once the
conversion was complete, the solid samples were characterized with TEM and x-ray
photoelectron spectroscopy (XPS). The resulting hexagonal birnessites from experiment
at pH 3, 5, and 7 possessed the same particle morphology and average surface oxidation
states within 1% of each other. This observation supported the claim that upon
transformation, Mn(III) within the sheet of triclinic birnessite migrated into the interlayer
region of the resulting hexagonal birnessite. Furthermore, the migration of Mn(III) into
the interlayer and formation of the hexagonal birnessite led to an increased chemical
reactivity for water oxidation compared to the bulk. Electrochemical studies showed that
the overpotential for water oxidation associated with the pH 3, 5, and 7 samples was 490,
510, and 570 mV, respectively. In another set of experiments, ceric ammonium nitrate
was used to test birnessite for water oxidation reactivity. These experiments showed that
the pH 3 birnessite produced the most O2 of all the samples, 8.5 mmol O2/mol Mn, which
was ~6 times more than hexagonal birnessite which did not undergo post-synthesis
exposure to low pH conditions.
v
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CHAPTER 1
INTRODUCTION
1.1 OVERVIEW
A pursuit of materials science is the balance between the economics of the
material production method and the applicability of the material towards many chemical
systems. Selecting materials for a specific application heavily relies on the properties of
that material. Properties can be elucidated through careful characterization of the
composition, structure, and surface of the material. Characterization techniques such as
microscopy, x-ray spectroscopy, and light spectroscopy can reveal physical
characteristics of materials including size, morphology, composition and atomic
structure. Synthetic techniques that exhibit control over these characteristics are key
towards the pursuit of tailoring materials to a specific application.
Various physicochemical properties such as particle size, particle size
distribution, shape, surface area, composition, and surface chemistry give insights into
the activity and possible toxicity of a material (1). Particles that are on the nanoscale will
have significantly different properties compared to their micron sized counterparts (2).
Nanomaterials are classified as materials that have at least one dimension on the scale of
10-9 m. Upon reducing a material down to the nanoscale, the surface to volume ratio is
reduced, leaving many surface atoms in uncoordinated and therefore more reactive states.
Characterization of the physicochemical properties of nanomaterials is essential to
understanding the roles they play in different chemical environments. Surface area
measurements indicate the amount of surface that can be accessed for chemistry with a
1

liquid or gaseous phase. Surface composition (atoms and oxidation states) indicate
whether a material will form radicals, how it will behave under photochemical
conditions, as well as its redox potential. Aspects of the materials composition, such as
crystalline phase and elemental composition will give insights as to how ideal a material
is for an application of interest. Understanding and identifying these properties is
important towards explaining the reactivity of materials. It is the goal that through
synthetic methods, the optimum properties of a material can be accurately controlled and
therefore tailored to meet the need of the scientist.
Within this thesis the two sides of the pursuit of materials science are
investigated. 1) While under study for many years, carbon nanomaterials still lack a
synthetic method that exhibits control over all possible morphologies and compositions.
A novel synthetic method towards the production of carbon nanomaterials is evaluated
for control over particle composition and morphology. 2) Birnessite, a synthetic mineral
that is responsible for the cycling of manganese in the environment has many possible
applications that are yet to be explored. Specifically, the photochemistry of birnessite
towards the oxidation of arsenite to arsenate and the water oxidation activity of the
triclinic phase of birnessite are investigated.

1.2 CARBON NANOMATERIALS
Carbon nanomaterials are some of the most studied materials in the scientific
community. Carbon nanomaterials can be applied in the fields of electronics, catalysis,
photovoltaics and the environment (3, 4). The ability of carbon to adopt different
2

allotropes allows for these nanomaterials to acquire a number of different structures and
therefore properties (4). These allotropes include amorphous carbon, glassy carbon,
fullerene, graphite, and diamond, and the composition as well as the morphology of these
materials is essential to the reactivity and behavior (5-7). Morphologically, carbon
nanomaterials can exist as spheres, sheets, cones, and tubes (to name a few) (8). These
morphologies utilize the 2D structure of graphene, which is the basic building block of
graphitic materials of all other dimensions (0D fullerenes, 1D nanotubes, 2D graphene,
and 3D graphite) (9). With morphology, properties such as surface area, conductivity and
electronic spectra can change. Adaptation and manipulation of structure and function of
carbon nanomaterials can be further advanced by forming composites with other
materials to optimize both materials for applications such as dye-sensitized solar cells and
to improve thermal conductivity (10-12).
One of the most fundamental aspects that allows carbon the ability to acquire
different crystal structures and morphologies is its electronic structure. Hybridization of
the 2s and 2p atomic orbitals allows for sp, sp2 and sp3 hybridization, which relates to the
ability to form triple, double and single bonds, respectively (4, 8). Materials that acquire
this hybridization throughout its bulk structure have the most consistent bulk properties.
Mixture of these hybridizations, however, can give rise to carbon-like materials such as
diamond-like and graphite-like. Surface chemistry modifications through
functionalization and control over termination cause drastically different chemistry such
as electronic conductivity (13-15). These variations are heavily dependent on the carbon
source during synthesis, and most frequently on the post reaction processing of the
3

material. The synthetic methods that exist are numerous and widespread and all heavily
effect the resulting product.
Synthetic methods to produce carbon nanomaterials include arc discharge,
detonation, chemical vapor deposition (CVD), laser ablation, hydrothermal and
electrochemical techniques (16-18). Chemical vapor deposition is one of the most
common techniques to synthesize all forms of carbon nanomaterials and can be coupled
with plasmas in different energy regions including radio frequency plasmas, microwave
plasmas, and direct current discharge plasmas (19-21). Characteristics of this synthesis
method include the use of catalytic substrates to seed the deposition as well as high
temperatures, which could be detrimental in applications that require delicate deposition
of the carbon nanomaterial of interest (17, 22). A synthetic method that controls both the
synthetic product as well as adapts the method for deposition on a delicate substrate is
needed.
Recent studies have evaluated the use of femtosecond (fs) laser irradiation of both
liquid and solid materials to produce nanoparticles (23, 24). Femtosecond laser
irradiation in conjunction with simultaneous spatiotemporal focusing can provide for
intense energy input into a system in a spatially localized manner. While largely
unexplored for the production of nanomaterials, femtosecond laser irradiation has been
used to evaluate the characteristics of gaseous methane plasmas upon the irradiation with
a laser. In doing so, insights into the intermediate species which include neutral and
ionized fragments present within these plasmas have been explored (25, 26). In this
thesis, it is demonstrated that the spatially confined microplasma formed by focusing an
4

intense fs laser pulse produces solid photoproducts from methane and
methane/argon/hydrogen mixtures. This unexplored area of nanomaterial synthesis could
provide a method for expertly controlled synthesis of nanomaterial size, shape, and
composition, which is the ultimate pursuit of nanomaterial synthesis (27). Other
materials are evaluated within this thesis, however these synthetic minerals, whose
synthetic methods are well established, require intense scrutiny of the relevant
applications, so as to optimize the materials properties towards the application of interest.

1.3 BIRNESSITE
The manganese oxide mineral family consists of roughly 30 members (28), many
of which are naturally occurring minerals that play essential roles in the cycling of
manganese in the environment. Octahedrons composed of MnO6 units are the basic
building block of all manganese oxides. Whether these octahedron share corners or
edges determines the structural rearrangement of the resulting material. These edge and
corner shared octahedron then assemble themselves into chain, tunnel, or layered
structures. Once formed into these various structures, the resultant materials also have the
unique ability to incorporate water as well as different cations into their porous structures
(28). One material of interest, birnessite, explored in this thesis, is from the family of
layered manganese oxides.
Birnessite belongs to a family of manganese oxides whose identities are as
complex as their variability. Slight changes in the positions of the atoms or the overall
average oxidation state of the manganese atoms provides for changes in the reactivity of
5

the birnessite material (29). Birnessite is a layered manganese oxide and is a naturally
occurring mineral that can be made synthetically within the laboratory (30). The two
main synthetic methods of birnessite are performed under either acidic or alkaline
conditions. Under acidic conditions, HCl is added dropwise to a solution of KMnO4 to
reduce the Mn7+ in permanganate to Mn4+ and Mn3+ in the final product, hexagonal
birnessite (30). Triclinic birnessite results from bubbling oxygen through a solution
containing Mn2+ ions under alkaline conditions (31). The final product of the alkaline
synthesis is the more crystalline phase of birnessite with the manganese (IV) and
manganese (III) residing within the individual MnO2 sheets. This phase of birnessite
distinguishes itself from the hexagonal phase in the position of the manganese (III)
atoms. Within hexagonal birnessite sheets, there are cation vacancies present which are
open defect sites within the sheet structure (32). Manganese (III) atoms position
themselves within the interlayer of the birnessite structure above these cation vacancy
sites. These structural aspects of the triclinic and hexagonal phases of birnessite
including the location of the manganese (III) within the structure are depicted in Figure
1.1.
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Figure 1.1: The structure of triclinic and hexagonal birnessite. The top view shows the
structure of an individual MnO2 sheet and the side view depicts the interlayer space
within each structure. Adapted with permission from Smith PF, et.al. Coordination
geometry and oxidation state requirements of corner-sharing MnO6 octahedra for water
oxidation catalysis: An investigation of manganite (γ-MnOOH). ACS Catalysis. 2016 Feb
23;6(3):2089-99 and Villalobos M, et.al. Characterization of the manganese oxide
produced by Pseudomonas putida strain MnB1. Geochimica et Cosmochimica Acta. 2003
Jul 15;67(14):2649-62. Copyright 2016 American Chemical Society and copyright 2003
Geochmica et Cosmochmica Acta, respectively.
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Birnessite has long been of interest in the environmental chemistry community
due to its notable redox activity (33). Responsible for the manganese cycling in the
environment, birnessite plays a large role in many environmental systems (34, 35). The
natural abundance of this material also makes it extremely valuable candidate in the area
of catalysis, where construction of catalysts that are not only cost effective but also
efficient is the goal. Due to these considerations, birnessite chemistry has a wide area of
application.

1.4 APPLICATIONS OF BIRNESSITE CHEMISTRY
1.4.1 Photochemical oxidation of arsenic in the environment
Arsenic is present in the environment due to leaching of natural geologic sources
and exists as either arsenate, As(V), or arsenite, As(III) (36, 37). Aqueous As(III) exists
as a neutral species (H3AsO3) and As(V) exists as a doubly and singly protonated species
(H2AsO4- and HAsO42-) (38). In Figure 1.2, the structure and dissociation of arsenate and
arsenite are depicted. Arsenite exists as a neutral species at most environmental pHs
causing it to have low affinity for mineral surfaces, while arsenate possesses the ability to
adsorb to solid surfaces due to its negative charge under these same conditions (36). In
order to remove the neutral arsenite species from the environment, schemes that adopt a
method of oxidation to arsenate are essential. This oxidation does not happen at a
kinetically favorable rate in water alone, so typically a mineral surface is provided to
conduct this redox chemistry (39). Remediation schemes to eliminate these metals from
the environment typically involve first oxidation of the arsenic species and then
8

adsorption to a particle of interest to remove the contaminant completely from the
polluted stream (40, 41). There is still room to improve either the oxidation or adsorption
of arsenic to materials to remove it completely from a polluted system. Photocatalysts
are commonly employed as agents in environmental remediation schemes due to their
ability to transfer charge to redox reactions, making oxidation reactions occur at a more
favorable rate (42).

Figure 1.2: Structure of arsenite and arsenate (fully protonated form) and the dissociation
of these species. pKa values are listed above the arrows (40).
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Photochemical reactions involve the excitation of a valence band electron to the
conduction band within a semiconductor through irradiation with a wavelength of light of
a specific energy, Figure 1.3. The space between the lower edge of the conduction band
and the upper edge of the valence band is called the band gap and is characteristic to each
semiconductor material (43). Once a photon of energy that exceeds this band gap is
provided, an electron hole pair is created. This electron hole pair can be further utilized in
redox reactions at the surface of the semiconductor material. The efficiency of a
photocatalyst is measured by the ability of the material and process to transfer the charges
that are created upon irradiation (44). These charges can be transferred to the
surrounding aqueous environment performing redox chemistry on electron donors and
acceptors present (45). The overall assessment of the photocatalyst in environmental
settings is whether it performs the chemistry of interest at a higher kinetic rate and if the
chemistry produces any other species that are more harmful to the environment, such as
reactive oxygen species. Transition metal oxides such as titanium, iron, and manganese
oxides are favored for these experiments due to their natural abundance (38, 45-47).
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Figure 1.3: Arsenite oxidation on the surface of a semiconductor after absorption of a
photon.

Investigations have shown that birnessite is a small band gap semiconductor with
a band gap in the range of 1.8-2.7 eV (48-50). Previous work on the irradiation of
birnessite included exploring electron transfer during photoreductive dissolution and
evaluations as a photoelectrocatalyst for water oxidation chemistry (47, 51, 52). As
stated earlier, photocatalysts can provide valence band holes and conduction band
electrons upon irradiation, which are utilized in scenarios that involve redox chemistry.
While known for its ability to convert arsenite to arsenate the absence of light (53),
investigations into the photochemical oxidation of arsenite in the presence of birnessite
have not been done. For the first time, investigations of the photocatalytic activity of
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birnessite in the presence of light will be presented in this thesis, showing the effect that
light irradiation has on the oxidation of arsenic under environmental conditions. These
experiments also showed a transformation of triclinic birnessite to hexagonal birnessite, a
phase that is known to be active for water oxidation chemistry. This transformation led
to investigations in enhancing the water oxidation chemistry of triclinic birnessite, an
otherwise inactive catalyst for this reaction.

1.4.2

Water oxidation chemistry of birnessite
Water oxidation chemistry can provide the world with a means of producing

alternative fuels for energy generation. Processes that occur in enzymes that work during
photosynthesis perform this chemistry on a regular basis. This energy intensive chemical
reaction has been studied with the hope of perfecting a synthetic catalyst that performs
this chemistry in a commercially producible manner (54). Most commonly split into two
separate reactions, scientists traditionally direct their focus to either proton reduction or
oxygen evolution as their focus of study. The water oxidation reaction is shown in the
following equation:

2 H2O à 4 H+ + O2 + 4 e-

(1)

and requires a potential 1.23 V in order to occur (51). When investigating materials to
perform this chemistry, those catalysts that behave in an efficient manner and are not
12

highly toxic to the environment are of importance. Also the abundance of the elements of
interest is another important facet. Using earth abundant materials would be more
economically feasible in future application of the material. It is with these requirements
in mind that manganese oxides are considered. This class of materials contain a naturally
abundant element, Mn, and share common elements with the active site of the complex
that performs this chemistry in photosynthetic organisms.
Photosystem II (PSII) exists in the thylakoid membranes of green plants, algae
and cyanobacteria, and is responsible for the production of a significant portion of O2 in
the Earth’s atmosphere (54). The oxygen-evolving complex (OEC) within PSII is the site
of catalytic water oxidation and contains manganese atoms arranged in a cube-like
structure (Figure 1.4) (55). During biological water oxidation, the manganese cluster in
the OEC is progressively oxidized, releasing 4 protons and 4 electrons (55, 56). Oxygen
evolves once the complex releases the 4 protons to other biological proton transfer
processes. Many try to mimic the chemistry of this cluster using molecular and solid
state catalysts (34, 51, 55, 57). The common factor in these studies is utilizing multiple
oxidation states of manganese within the catalysts of interest to encourage water
oxidation chemistry. Manganese within the OEC exists in the 3+ and 4+ states and bond
lengths in the range of 1.8-2.2 Å (56). This is the typical length of the Mn-O bond found
in manganese oxides, making this class of materials ideal to produce water oxidation
catalysts (58, 59).
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Figure 1.4: Oxygen evolving complex of Photosystem II. The structure is from the recent
1.9 Å crystal structure of PSII obtained by Shen and co-workers (60, 61). Bond lengths
are included. Colors: manganese, purple; calcium, yellow; bridging oxo groups, red;
bound water molecules, orange. Reprinted with permission from Blakemore JD, et.al.
Molecular catalysts for water oxidation. Chemical reviews. 2015 Jul 7;115(23):129743005. Copyright 2015 American Chemical Society.

Birnessite, mentioned earlier, is a layered manganese oxide that can adapt two
main phases, triclinic and hexagonal. Manganese(III) resides within the interlayer of
hexagonal birnessite, positioning itself above cation vacancies within the sheet structure
14

to compensate for the charge of the Mn4+ rich MnO2 sheets. In triclinic birnessite, the
Mn3+ resides in the sheet structure, with no interlayer Mn3+ ions. Recent work has shown
the presence of corner sharing Mn3+ octahedra to be a predictor of reactivity of the
manganese oxides (62). The Mn3+ octahedra within triclinic birnessite are edge shared,
while the Mn3+ octahedra within hexagonal birnessite are corner shared. Corner shared
Mn3+ octahedra form weak bonds due to occupation of the antibonding eg orbital and
therefore are more catalytically active (51, 63). Encouraging the migration of
manganese(III) in the triclinic form of birnessite to the interlayer region is shown in this
thesis to activate triclinic birnessite water oxidation.

1.5 DISSERTATION OUTLINE
This dissertation aims to contribute to the understanding of nanomaterial
formation and reactivity through characterization of the material’s properties with
analytical techniques. Chapter 2 explains material preparation, synthesis and the
analytical tools utilized to evaluate these materials. Chapter 3 investigates the formation
of carbon spheres via a novel synthetic method utilizing femtosecond laser irradiation of
methane. Chapter 4 extends the results presented in Chapter 3 and evaluates different
reaction conditions on the formation of carbon nanomaterials. A shift towards the
investigation of synthetic birnessite is taken in Chapter 5, examining the photochemical
oxidation of arsenite in the presence of birnessite. The role of phase transformation of
birnessite and its activity toward water oxidation is examined in Chapter 6. In Chapter 7,
a summary of this entire body of work will be given.
15

1.6 REFERENCES
1.

Nanomaterial Characterization: An Introduction: John Wiley & Sons; 2016.

2.

The Chemistry of Nanomaterials: Synthesis, Properties and Applications, Volume

1. Rao CNR, Muller A, Cheetham AK, editors: John Wiley & Sons; 2006.
3.

Jariwala D, Sangwan VK, Lauhon LJ, Marks TJ, Hersam MC. Carbon

nanomaterials for electronics, optoelectronics, photovoltaics, and sensing. Chemical
Society Reviews. 2013;42(7):2824-60.
4.

Mauter MS, Elimelech M. Environmental Applications of Carbon-Based

Nanomaterials. Environmental Science & Technology. 2008;42(16):5843-59.
5.

Mochalin VN, Shenderova O, Ho D, Gogotsi Y. The properties and applications

of nanodiamonds. Nature Nanotechnology. 2012;7:11-23.
6.

Carbon Nanomaterials: CRC Press; 2014.

7.

Kroto HW, Heath JR, O'Brien SC, Curl RF, Smalley RE. C60:

Buckminsterfullerene. Nature. 1985;318(6042):162-3.
8.

Advances in Carbon Nanomaterials: Science and Applications. CRCnetBase: Pan

Stanford Publishing; 2012.
9.

Geim AK, Novoselov KS. The rise of graphene. Nat Mater. 2007;6(3):183-91.

10.

Liang YT, Vijayan BK, Lyandres O, Gray KA, Hersam MC. Effect of

Dimensionality on the Photocatalytic Behavior of Carbon-Titania Nanosheet Composites:
Charge Transfer at Nanomaterial Interfaces. The Journal of Physical Chemistry Letters.
2012;3(1760-1765).

16

11.

Zhi M, Xiang C, Li J, Li M, Wu N. Nanostructured carbon-metal oxide composite

electrodes for supercapacitors: a review. Nanoscale. 2013;5:72-88.
12.

Brennan LJ, Byrne MT, Bari M, Gun'ko YK. Carbon Nanomaterials for Dye-

Sensitized Solar Cell Applications: A Bright Future. Advanced Energy Materials.
2011;1:472-85.
13.

Robertson J. Mechanisms of electron field emission from diamond, diamond-like

carbon and nanostructured carbon. Journal of Vacuum Science & Technology B.
1999;17(2):659-65.
14.

Colavita PE, Sun B, Wang X, Hamers RJ. Influence of Surface Termination and

Electronic Structure on the Photochemical Grafting of Alkenes to Carbon Surfaces.
Journal of Physical Chemistry C. 2009;113:1526-35.
15.

Tryk DA, Tsunozaki K, Rao TN, Fujishima A. Relationships between surface

character and electrochemical processes on diamond electrodes: dual roles of surface
termination and near-surface hydrogen. Diamond and Related Materials. 2001;10:1804-9.
16.

Kharisov BI, Kharissova OV, Chavez-Guerrero L. Synthesis techniques,

properties, and applications of nanodiamonds. Synthesis and Reactivity in Inorganic,
Metal-Organic, and Nano-Metal Chemistry. 2010;40(2):84-101.
17.

Prasek J, Drbohlavova J, Chomoucka J, Hubalek J, Jasek O, Adam V, et al.

Methods for carbon nanotubes synthesis-review. Journal of Materials Chemistry.
2011;21(40):15872-84.

17

18.

Lu K, Zhao G, Wang X. A brief review of graphene based material synthesis and

its application in environmental pollution management. Chinese Science Bulletin.
2012;57(11):1223-34.
19.

Cheng CY, Teii K. Control of the growth regimes of nanodiamond and

nanographite in microwave plasmas. IEEE Transactions on Plasma Science.
2012;40(7):1783-8.
20.

Gordillo-Vazquez FJ, Albella JM. Influence of the pressure and power on the

non-equilibrium plasma chemistry of C2, C2H, C2H2, CH3 and CH4 affecting the synthesis
of nanodiamond thin films from C2H2(1%)/H2/Ar-rich plasmas. Plasma Sources Science
and Technology. 2003;13(1):50.
21.

Malesevic A, Vitchev R, Schouteden K, Volodin A, Zhang L, Van Tendeloo G, et

al. Synthesis of few-layer graphene via microwave plasma enhanced chemical vapour
deposition. Nanotechnology. 2008;19(30):305604.
22.

Dai H. Carbon nanotubes: synthesis, integration, and properties. Accounts of

chemical research. 2002;35(12):1035-44.
23.

Tangeysh B, Moore Tibbetts K, Odhner JH, Wayland BB, Levis RJ. Gold

Nanoparticle Synthesis Using Spatially and Temporally Shaped Femtosecond Laser
Pulses: Post-Irradiation Auto-Reduction of Aqueous [AuCl4]. The Journal of Physical
Chemistry C. 2013;117(36):18719-27.
24.

Tibbetts KM, Odhner J, Vaddypally S, Tangeysh B, Cerkez EB, Strongin DR, et

al. Amorphous aluminum-carbide and aluminum-magnesium carbide nanoparticles from
gas phase activation of trimethylaluminum and octamethyldialuminummagnesium using
18

simultaneous spatially and temporally focused ultrashort laser pulses. Nano-Structures &
Nano-Objects. 2016;6:1-4.
25.

Kong F, Luo Z, Xu H, Sharifi M, Song D, Chin SL. Explosive photodissociation

of methane induced by ultrafast intense laser. Journal of Chemical Physics.
2006;125(13):133320.
26.

Sharifi M, Kong F, Chin SL, Mineo H, Dyakov Y, Mebel AM, et al. Experimental

and Theoretical Investigation of High-Power Laser Ionization and Dissociation of
Methane. The Journal of Physical Chemistry A. 2007;111(38):9405-16.
27.

Li Y, Somorjai GA. Nanoscale Advances in Catalysis and Energy Applications.

Nano Letters. 2010;10:2289-95.
28.

Post JE. Manganese oxide minerals: Crystal structures and economic and

environmental significance. Proceedings of the National Academy of Sciences; Irvine,
CA1999. p. 3447-54.
29.

McKendry IG, Kondaveeti SK, Shumlas SL, Strongin DR, Zdilla MJ. Decoration

of the layered manganese oxide birnessite with Mn(II/III) gives a new water oxidation
catalyst with fifty-fold turnover number enhancement. Dalton Transactions.
2015;44:12981-4.
30.

McKenzie RM. Synthesis of birnessite, cryptomelane, and some other oxides and

hydroxides of manganese. Mineral Mag. 1971;38(296):493-502.
31.

Yang DS, Wang MK. Syntheses and characterization of birnessite by oxidizing

pyrochroite in alkaline conditions. Clays Clay Miner. 2002;50(1):63-9.

19

32.

Villalobos M, Toner B, Bargar J, Sposito G. Characterization of the manganese

oxide produced by pseudomonas putida strain MnB1. Geochimica et Cosmochimica
Acta. 2003;67(14):2649-62.
33.

Tebo BM, Bargar JR, Clement BG, Dick GJ, Murray KJ, Parker D, et al. Biogenic

Manganese Oxides: Properties and Mechanisms of Formation. Annual Review of Earth
and Planetary Sciences. 2004;32:287-328.
34.

Hocking RK, Brimblecombe R, Chang L-Y, Singh A, Cheah MH, Glover C, et al.

Water oxidation catalysis by manganese in a geochemical-like cycle. Nature Chemistry.
2011;3(6):461-6.
35.

Krishnamurti GSR, Huang PM. The catalytic role of birnessite in the

transformation of iron. Canadian Journal of Soil Science. 1987;67(3):533-43.
36.

Sharma VK, Sohn M. Aquatic arsenic: toxicity, speciation, transformations, and

remediation. Environmental International. 2009;35(4):743-59.
37.

Scott M. In kinetics of adsorption and redox processes on iron and manganese

oxides: reactions of As(III) and Se(IV) at goethite and birnessite surfaces. California
Institute of Technology, PhD. 1991.
38.

Bhandari N, Reeder RJ, Strongin DR. Photoinduced Oxidation of Arsenite to

Arsenate on Ferrihydrite. Environmental Science & Technology. 2011;45(7):2783-9.
39.

Zaw M, Emett MT. Arsenic removal from water using advanced oxidation

processes. Toxicology Letters. 2002;133(1):113-8.
40.

Mohan D, Pittman Jr. CU. Arsenic removal from water/wastewater using

adsorbents-A critical review. Journal of Hazardous Materials. 2007;142:1-53
20

41.

Dixit S, Hering JG. Comparison of arsenic (V) and arsenic (III) sorption onto iron

oxide minerals: implications for arsenic mobility. Environmental Science & Technology.
2003;37(8):4182-9.
42.

Xu T, Kamat PV, O'Shea KE. Mechanistic Evaluation of Arsenite Oxidation in

TiO2 Assisted Photocatalysis. The Journal of Physical Chemistry A. 2005;109(40):90705.
43.

Xu Y, Schoonen MAA. The absolute energy positions of conduction and valence

bands of selected semiconducting minerals. American Mineralogist. 2000;85:543-56.
44.

Hoffmann MR, Martin ST, Choi W, Bahnemann DW. Environmental

Applications of Semiconductor Photocatalysts. Chemical Reviews. 1995;95:69-96.
45.

Carp O, Huisman CL, Reller A. Photoinduced reactivity of titanium dioxide.

Progress in Solid State Chemistry. 2004;32(1):33-177.
46.

Bhandari N, Reeder RJ, Strongin DR. Photoinduced Oxidation of Arsenite to

Arsenate in the Presence of Goethite. Environmental Science & Technology.
2012;46(15):8044-51.
47.

Marafatto FF, Strader ML, Gonzalez-Holguera J, Schwartzberg A, Gilbert B,

Peña J. Rate and mechanism of the photoreduction of birnessite (MnO2) nanosheets.
Proceedings of the National Academy of Sciences. 2015;112(15):4600-5.
48.

Sherman DM. Electronic structures of iron(III) and manganese(IV) (hydr)oxide

minerals: Thermodynamics of photochemical reductive dissolution in aquatic
environments. Geochimica et Cosmochimica Acta. 2005;69(13):3249-55.

21

49.

Sakai N, Ebina Y, Takada K, Sasaki T. Photocurrent Generation from

Semiconducting Manganese Oxide Nanosheets in Response to Visible Light. The Journal
of Physical Chemistry B. 2005;109(19):9651-5.
50.

Pinaud BA, Chen Z, Abram DN, Jaramillo TF. Thin Films of Sodium Birnessite-

Type MnO2: Optical Properties, Electronic Band Structure, and Solar
Photoelectrochemistry. J Phys Chem C. 2011;115(23):11830-8.
51.

Robinson DM, Go YB, Mui M, Gardner G, Zhang Z, Mastrogiovanni D, et al.

Photochemical Water Oxidation by Crystalline Polymorphs of Manganese Oxides:
Structural Requirements for Catalysis. Journal of the American Chemical Society.
2013;135(9):3494-501.
52.

Hsu YK, Chen YC, Lin YG, Chen LC, Chen KH. Birnessite-type manganese

oxide nanosheets with hole acceptor assisted photoelectrochemical activity in response to
visible light. Journal of Materials Chemistry. 2012;22(6):2733-9
53.

Fischel MHH, Fischel JS, Lafferty BJ, Sparks DL. The influence of

environmental conditions on kinetics of arsenite oxidation by manganese-oxides.
Geochemical Transactions. 2015;16(1):1-10.
54.

Brudvig GW. Water oxidation chemistry of photosystem II. Philosophical

Transactions of the Royal Society: B. 2008;363:1211-9.
55.

Blakemore JD, Crabtree RH, Brudvig GW. Molecular Catalysts for Water

Oxidation. Chemical Reviews. 2015;115:12974-3005.
56.

Shen J-R. The Structure of Photosystem II and the Mechanism of Water

Oxidation in Photosynthesis. Annual Review of Plant Biology. 2015;66:23-48.
22

57.

Pokhrel R, Goetz MK, Shaner SE, Wu X, Stahl SS. The "Best Catalyst" for Water

Oxidation Depends on the Oxidation Method Employed: A Case Study of Manganese
Oxides. Journal of the American Chemical Society. 2015;137:8384-7.
58.

Post JE, Veblen DR. Crystal structure determination of synthetic sodium,

magnesium, and potassium birnessite using TEM and the Rietveld method. American
Mineralogist. 1990;75:477-89.
59.

Sherman DM. The electronic structures of manganese oxide minerals. American

Mineralogist. 1984;69:788-99.
60.

Kawakami K, Umena Y, Kamiya N, Shen JR. Structure of the catalytic, inorganic

core of oxygen-evolving photosystem II at 1.9 Å resolution. Journal of Photochemistry
and Photobiology B: Biology. 2011;104(1):9-18
61.

Umena Y, Kawakami K, Shen JR, Kamiya N. Crystal structure of oxygen

evolving photosystem II at a resolution of 1.9 Å Nature. 2011;473(7345):55-60.
62.

Smith PF, Deibert BJ, Kaushik S, Gardner G, Hwang S, Wang H, et al.

Coordination Geometry and Oxidation State Requirements of Corner-Sharing MnO6
Octahedra for Water Oxidation Catalysis: An Investigation of Manganite (γ-MnOOH).
ACS Catalysis. 2016;6(3):2089-99.
63.

Takashima T, Hashimoto K, Nakamura R. Inhibition of Charge

Disproportionation of MnO2 Electrocatalysts for Efficient Water Oxidation under Neutral
Conditions. Journal of the American Chemical Society.134(44):18153-6.

23

CHAPTER 2
EXPERIMENTAL TECHNIQUES
2.1 MATERIALS
All chemicals used were purchased from commercial vendors. Gases used were
purchased from AirGas and ranged from pre-purified to ultra-high purity. All water used
was deionized using a Barnstead Nanopure II system that produced deionized water with
a conductivity of 18.2 MWcm-1. To obtain anoxic conditions, water was purged with N2
or Ar for at least one hour before anoxic experiments were conducted.

2.2 MATERIAL SYNTHESIS
2.2.1 Carbon nanomaterial synthesis
Carbon nanomaterials were obtained by laser irradiation of gaseous methane and
methane/argon mixtures.

A titanium-sapphire-based chirped-pulse amplifier with

bandwidth centered at 790 nm provided 35 fs, 5 millijoule (mJ) pulses at a 1 kHz
repetition rate. In order to avoid self-phase modulation of the laser pulse in the reaction
chamber and to ensure homogeneous energy deposition at all gas pressures, simultaneous
spatial and temporal focusing (SSTF) was employed (1-3). The SSTF apparatus was
comprised of a grating pair (1200 1/mm) that spectrally and temporally dispersed the
pulse. An aspheric f = 10-cm lens focused the pulse into the center of the reaction
chamber (shown in Figure 2.1a) while concurrently compressing the pulse in time, as
illustrated in Figure 2.1b. The grating pair left an uncompensated negative frequency
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chirp on the pulse at the focus, resulting in pulse duration of ~36 picoseconds (ps) at the
focus.

Figure 2.1: A schematic of the experimental ultrashort laser pulse irradiation
apparatus. (a) The laser pulse is spatially dispersed by a pair of gratings (elements
(i) and (ii)) and subsequently focused by an aspheric f = 10-cm lens (iii) into the
reaction chamber (iv). (b) A schematic representation of simultaneous spatial and
temporal focusing. The spatially separated spectral components recombine at the
geometric focus (white circle) leading to the formation of the shortest, and thus
the highest intensity, pulse. Before and after the focus the intensity is much lower
because the pulse is delocalized in space and time.
25

Figure 2.2 shows a more detailed schematic of the reaction chamber and a
photograph of the laser plasma in the chamber without the top flange. The microplasma
in the center of the chamber appears white in Figure 2 due to fluorescence and
Bremsstrahlung emission from ions and excited neutral species in the laser focus (the
photograph was taken in air) (4). The use of SSTF suppresses filamentation (which
elongates the focal volume and limits the attainable laser intensity) (5), leading to a welldefined focal spot size for input energies of up to several mJ (6). All experiments were
conducted with a pulse energy of 4 mJ and an irradiation time of two hours except for the
experiment conducted at a methane pressure of 6.7 kPa, where an irradiation time of three
hours was used in order to deposit sufficient product for analysis. Based on the measured
spot size of w0 = 20 mm and the 36 ps pulse duration, the pulse peak intensity was
calculated to be ~8.8 ´ 1012 Wcm-2 in the focus.
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Figure 2.2: Gas irradiation experiment reaction chamber (a) and TEM grid
sample holder. A schematic of the reaction chamber viewed from the side and the
top, showing the laser geometry and the position of the plasma spot generated by
the focused laser beam (c). Use of the SSTF apparatus (c.f., Figure 2.1) prevents
white light generation and deposition of product onto the front window of the
chamber. The laser beam is focused at the center of the chamber directly above
the TEM grid (circled in side view image) that collects solid product. A silicon
wafer was used in place of the TEM grid to collect solid sample for Raman
spectroscopy. The right-most image is a photograph of the plasma spot (circled)
generated by the laser beam focused using SSTF in air in the reaction chamber
(viewed from the top).
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For static experiments, samples were prepared by evacuating the reaction
chamber to <0.02 kPa and then filling the chamber to the desired pressure of methane
(between 6.7 kPa and 133.3 kPa). The chamber was then sealed and remained under
static pressure during laser irradiation. After irradiation, any remaining gas was
evacuated before opening the chamber to remove the sample. A carbon type-A 300 mesh
copper TEM grid (Ted Pella Inc., Redding, CA) positioned on a stainless steel plate 5
mm below the laser focus was used to collect particles produced during laser irradiation
(Figure 2.2 (b)).
For flow experiments, introduction of gaseous mixtures into the chamber (Figure
2.3 (a)) was performed by first filling the chamber to the desired methane pressure, then
introducing the second gas to obtain the desired total pressure. A gas flow rate of 72
cc/min was introduced into the chamber using MKS mass flow controllers. An additional
line on the chamber for exiting gas had a needle valve to allow control over the exiting
gas to maintain the desired pressure within the chamber. Adjusting the outlet valve to
maintain a static pressure allowed for a longer residence time for the gases to react in the
laser spot, and therefore form product. Exiting gas was filtered (McMaster Carr, 0.01 µm
air filter) before being vacuum pumped into the hood to filter out any nanoparticles from
being dispersed into the air. Samples deposited on a sample holder which was capable of
securing TEM grids and silicon wafers (Figure 2.3 (b) side view-(d) top view). Once the
reaction was complete, the chamber was evacuated before removing the deposited sample
for analysis.
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Figure 2.3: Reaction chamber for gaseous mixture experiments (a) and sample holder
used for collection (b (side view), c-d(top view)).
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2.2.2 Mineral Synthesis
2.2.2.1 K Birnessite
Hexagonal birnessite was synthesized using a modification of the McKenzie
method (7). Briefly, 250 mL of a solution of KMnO4 (0.250 M) and MnCl2 (0.504 g,
0.016 M) were heated and stirred at 80°C. HCl (50 mL, 1 M) was added dropwise at a
rate of approximately 1 mL/min. After all HCl was added the solution was stirred for an
additional 30 min at 80°C. Then the solution was aged at a temperature of 40°C for 3 h.
Once completed the birnessite was vacuum filtered, washed with DI water and air-dried.

2.2.2.2 Na Birnessite
Na-birnessite used in this study was synthesized by using a modified version of
the method utilized by Yang et al. (8). Briefly, a 0.4 M Mn2+ solution was mixed with 8
M NaOH in 0.5 L of water (both solutions made in deionized/deoxygenated water),
which was cooled to 0oC and oxidized by bubbling oxygen through the solution for 5 h.
The resulting suspension was aged at 90oC for 48 h with constant stirring. The resulting
product was vacuum filtered and washed multiple times with deionized water. The
sample was then freeze-dried (9).
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2.3 CHARACTERIZATION TECHNIQUES AND METHODS
A host of characterization techniques were used to confirm morphology,
composition and phase of materials produced.

2.3.1 Electron Microscopy
Light microscopy was discovered hundreds of years ago to improve the
observations of materials that were difficult to observe with the naked eye. Development
of the compound microscope greatly improved this science, but the resolution of this
form of microscopy is limited by the inherent aberrations in the lenses used as well as the
diffraction of light (10). Electron microscopy was developed to provide a technique with
improved spatial resolution by utilizing wave-like properties of electrons to probe
materials. This form of microscopy has advantages of higher magnifications and
resolution compared to traditional light microscopy due to the use of accelerated
electrons. Electrons are accelerated through a potential drop and given a kinetic energy
(11). The de Broglie equation illustrates the relationship of the accelerating voltage to the
electron wavelength:
𝜆=

ℎ
ℎ
=
𝑝
(2𝑚𝑒𝑉),/.

where h is Planck’s constant, p is the momentum, m is the mass of the electron, e is the
charge of the electron, and V is the accelerating voltage. From this equation it can be
seen that by increasing the acceleration of an electron the wavelength decreases, allowing
for greater resolution. Once these electrons are sent towards the specimen of interest,
interaction of electrons with the material generates different signals. Types of signals that
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can be obtained when electrons interact with specimens can be seen in Figure 2.4 below.
Discussion of these signals and what they are used for in electron microscopy techniques
will be discussed in the sections below on transmission electron microscopy (TEM) and
scanning electron microscopy (SEM).

Figure 2.4: The fate of electrons when interacting with a specimen.

Since electrons must travel through the instrument to probe the specimen of
interest the instrument must operate under ultra-high vacuum (UHV) conditions (below
1×10-9 Torr) to reduce the mean free path of the electron. Depending on the accelerating
voltage range used and the information required, two forms of microscopy can be used.
Transmission electron microscopy typically uses accelerating voltages (in kilovolts (kV))
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in the range of 80 – 300 kV which are high enough to penetrate thin samples (< 100 nm).
One of the greatest advantages of TEM is the ability to diffract crystalline specimens
during analysis producing a selected area electron diffraction (SAED) pattern. This
method can also conduct elemental analysis by collecting and analyzing the characteristic
x-rays produced when the electron beam interacts with the sample, known as energy
dispersive x-ray spectroscopy (EDS). The other main form of electron microscopy is
scanning electron microscopy where a lower kV electron beam raster scans across a
sample to provide morphological and topographical information about a sample, from
backscattered and secondary electrons. The two types of microscopy and how they were
used in this thesis are discussed below.

2.3.1.1 Transmission Electron Microscopy
Transmission electron microscopy characterizes thin specimens by accelerating
electrons through materials at a uniform current density. Electrons are first
thermionically emitted from a source such as a single crystal of LaB6. This electron beam
is then focused by a series of electromagnetic lenses through condenser and objective
apertures that control the intensity of the beam that interacts with the specimen of
interest. The image is projected onto a fluorescent screen coated with a material that
fluoresces visible light, allowing the particles of interest to be viewed with the human
eye. Images are acquired through the use of a CCD camera positioned below the
fluorescent screen. Along with imaging, the TEM can perform selected area electron
diffraction as well as energy dispersive spectroscopy to characterize the composition and
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structure of the material of interest. Transmission electron microscopy can probe atomic
lattices with a 120 kV beam of electrons (spot size of 0.2 nm).
Electron diffraction within the TEM differs from diffraction with x-rays
(discussed later) due to the smaller wavelength of the electron beam compared to the
wavelength of x-rays. Nuclei and electrons in the material of interest scatter the direct
electron beam. Local electromagnetic fields within the specimen interact with the
incoming negatively charged electrons and these electrons are directly scattered. This
lack of exchange between the direct electron beam and the material of interest is the main
difference between electron and x-ray diffraction (11). Characteristic diffraction patterns
(known as selected area electron diffraction patterns) are produced and identify unique
lattice locations of atoms within a material. Relating the diffraction pattern produced to
characteristic d-spacings can elucidate the crystal structure of the material.
Samples from Chapter 3 and 4 were prepared by collecting particles directly
below the laser spot. TEM grids were prepared by either placing the grid directly below
the laser spot or by rubbing the grid gently against a Si wafer on which the particles of
interest were deposited, sampling the entire area so that a statistical average of the
particle morphology could be obtained. The sizes and shapes of particles deposited on the
TEM grid during laser irradiation were characterized without any post-reaction
processing using a JEOL JEM-1400 TEM operating at 120 kV. One sample in Chapter 3
was additionally characterized using a JEOL JEM-2100 (operating at 200 kV) in order to
obtain high-resolution images (<0.2 nm). Size information and statistical analysis were
performed using ImageJ and MATLAB, respectively.
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Samples from Chapter 5 and 6 were prepared by suspending birnessite in
deionized water and sonicating for 5 min. One drop of the suspension was deposited onto
a 300 mesh carbon coated copper grid (Ted Pella, Redding, CA) and air dried. A JEOL
JEM-1400 operating at 120 kV was used to characterize the birnessite samples. The
morphology of the as-synthesized triclinic Na birnessite particles and hexagonal K
birnessite (Appendix, A1) was similar to the morphologies reported previously by several
authors (9, 12). Samples investigated after light irradiation looked similar to those before
reaction (Appendix, A2).

2.3.1.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) operates by emitting electrons from an
electron gun allowing larger particles (micron scale) to be imaged and information to be
acquired about their topographical structure as well as their overall morphological
structure. Accelerating voltages used in SEM are significantly less than in TEM (~1/3),
and this technique has the distinct advantage over TEM in that it can image material
topography. Two main types of signals produced from scanning electron microscopy
include secondary and backscattered electrons. Secondary electrons are produced when
the incoming electrons cause another electron to be ejected from the sample (inelastic
scattering). Topographical information is revealed from secondary electrons that do not
penetrate the sample deeply. They can resolve material roughly 1 nm in size on the
surface of the material. Backscattered electrons are produced through elastic scattering
of the electrons, the intensity is related to the atomic number of the material being
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analyzed and therefore is ideal for analytical information. Resolution of the instrument is
typically in the hundreds of nanometers range and can probe the surface topography of
materials due to the low accelerating voltages that are being introduced. Depth of field
corresponds to how much of the object of interest remains in focus at the same time, is a
characteristic feature of SEM and gives images more 3D characteristics compared to
TEM. This is because during SEM analysis, the electrons do not completely penetrate
the sample of interest, as they do in TEM, where a 2D image is produced (10).
An FEI Quanta 450 FEG SEM with an Oxford Aztec Energy Advanced EDS
system was used in this study. Samples synthesized in Chapter 3 and 4 were directly
deposited on a silicon wafer for analysis.

2.3.2 Spectroscopy
Spectroscopy involves the interaction of light with matter and can cause
electronic excitations within the material that results in characteristic signals to indicate
features about the structure of materials. It is this principle of spectroscopy that makes it
such a versatile tool in the characterization and probing of atoms and molecules.
Depending on the ionizing radiation, different information can be uncovered about the
material of interest. Forms of spectroscopy depend on the absorption, scattering or
emission of light (13, 14). The following spectroscopic methods were applied to examine
the materials investigated within this thesis.
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2.3.2.1 Raman Spectroscopy
Raman spectroscopy is a type of vibrational spectroscopy that results when light
is inelastically scattered by a material of interest causing part of the scattered radiation to
undergo quantized frequency changes. Incident photons of light from a source in the UV
to near-IR range interact with a sample to produce different events. If the photon is
elastically scattered by the solid, its final energy is the same as its incident energy and
Rayleigh scattering occurs. Inelastically scattered photons have a shifted energy
compared to their initial energy due to a change in the polarizability (induced dipole
moment) of bonds within a solid as they vibrate. This time sensitive dipole moment is
proportional to the electric field imparted on the solid. These characteristic frequencies
are measured as a frequency shift of the incident radiation and are expressed in
wavenumbers cm-1 (14, 15). In this thesis, UV-Raman was utilized to investigate carbon
nanomaterial products.
UV-Raman is optimum to use in the analysis of carbon spheres because of its
ability to suppress Raman scattering from sp2 carbon atoms with a possible increase in
sp3 carbon atom signal (16). Main factors affecting peak position, width, and intensity is
the clustering of the sp2 phase (17). Raman spectroscopy is sensitive to different
allotropes of carbon, which makes it ideal to delineate between amorphous to crystalline
carbon material, as well as graphite to diamond-like material. Common peaks in Raman
spectroscopy of carbon materials include a D band and a G band, at 1350 and 1582 cm-1,
respectively, which correspond to sp2 bonded carbon atoms.
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Samples from Chapter 3 and 4 for Raman analysis were collected on polished
silicon wafers placed directly below the laser spot. These samples were analyzed without
any further processing using a LabRAM HR Evolution Raman microscope (Horiba
Scientific) with a 325 nm HeCd laser source. Raman spectra were measured using a 40×
UV objective in the range of 400-4000 cm-1. To avoid damage to the sample from UV
radiation, the power of the laser on the sample was kept below 0.002 mW. At this power,
no visible damage of the sample was observed during measurements. Spectra were
collected from three different spatial regions of the sample and averaged together. The
spectrum was fit with a sum of three Gaussian peaks superimposed on a linear
background using nonlinear least squares fitting in MATLAB.

2.3.2.2 Attenuated total reflection-Fourier transform infrared spectroscopy
Using an attenuated total reflection (ATR) accessory in conjunction with Fouriertransform infrared (FTIR) spectroscopy is a technique that greatly simplifies
spectroscopic measurements. ATR measures the attenuation of a totally internally
reflected IR beam as it passes through a crystal of a high refractive index, on top of which
the sample is deposited. Internal reflectance of the IR beam creates an evanescent wave
that penetrates the sample up to a depth of 5 um. Attenuation of this evanescent wave
occurs at the frequencies at which the bonds present within the sample of interest absorb
IR energy. By identifying what region within the absorbance spectrum these materials
absorb the IR energy, the bonds that compose the sample can be identified (18-20).
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Infrared spectroscopy provides an excellent complement to Raman analysis, in that
modes that are not Raman active can be IR active.
Infrared spectroscopy of carbon nanomaterials made in Chapter 3 was
performed using a golden gate diamond (SpecacTM) attenuated total reflection (ATR)
accessory mounted on a Nicolet Magna-IR 560 spectrometer with a mercury cadmium
telluride A (MCTA) detector. The solid carbon sphere product was analyzed by
mechanically pressing it against the diamond element. The spectral resolution of the IR
data was 4 cm-1.

2.3.2.3 X-ray Spectroscopy
2.3.2.3.1 X-ray Absorption Spectroscopy
X-ray absorption spectroscopy is a surface sensitive technique that can probe the
surface of materials using a monochromatic source of x-rays.

These x-rays have

sufficient energy to eject a core electron from within an atom. Depending on the location
of the core electron that is ejected, different absorption edges can be observed. These
absorption edges are called K, L, and M and correspond to the excitation of s, p and d
electrons, respectively. The absorption edge provides for elemental identification, and
further analysis of the regions extending beyond the absorption edge can provide
additional information. The near edge region, which is ~10 eV below and 30 eV above
the absorption edge, is known as the XANES region and provides information about the
oxidation state of the element of interest and the geometry of the atom. The post-edge
region (EXAFS region, 30 eV to 1000 eV past the absorption edge) informs about the
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local electron density around the absorbing atom and provides information about the
coordination number and bond length (21).
To perform the experiment an x-ray interacts with the material of interest and the
transmitted x-ray flux is measured. This flux is typically measured as a fluorescence
spectrum and is proportional to the x-ray absorption cross section. Arsenic K-edge x-ray
absorption near-edge structure (XANES) spectroscopy was used in Chapter 5 to
determine the average oxidation state of the arsenic sorbed on birnessite. In previous
work from our laboratory (22), it was shown that x-ray beam-induced oxidation of As(III)
can be avoided by using quick-scanning x-ray absorption spectroscopy, as implemented
at beamline X18B at the National Synchrotron Light Source, Brookhaven National
Laboratory (22-24).
XANES spectra of As-reacted birnessite samples were collected over a duration
of 30 s using the quick-scanning technique, with each scan requiring less than 1 s.
As(III)-reacted samples were sealed between two layers of Kapton tape, and mounted at
45o relative to the incident x-ray beam. XANES spectra were measured in fluorescence
mode, using a passivated implanted planar silicon detector. For each sample, the spectra
within a sequence were compared to confirm the absence of any changes during scanning
and then the first 3-5 spectra were averaged to achieve better signal/noise. A linear preedge background function was subtracted from the averaged spectrum, and normalization
was performed at an energy value above the absorption edge (11915 eV), as described by
Bhandari et al. (2010) (25). XANES spectra of As(III) and As(V) aqueous solutions were
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used as oxidation state references. The position of the absorption maximum for As(V)
was found to be shifted ~3.5 eV higher than the position for the As(III) solution.

2.3.2.3.2 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy is a surface-sensitive analytical technique that
utilizes the photoelectric effect when examining the topmost monolayers of a material.
Attributed to Hertz and Einstein for its discovery, the photoelectric effect describes the
emission of electrons from a surface with a characteristic kinetic energy when the surface
is bombarded by monochromatic radiation (13). Relating this kinetic energy (KE) of the
emitted photoelectrons to the binding energy (BE) of core electrons, seen in the equation
below, characteristic spectra for the material of interest can be produced.

𝐵𝐸 = 𝐸12 − (𝐾𝐸 + 𝜙)

Experimental and instrumental parameters are also included in this equation, where Ehν
and ϕ are the incident x-ray energy and work function of the instrument, respectively.
From this analysis, elemental composition as well as the oxidation state of the elements
contained within the material can be obtained (26). XPS in this thesis was used to identify
the average oxidation state at the surface of manganese oxide catalysts by analysis of the
Mn 2p region of the spectra in Chapter 6.
Samples for photoelectron spectroscopy were prepared by placing the powder of
interest onto carbon or copper tape. They are degassed and analyzed using a Thermo
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Kalpha+ system, housed in the Surface Analysis Facility at the University of Delaware.
Spectra were acquired with a monochromatic Al Kα x-rays (148.7 eV) generated from a
rotating anode. A high resolution, 300 mm mean radius hemispherical electrostatic
analyzer was used. Scans were collected in constant analyzer energy mode, which
collects survey scans at a pass energy of 150 eV and high resolution narrow scans at 20
eV. Data for the Mn 2p3/2 region was fit using Casa XPS software. Fitting was done
according to the fitting parameters presented by Nesbit and Banerjee (27). The Mn(IV)
region was fit with peaks at 642.15, 643.19, 644.0, 645.05, and 646.06 eV using a relative
peak area ratio of 1:0.63:0.32:0.10:0.06. The Mn(III) region was fit with peaks at 640.46,
641.17, 641.97, 642.99, and 644.36 eV with a relative peak area ratio of
1.0:1.0:1.16:0.65:0.20. The Mn(II) region was fit with peaks at 639.73, 640.93, 641.73,
642.63, and 644.13 eV with a relative peak ratio of 1.0:0.71:0.42:0.3:0.3. Peak area
ratios for each Mn-species were not changed during the fitting procedure. Peaks with a
50:50 Gaussian:Lorentzian contribution were used in the procedure and the full width
half maximum for each peak was 1.15 eV. Using these parameters the spectral data was
fitted by varying the relative contribution of individual set of multiplet peaks.

2.3.2.4 Mass Spectrometry
Mass spectrometry studies the masses of atoms, molecules and/or molecular
fragments by ionizing the sample of interest and then separating out the generated ions
according to their mass to charge ratio. This technique is a vital analytical tool due to its
excellent sensitivity and widespread applicability. The principal of mass spectrometry
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involves gas phase ionization of the compound of interest with electrons to create a
molecular ion.

M + e- à M•+ + 2e-

Once created, further fragmentation of the molecular ion (M•+) can occur into a radical
and an ion with an odd number of electrons or a molecule and another radical cation (28).
These ions that are created from the parent compound and then the molecular ions can be
separated based on their mass to charge ratio within a mass spectrometer. The abundance
of the ions present is reported and is related to the concentration of the ion within the
sample. Unique to each mass spectrometer is the ion selection method that is used, one
example being time of flight. A time of flight mass analyzer separates ions out by first
applying the same kinetic energy to all the ions within a sample. Due to the kinetic
energy is equal to ½ mv2, the time it takes ions to reach the spectrometer is directly
related to the mass of the ion (28, 29).
The composition of the post-reaction gaseous environment from the experiments
involving irradiation of methane gas was explored with mass spectrometry in Chapter 3.
The gas remaining in the chamber after two hours of irradiation was analyzed with a
linear time-of-flight mass spectrometer operating in positive ion mode with 800 nm, 50
µJ, 50 fs laser pulses for ionization, as described in detail elsewhere (30). Briefly, the
residual gas mixture was introduced into a vacuum chamber (base pressure: 1.3 x 10-5 Pa)
to produce a working pressure of 10-3 Pa and irradiated with the fs laser beam. Mass
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spectra were averaged over 104 laser shots and collected with a digital oscilloscope
(LeCroy LT372).

2.3.2.5 Brunauer-Emmett-Teller surface area
Brunauer-Emmett-Teller surface area analysis stems from a theory of the same
name given to the scientists who devised the theory. This theory is an extension of the
Langmuir adsorption isotherm, which states that on the surface of a solid there is an
equilibrium between free gas molecules and adsorbed gas molecules (31). Langmuir
adsorption on a surface terminates after adsorption of a monolayer of gas. The extension
made by BET theory is that it assumes that adsorption does not terminate at monolayer
coverage. Adsorption of gaseous nitrogen to the surface of materials and then the
desorption of the gas can be used to determine the total surface area available on a
particular sample of interest (32). The equation for this relationship is:

𝑝
𝑐−1 𝑝
1
=
+
𝑣(𝑝8 − 𝑝)
𝑣; 𝑐 𝑝8
𝑣; 𝑐

where c is a constant, p is the equilibrium pressure of the gas, p0 is the saturation pressure
of the gas at which an infinite number of layers can be built on the surface, v is the
volume of gas adsorbed, and vm is the volume of gas required to form a complete
unimolecular adsorbed layer. A plot of p/v(p0-p) vs p/p0 reveals a linear line with the
slope and intercept being related to the BET surface area (32, 33).
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BET surface area of birnessites in Chapter 5 was measured by single-point BET
N2 adsorption using an ASAP 2020 surface area analyzer from Micromeritics. The
birnessite sample was degassed at 150 oC for 2 h (34, 35). The BET surface area of Na
birnessite used for all batch experiments was determined to be 18.90 m2/g. The BET
surface area of Na birnessite used for XANES analysis was 23.10 m2/g.

2.3.2.6 X-ray diffraction
X-ray diffraction is an analytical method that is essential in the identification of
crystalline materials. To produce a diffraction pattern, incoming x-rays are scattered by
the negatively charged electrons within a material. These electrons then oscillate with the
period of the x-ray beam and emit their own electromagnetic field identical in phase and
wavelength to the incident x-rays (Figure 2.5). The scattered wave is propagated from
every scattering source (electron) radially (11). By measuring the intensity and angles of
these scattered waves, a diffraction pattern that corresponds to the electron density within
the crystalline material is produced.

This relationship is represented in the Bragg

equation

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆
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where d is the spacing between diffracting planes, θ is the incident angle, n is any
positive integer, and λ corresponds to the wavelength of the x-ray source (commonly Co,
Fe, Mo, or Cr) (36).

Figure 2.5: Illustration of x-ray diffraction.

Chapter 5 and 6 XRD was carried out by using a Bruker APEX II Duo single
crystal x-ray diffractometer with Mo Kα radiation and a TRIUMPHTM monochromator.
Samples were prepared by placing the sample powder into glass capillaries. The XRD
pattern of Na-birnessite (Appendix, A1) was similar to the XRD pattern of samples
synthesized and used in prior studies (8, 9, 12, 37-39).
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2.3.3 Electrochemical Characterization
Electrochemical measurements allow the study of the energy of charged species
as a function of potential (40). Measurements involve using a three-electrode system
composed of a working and counter electrode that are in solution with a reference
electrode. These electrodes are connected to a potentiostat that controllably changes the
potential between the working and counter electrode. Changes due to the sample
deposited on the surface of the working electrode are measured against the reference
electrode. Cyclic voltammetry is a specific electrochemical measurement that observes
the current at the working electrode as a function of the applied voltage. Excitation of a
sample deposited on the working electrode at a variable potential produces a
characteristic current response. Reactions of interest occur at a certain ideal potential and
the amount of excess energy added to the system, the overpotential, is used to measure
the performance of a catalyst (13).
Catalyst inks were prepared by homogenizing 5 mg sample, 6 mg carbon black,
35 uL of Nafion, and 1mL of IPA through sonication for 1 hour. After 1 hr, 15 uL of this
catalyst ink was deposited on the surface of a glassy carbon working electrode with a
platinum electrode as the counter electrode. The reference electrode used in this work
was a standard calomel electrode. Water oxidation chemistry experiments were run in 1
M KOH and a series of CVs were acquired. These CVs are evaluated for their
Overpotential or the point over the thermodynamic minimum potential for water
oxidation is expected to occur (1.23 V).
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2.4 BATCH EXPERIMENTAL TECHNIQUES AND METHODS
Batch experimental techniques were conducted to determine metals content of
materials and reactions as well as to quantify any possible reactive species present.

2.4.1 Simulated solar light
All the dark and photochemical (light) experiments in Chapter 5 were conducted
in a 200 mL water-jacketed beaker to prevent suspension heating during the 8 h
experiments. Birnessite (30 mg) was suspended in 148.6 mL of DI water, sonicated for
20 min, and stirred for 30 min. The pH of the suspension was then adjusted to pH 5.0,
7.0, or 9.0. Next, 1.4 mL of a 50 mM As(III) (NaAsO2) solution was added to the
suspension, making the total concentration of As(III) ~ 470 ± 10 µM. For the light
experiments, the suspension of interest was immediately exposed to a 900 W high
pressure Xe lamp, with a maximum light output at wavelength of ~600 nm (41) and a
power density of 1450 W/m2 (1.45 suns). The pH during the reaction was monitored
using a Metrohm 718 STAT Titrino and was maintained through manual pH adjustment
that was checked every 0.5 h. For both dark and light reactions, the suspensions were
stirred throughout the experiment. Anoxic (no dissolved oxygen) batch studies were
conducted by bubbling Ar gas (high purity, Airgas) though the solution of interest for one
hour prior to irradiation, and a constant Ar environment was maintained throughout these
particular experiments. Oxic experiments were conducted in ambient air. After reaction,
the birnessite suspensions from the pH 5 light and dark reactions were centrifuged and
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the bulk material was washed once with pH 5 DI water then air-dried for TEM, XRD, and
XAS analysis.

2.4.2 Ion Chromatography
For quantitation of arsenic and manganese species in Chapter 5, ion
chromatography was used. In ion chromatography, mixtures of ions can be separated via
ion exchange and detected through the use of a conductivity detector. The technique
particularly used is suppressed-ion chromatography, in that unwanted electrolyte ions can
be removed prior to measuring the electrical conductivity of the sample of interest. The
suppressor attached to the instrument replaces the ionic eluent with a nonionic species,
which helps to improve instrument sensitivity (29, 42).
Ion chromatography (IC, Dionex ICS1000) was used to determine the
concentration of As(V) and Mn2+ in solution in Chapter 5 during the oxidation of As(III).
All aliquots of the suspension were passed through 0.22 µm filters before being analyzed
with IC. Only As(V) was detectable by IC. As(III) in solution was determined indirectly
by adding H2O2 to the solution of interest (method adopted by Hansen et al. (43)), which
oxidized As(III) in solution to As(V). IC of this solution yielded the total arsenic solution
concentration (As(III) + As(V)). This value along with the As(V) concentration
associated with the solution prior to oxidation was used to obtain the As(III)
concentration prior to oxidation. Total adsorbed arsenic on birnessite was determined by
subtracting the total arsenic present in solution (after H2O2 addition) from the known
concentration of As(III) added initially.
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2.4.3 Inductively coupled plasma – optical emission spectroscopy
Inductively coupled plasma optical emission spectroscopy is a form of atomic
spectroscopy that utilizes a flame to vaporize and decompose samples into its atoms. The
concentration of the atoms of interest can be determined by measuring the emission of
characteristic wavelengths of radiation. Advantages of this method include simultaneous
analysis of multi-element samples and detection limits in the ppb range. Atomization
takes place within the flame represented in Figure 2.6 (a). The flame is generated by
flowing ultra-high purity argon gas through the plasma gas inlet into the plasma tube.
Argon is ionized by a spark from a Tesla coil and the radio frequency field generated at
the end of the quartz tube accelerates free electrons. A temperature of 6000 to 10,000 K
exists within the flame where electrons and atoms collide and transfer their energy to the
plasma gas. The collision of electrons with atoms induces electronic promotion to excited
states and the emission of photons of light upon returning back to the ground state, which
produces characteristic signal. Detection of this emission is directly related to the
concentration of that particular element within the sample. The sensitivity of ICP
analysis is enhanced by observing emission along the length of the plasma (axial) instead
of across the diameter of the plasma (radial), Figure 2.6 (b) (29, 44).

50

Figure 2.6: ICP flame (a) and detection modes (b). Adapted from The
Encyclopedia of Analytical Chemistry.

Samples in Chapter 6 were prepared for ICP analysis by digesting the solid
birnessite samples in 0.5 M hydroxylamine hydrochloride. Analysis was done using a
Thermo Scientific iCAP 7000 Series ICP-OES in radial mode. After digestion, samples
were diluted to fall within the range of the calibration curve. Manganese and sodium
chloride salts were used to prepare the standards.

2.4.4 Electron Paramagnetic Resonance
Electron paramagnetic resonance operates by utilizing the Zeeman effect, which
is the interaction of unpaired electrons with a magnetic field. The magnetic moment of
an electron can be controlled using the magnetic field, B0. When the magnetic moment
of the electron, µ, is aligned against the magnetic field it will be in a state of highest
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energy, and it will be in a state of lowest energy when it is aligned with the magnetic
field. The electron, being a spin ½ particle will have an electron spin value, Ms, of either
+1/2 or -1/2 depending on whether it is aligned against or with the magnet. This is known
as the electron being in the antiparallel (+1/2) or parallel state (-1/2). The equations used
for EPR are

E = gµBB0Ms = ±1/2 gµBB0
DE = hu = gµBB0

where g is the g-factor (equal to 2 for most samples) and µB is the Bohr magneton (the
electronic magnetic moment).

This g factor can vary depending on the electron

configuration of the radical or ion under question. From these equations we can see that
the measured energy difference is linearly dependent on the magnetic field (45).
Due to nuclei of atoms having a magnetic moment, a local magnetic field can be
produced at the electron.

Depending on the local environment of the electron, ie,

surrounding atoms and molecules, the interaction between the electron and nearby nuclei
can give information about these species surrounding the electron. Spectral features such
as the number of lines, the structure of the lines, as well as their position and spacing can
give information about the electronic environment within the sample of interest (45, 46).
Attempts were made to measure short-lived reactive oxygen species using
electron paramagnetic resonance spectroscopy (EPR) of the reaction conditions explored
in Chapter 5. Spectra were recorded at room temperature using a Bruker EMX-200R
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spectrometer at a microwave frequency of 3.65 GHz. Samples were prepared ex-situ and
then placed in a capillary tube inside of a quartz EPR tube for light irradiation. A fiber
optic cable was used to irradiate the sample through the photolysis port on the EPR
cavity. For in situ experiments a 10 mL aliquot was sampled out of the prepared batch
experiment to which a spin trap was added (5,5-Dimethyl-1-Pyrroline-N-Oxide, DMPO).
Once in the EPR cavity, a dark spectrum was acquired and then the light was turned on.
Successive scans were taken every 15 min for 1 h total. Experimental parameters
included an attenuation of 5.0 dB, modulation frequency of 100 kHz, a modulation
amplitude of 15 G, sweep time 20.97 sec, receiver gain 2 ´ 104. Data processing was
done with Bruker software (WINEPR).

2.4.5 Fluorescence Spectroscopy
Fluorescence spectroscopy measures the emitted electromagnetic radiation from a
sample after excitation of the sample with a photon of light (typically in the UV). The
principle of fluorescence occurs when electrons are promoted from the ground state to an
excited vibrational state by a photon of light. Upon this excitation, the molecule then
relaxes back to a ground state of lower energy, which emits a photon of light known as
fluorescence. Exciting the sample of interest at a specific wavelength and then measuring
the intensity of the emission wavelength can be correlated to the concentration of the
sample of interest. Addition of a fluorescent probe to couple to the species of interest may
be required if the species of interest does not fluoresce (47).
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2.4.5.1 Detection of Reactive Oxygen Species (ROS)
The possibility of hydroxyl radical (●OH) generation during the photochemical
reactions was investigated with a fluorescence method using coumarin (48, 49). The
reaction of coumarin with hydroxyl radical yields 7-hydroxycoumarin, which gives a
distinctive fluorescence peak at 460 nm upon excitation at 332 nm. Our experimental
protocol involved the addition of coumarin to the reaction system to achieve a
concentration of 1 mM prior to irradiation. Samples were then obtained at fixed times
and they were analyzed in a fluorometer (Photon Technology International spectrometer)
using 332 nm excitation radiation.
The addition of mannitol to certain reaction solution was also carried out to
supplement the coumarin studies. Prior studies have shown that mannitol is an effective
scavenger of ●OH and oxidative holes formed during the irradiation of semiconductor
materials (50). In these particular experiments 20 mM mannitol was added to specific
reaction mixtures of birnessite and As(III) and the effect of the mannitol addition on
product formation was investigated under both light and dark conditions.
The possible presence of hydrogen peroxide in reaction solutions was investigated
with an analytical technique that involved the use of 3'-(p-amino phenyl) fluorescein
(APF) and Horseradish peroxidase (HRP) in a phosphate buffer (pH 7.4) (51). The
technique is based on the ability of HRP to catalyze the oxidation of APF by H2O2. The
oxidized product exhibited fluorescence at 515 nm (excitation wavelength, 490 nm). The
detection of H2O2 was carried out in an ex-situ manner. Aliquots of the solution were
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periodically withdrawn from the system of interest and added to a buffered solution
containing 10 µM APF and 0.2 µM HRP. An ex-situ measurement was necessary for
H2O2 detection, since in situ control experiments showed that exposure of the APF and
HRP to light led to erroneous results, presumably due to the instability of HRP during
irradiation.

2.4.6 Oxygen evolution experiments
To evaluate the catalytic activity of birnessite samples in Chapter 6 for water
oxidation the reactivity of the material in the presence of ceric ammonium nitrate was
observed. The vessel used to conduct these experiments can be seen in Figure 2.7. It was
custom made in the Temple glassblowing shop and prevents atomospheric oxygen from
entering the reaction. To conduct these experiments, first 50 mg of the catalyst was added
to the vessel, to which 50 mL of DI/DO water was added. The suspension was briefly
sonicated for less than 30s and then a tube with nitrogen was attached to the vessel to
purge the headspace of any oxygen. A HACH LD101 dissolved oxygen probe was
placed into the vessel via a special port and the headspace was purged until the value
stabilized to a low value (typically 0.10 mg/L). Once the oxygen level stabilized, the
entire vessel was sealed and the suspension was stirred. Once the value stabilized again,
the nitrogen introduction port was opened to a bubbler. A 0.167 M solution of ceric
ammonium nitrate (CAN) was then injected into the suspension (5 mL, final
concentration of CAN, 0.015 M) and then the oxygen evolution was recorded. The
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experiment ran for 0.5 h. The data collected was normalized to total manganese in the
sample.

Figure 2.7: Experimental set up for oxygen evolution experiments.
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CHAPTER 3
FORMATION OF CARBON NANOSPHERES VIA ULTRASHORT PULSE
LASER IRRADIATION OF METHANE
(Note: contents of this chapter are reprinted from Materials Chemistry and Physics,
Volume 159, Shumlas, S.L., Moore Tibbetts, K., Odhner, J.H., Romanov, D.A., Levis, R.J.
and Strongin, D.R. “Formation of carbon nanospheres via ultrashort pulse laser
irradiation of methane” Pages 47-53, Copyright 2015, with permission from Elsevier)

3.1 INTRODUCTION
Carbon nanomaterials such as fullerenes (1), nanotubes (2) and graphene (3)
have been widely researched in the last few decades due to their high mechanical
strength, thermal conductivity, electrical conductivity, and ability to undergo organic
functionalization reactions (4-6). Carbon nanospheres constitute another class of carbon
nanomaterials that have applications in the biomedical, electronic, and environmental
fields (7-9). The surface chemistry of carbon nanospheres can be tuned through organic
functionalization and doping, making them useful in a range of applications that include
bulk electrode synthesis (10, 11), molecular transport across biological membranes (12),
and for use as tailored catalysts (13-15).
A variety of methods including hydrothermal synthesis (9, 16) and pyrolysis
(17-20) have been used to synthesize carbon nanospheres. These methods typically
require high substrate temperatures, catalyst supports, and post-processing of the sample.
Plasma-enhanced chemical vapor deposition (CVD) is also commonly used to produce
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carbon nanospheres. CVD experiments are typically conducted at pressures <1.33 kPa
using a flow of either single or mixed gases (21, 22), with the substrates heated to 50°C or
higher (22, 23).
Carbon nanosphere formation has been proposed to originate from pentagonal
rings formed in nascent graphitic flakes, which continue to grow into a spiral shell.
Growth of large spheres in the gas phase results from pentagonal-heptagonal carbon rings
organized in hexagonal networks that allow single-atom-thick graphite layers to deposit
with the proper curvature onto the surface of an already growing sphere (24). Prior
studies in which carbon spheres were generated by relatively high temperature methods
(e.g. pyrolysis of organic precursor) have shown that the material can be deposited on
substrates for analysis or further processing (17). An application such as carbon coating
of electrodes, which requires the delicate deposition of carbon at a low substrate
temperature, could benefit from the development of new low-temperature, spatiallycontrolled synthetic methods (25).
This chapter presents results from a novel synthetic route to carbon nanospheres
via the irradiation of gaseous methane with intense, spatially- and temporally-shaped
femtosecond (fs) laser pulses that create a microplasma reaction zone. The resulting
carbon nanospheres deposited on a room temperature substrate are characterized with UV
Raman spectroscopy, IR spectroscopy, and TEM. In particular, the bonding structure of
the carbon atoms in the nanospheres and the size distribution and morphology of the
product as a function of methane pressure are determined. Both neutral and ionized
fragments produced during fs laser irradiation of methane were observed in previous
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studies using fluorescence spectroscopy (26) and mass spectrometry (27-29). This
demonstrates that the spatially confined microplasma formed by focusing an intense fs
laser pulse produces solid photoproducts from methane, in this case, carbon nanospheres.

3.2 Results and Discussion
Carbon nanospheres that deposited on the silicon wafer exhibited a density
gradient as the product was sampled in front of and behind the focal point of the laser.
The particle density was lowest directly below the laser spot and increased as the laser
defocused away from the center of the spot (Figure 3.1 A). Areas 1, 2 and 3 were imaged
using SEM (Figure 3.1 B) and showed the particle density decreased as sample was
collected further away from the focal point as one sampled further away from the laser
source.
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A

B

Figure 3.1: A) Artistic rendering of deposition gradient of carbon nanospheres on a silicon
wafer substrate after laser irradiation of methane gas. B) SEM images of areas labeled 1, 2
and 3 in (A). Image in lower right (labeled 1 zoom) is a higher magnification image in
sampling area 1. SEM images were collected using a FEI Quanta 450FEG SEM operating at
10 kV.
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TEM micrographs of the reaction product show the exclusive formation of solid
spherical particles at methane pressures of 50.6 kPa or less while additional morphologies
are observed at higher pressures (Figure 3.2). Hollow spheres were not observed in any of
the products. At 6.7 kPa (Figure 3.2a), discrete spheres with a median particle size of 464
nm are observed. Increasing the pressure to 50.6 kPa (Figure 3.2b) also produces discrete
spheres, but with a smaller median particle size of 196 nm. At 101.3 kPa (Figure 3.2c) the
median particle size is 212 nm, while the size distribution is broader than the particles
associated with the lower methane pressure conditions. For example, 7% of the particles
form spheres greater than 600 nm at a methane pressure of 101.3 kPa. Also, the
widespread formation of conjoined spheres (Figure 3.2c) at this pressure contributes to
the higher median particle size than at 50.6 kPa because ImageJ counts these structures as
single particles. At 133.3 kPa (Figure 3.1d), the median particle size is significantly
smaller than the lower methane pressure conditions, with 56% of the particles having a
diameter of less than 100 nm. The significant agglomeration of particles at this pressure
results in a tail in the distribution extending to ~800 nm. Overall, however, the median
particle size shifts to smaller diameters as the pressure increases. Based on the weight of
the product obtained on a silicon wafer placed immediately below the microplasma
during the reaction at 133.3 kPa (90 µg), we estimate that the product accounts for 0.13%
of the total carbon introduced into the reaction cell as methane (5.745 mmol initially
present).
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Figure 3.2: TEM micrographs and particle size distributions of carbon spheres
produced at methane pressures of (a) 6.7 kPa, (b) 50.6 kPa, (c) 101.3 kPa, and (d)
133.3 kPa. Median particle sizes are reported for each pressure.
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At methane pressures of 101.3 kPa and higher, much of the carbon product
consists of non-spherical particles. Examples of these morphologies are shown in Figure
3.3a (101.3 kPa) and 3.3b (133.3 kPa). The loss of spherical morphology (shown in Fig.
3.3a and 3.3b) could arise from a disruption of carbon sphere growth (24) caused by the
increased number of collisions either between the particles or with reactive intermediate
species (30). Energy imparted to the growing spheres due to successive laser pulses also
could contribute to the observed non-spherical morphologies. The higher methane
concentration under these conditions leads to an increase in the number of particles
generated and, therefore, provides more opportunities for collisions between particles and
reactive intermediate species than samples generated at lower methane concentrations
leading to the production of the observed morphologies. A 133.3 kPa sample was
analyzed with high resolution TEM (<0.2 nm imaging) to investigate the crystallinity of
the product. A representative TEM image is shown in Figure 3.3c. The lack of any
fringe-like contrast in the image strongly suggests that the nanospheres are composed of
amorphous carbon (22, 31).
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Figure 3.3: Examples of morphologies seen at higher methane pressures: a) necking
(arrow) at 101.3 kPa and b) layering at 133.3 kPa. c) High resolution TEM image of
carbon sphere.
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To gain further insight into the molecular structure of the carbon spheres, UV
Raman spectroscopy and IR spectroscopy were performed and the results are shown in
Figure 3.4. Compared with visible Raman excitation, UV excitation suppresses resonant
Raman scattering from sp2-hybridized carbon atoms, enabling the detection of light
scattering from sp3 carbon-carbon bonds (32). UV excitation also reduces the
fluorescence emission from carbon-hydrogen bonds (33), which can overwhelm the
Raman signal from both the sp3 and sp2 carbon-carbon bonds. The UV Raman spectrum
of the carbon nanospheres synthesized at 133.3 kPa reveals three peaks at 1047, 1348,
and 1609 cm-1 (Figure 3.4a), which correspond to the T, D and G bands of carbon,
respectively (33). While the G and D peaks in the spectrum are consistent with UV
Raman spectra of carbon nanospheres synthesized with CVD, the presence of the T peak
has not previously been reported (22, 34). The T peak indicates the presence of sp3
carbon-carbon bonds (35) in addition to the sp2 bonding observed. The presence of sp2
bonding is consistent with Raman spectra of CVD synthesized carbon nanospheres (34).
Observation of a D peak indicates that the sp2 domains in the carbon nanospheres contain
rings (36). The fluorescence background and red shift of the G peak to 1609 cm-1
(compared to 1580 cm-1 for pure graphite) indicate a hydrogen content of at least ~30%
(33, 35, 36). The presence of hydrogen in the nanospheres is supported by IR spectra
(Figure 3.4b) that exhibit peaks at 2924 and 2854 cm-1, which are assigned to C-H
stretching modes. The IR spectrum also exhibits peaks at 1714 and 1685 cm-1, which we
attribute to carbonyl (C=O) moieties. It is presumed that these functional groups result
from some oxidation of the deposited carbon product upon exposure to air prior to
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analysis, although trace amounts of oxygen in the reaction chamber could result in
oxygen being incorporated in the product during growth.

Figure 3.4: UV Raman spectra (a) and IR spectrum (b) of carbon nanospheres
synthesized at 133.3 kPa. The Raman spectrum included in the inset is baseline
corrected and the T, D, and G peaks are fit to Gaussian functions (inset).

In order to investigate the formation of intermediate species in the microplasma,
we analyzed the gas phase species present in the reaction chamber after the termination of
laser irradiation using mass spectrometry (Figure 3.5). This experimental configuration
analyzes only stable gaseous products, which cannot be directly correlated with reactive
species present in the microplasma during synthesis. Nevertheless, the observation of
hydrogen and acetylene in the mass spectrum suggests that the intermediate products in
the microplasma could include C, H, and CH radicals/ions. Acetylene and ethylene have
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also been observed in conventional methane-containing DC plasmas that yield diamond
thin films (37-39). Furthermore, the observation of cyclopentadiene (C5H6), and benzene
(C6H6) in our mass spectrum is consistent with the proposed mechanism of carbon sphere
growth by the formation of pentagonal and hexagonal rings (40, 41). We point out,
however, that the observation of diacetylene (C4H2) and 1,3,5-Hexatriyne (C6H2) suggest
that polyynes may also play a role in carbon nanosphere formation under our
experimental conditions.

Figure 3.5: Mass spectrum of gaseous products present in the reaction vessel after 2
hours of laser irradiation of methane.
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It is difficult to speculate whether the formation mechanism of carbon nanospheres
produced using shaped fs laser pulses is similar to that of more conventional plasmaassisted CVD processes (21, 22, 42). The process of plasma formation by an intense,
non-resonant laser pulses is quite different from that of conventional RF excitation. In the
latter case, the plasma temperature is increased by inelastic scattering of electrons, which
are driven by the electric field (Joule heating), and the electron concentration is increased
by avalanche ionization resulting from collisions between sufficiently energetic electrons
and neutral molecules. In this case the electrons effectively exchange their energy gains
with the neutral molecules and ions, so that the increase of the electron temperature and
the vibrational temperature proceed concurrently. In contrast, a short, intense laser pulse
produces free electrons by multi-photon and/or tunnel ionization. The newly freed
electrons are accelerated by the oscillating electric field of the laser pulse and have the
highest probability of colliding with their parent ions. In addition to oscillatory motion,
the free electrons tend to slowly drift away from their parent ions. As the laser pulse
subsides, and the oscillatory motion subsides with it, these drifted-away electrons are
found with relatively low kinetic energy. Over the duration of the several-picosecond
pulse, the free electrons thermalize, but practically no excess energy is yet imparted into
internal degrees of freedom of neutral molecules and ions. The estimated value of focal
laser intensity (~8.8 ´ 1012 Wcm-2), the ionization potential of methane (Ip=12.61 eV),
and the laser photon energy

(hn=1.57 eV) determine that the plasma generation

dynamics in the current experiment can be appropriately modeled using a multi-photon
ionization rate (43). With an estimated ionization cross-section, σ(8), of 4.21x10-103
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cm16/(W8s) for the 8-photon process (44), the resulting average free-electron density is
~8×10-4 of the gas density. The initial ionization volume is a narrow cylinder with the
diameter being about one third of the laser beam waist. The electron temperature at the
end of the laser pulse can be estimated to be Te0 ~ 1.8 eV (44), which falls within the
range of electron temperatures (0.5 – 4.5 eV) obtained in RF and DC plasmas used in
prior studies (38, 45, 46). Following ionization, the evolution of the free-electron density
and the electron temperature in the wake of the laser pulse proceed in lockstep and are
mainly determined by impact ionization, dissociative recombination, and impact
excitation of molecular vibrations.

The rate constants of these three processes are

temperature-dependent: the impact-ionization rate is ~ - I p Te Ei ( - I p Te ) where

()

Ei z is the integral-exponential function (44); the dissociative recombination rate is

~ ( I p Te )

0.56

(47, 48); and the impact excitation rate is ~ ( Te I p )

12

(49, 50). The

numerical factors at the rates of these electron temperature-dependent effects are
estimated to be on the order of 1012 s-1, 1011 s-1, and 1011 s-1, respectively. However, the
numerical value of the expression for the impact ionization rate becomes extremely small
when the argument drops below 0.2. As a result, impact-ionization cooling initially
dominates the microplasma evolution, while at times >100 ps dissociative recombination
processes and impact excitation of molecular vibrations of methane become dominating.
These latter processes determine the chemical products generated as a result of the of
laser-gas interaction.
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3.3 CONCLUSIONS AND IMPLICATIONS:
This study is the first to analyze the solid photoproducts that result from a
methane microplasma generated by an intense, ultrashort laser pulse. In particular, it has
been shown that intense, spatially- and temporally-shaped femtosecond laser pulses
focused into methane gas enable synthesis and deposition of carbon nanospheres without
the need for a catalyst or a heated substrate. The ability to spatially confine the
microplasma may be useful in potential future patterning applications. The median
nanosphere particle size decreases from ~500 nm to 85 nm as the methane pressure is
increased from 6.7 to 133.3 kPa. At higher pressures products acquire distinct new
morphologies, including fused spheres and non-spherical particles. Characterization of
the carbon spheres by UV Raman spectroscopy shows that the spheres are composed of
amorphous carbon, with a hydrogen content of ~30%. Raman analysis also shows that the
nanospheres consist of sp3 and sp2 carbon atoms arranged into rings.

At methane

pressures below 101.3 kPa, the methane photoproduct primarily consists of carbon
nanospheres, making low pressure optimal for synthesis applications that require
consistent product morphology.

Applications that require smaller spheres can use

pressures higher than 101.3 kPa, but the purity of the product is compromised by larger,
nonspherical products. Further optimization of synthesis conditions to increase product
yield and tune the product properties for particular applications can potentially be
accessed by varying the laser parameters and by varying the composition of precursor gas
mixtures, e.g., by adding an inert gas to increase the ionization rate in the microplasma.
The synthetic method described in this contribution provides a new tool for the synthesis
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of carbon nanospheres that can be further functionalized and used for example, in
catalysis and electronic applications.
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CHAPTER 4
CARBON NANOMATERIAL FORMATION VIA IRRADIATION OF GASEOUS
MIXTURES UNDER STATIC AND FLOW CONDITIONS

4.1 INTRODUCTION
In the previous chapter, the formation of carbon nanospheres via laser irradiation
of gaseous methane was discussed. The size distribution of the product was found to be
affected by the total pressure present within the chamber during the reaction. To further
evaluate the control over product formation of this synthetic method, additional
experiments were conducted in an attempt to increase the product yield and to gain
insight on the effects gaseous reactant composition has on the products.
Physicochemical properties of carbon nanomaterials rely heavily on the
composition as well as the morphology of the resulting material (1). Highly crystalline
nanomaterials, such as nanodiamond and graphite, cover a wide range of applications in
the areas of industry, catalysis, as well as optics (2, 3). Carbon black and activated carbon
are carbon products with a lower degree of crystalline domains, and have applications in
industry and filtration (4, 5). Tuning a synthetic method for the production of different
materials would be of value when aiming for production of a specific morphology and
crystallinity for a particular application of interest. To evaluate the control that laser
irradiation of gas phase reactants has on the synthesis of nanoparticles, variables such as
the reactant gas composition and the effect of static vs flow setups were of interest.
Experiments detailed in this chapter address these particular variables.
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It has been shown previously that crystalline carbon nanomaterials can be formed
from methane/argon as well as methane/argon/hydrogen mixtures (6-8). Methods used to
produce carbon nanomaterials or thin films from these reactants involve an energy input
in the form of plasma or hot filament in order to obtain the desired products (8-10).
Mixtures of gases are commonly used in efforts that aim to produce more crystalline
carbon nanomaterials. Introduction of different gases aims to increase the electron
density within the plasma spot which then can control the structure of the resulting
carbon nanomaterial (11-13). Methane in these above presented methods is the carbon
source, hydrogen is used to control the resulting hybridization of the nanomaterial, and
argon is an inert gas used to increase the electron density within the plasma spot (11, 14).
Prior research has suggested that the generation of C2 dimers is the key species for the
growth of crystalline materials (6, 7). Along with composition, the morphology of the
resulting product will determine the final properties of the material.
In this chapter research is presented that investigates the formation of product
resulting from the irradiation of methane/argon gas mixtures, both in a static environment
as well as flow geometry. Understanding the nature of the product after laser irradiation
could aid in the discovery of new materials as well as understanding the chemical
processes that occur within the laser spot during and after laser irradiation. Varying
synthetic conditions to show how the parameters of the reaction change the morphology
and composition of the products is important towards working in the tailoring of
nanoparticles for applications of interest. Formation of more crystalline (more
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nanodiamond-like) materials would have potential applications in a number of areas from
drug delivery, electronics, and industrial applications (2).

4.2 RESULTS AND DISCUSSION
4.2.1 Irradiation of gaseous mixtures under static conditions
As was seen in the previous chapter, changing the total pressure within the gas
reaction chamber significantly influenced the size distribution as well as the total product.
To further this understanding of the dynamics that occur within the reaction chamber, the
effect of different gaseous reaction compositions were investigated. First, keeping the
total pressure constant, argon and hydrogen were introduced into the reaction chamber to
determine the influence that methane/argon and methane/hydrogen would have on the
particle distribution and composition of the product.

4.2.1.1 Irradiation of gaseous mixtures at 101.3 kPa
Changing the composition of gaseous reactant from methane, to methane/argon,
and finally to methane/hydrogen within the chamber under static conditions led to drastic
differences in product formation. Maintaining the total pressure of the chamber at 100.0
kPa, methane and methane/argon mixtures resulted in spherical morphologies (Figure 4.1
a and b) with an increased particle density in the case of the mixture of methane/argon.
Upon introducing a mixture of methane/hydrogen a significant decrease in the particle
density that deposited on the TEM grid occurred. Furthermore, there was vast array of
particle morphologies, with the most common being sheet like structures (Figure 4.2 c).
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It is stressed that while the most common morphology appeared to be a sheet like
structure, the total yield from the experiment did not give a statistical amount of any
particular morphology. For the reaction conditions that only involved hydrogen and
methane, the reduction in product yield likely resulted from the ability of hydrogen to
terminate dangling carbon bonds of the carbon intermediates created upon laser
dissociation of methane (7), therefore preventing any further growth processes from
occurring. Attributing these experimental observations in the shift in particle morphology
could relate to the total energy present within the laser spot under these different
conditions. The presence of argon can increase the electron density within the plasma
which can go on to dissociate methane (11). The growth of spherical particles is favored
when monomers add together and minimal particle-particle collisions occur (15). Fused
particles occur when particles collide with each other, however, since single spheres are
present, these collisions are not the dominant process within the reaction chamber (15).
When additional hydrogen is present, bonds are immediately terminated preventing any
methane fragments formed within the microplasma to bond to additional methane
fragments (12, 16, 17). This termination prevents methane fragments from coming
together to form intermediates necessary for particle growth (18). Results from the static
experiments showed that methane/argon mixtures produced spherical particles with a
higher particle density under TEM observation than methane/hydrogen mixtures.
Therefore, further experiments on changing the ratios of methane and argon were
performed.
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Figure 4.1: Representative TEM images of morphologies produced under reaction
conditions of 101.3 kPa methane (a), 6.7 kPa methane/93.3 kPa argon (b), and 6.7 kPa
methane/93.3 kPa hydrogen.

4.2.1.2 Irradiation of methane/argon mixtures under static conditions
Irradiation of methane/argon mixtures at two different total pressures, while
keeping the total amount of methane in the chamber constant resulted in spherical
product. While still maintaining the overall particle morphology of spheres, observation
of the overall particle size distribution of the two different pressures in Figure 4.2 reveals
a shift upon increasing the total pressure within the chamber. Lower total pressure
(Figure 4.2 a) reveals a tendency for the formation of small spheres, with a median
particle size of 100 nm. In Figure 4.2 b, a broadening of the overall particle size
distribution is seen upon increasing the total pressure within the chamber. This increase
in pressure produces more fused spheres, which can be attributed to already formed
spheres colliding with each other to form this fused morphology (15). In the case of pure
methane irradiation, a decrease in the median particle size upon total pressure increase is
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observed (19), however, in the case of the mixture more fused spheres were observed.
This is due to the total pressure in methane/argon mixture experiments (150 kPa, Figure
4.2 b) being higher than the highest total pressure in pure methane case (133 kPa).
Methane/argon mixtures, while producing significant amounts of product for TEM
analysis in 30 minutes, appeared to quickly consume the amount of methane within the
chamber. This was apparent through visual observation of a dimming of the microplasma
spot intensity, which led to the speculation of reaction termination. Diffraction analysis of
methane/argon products did not result in a pattern, indicating the amorphous nature of the
product. Further study on the variation of resulting products was conducted with
methane/hydrogen mixtures to determine if this method could result in different particle
morphology and composition.
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Figure 4.2: Resulting morphology and particle size distribution resulting from the
irradiation of methane/argon mixtures of 6.7 kPa methane/93.3 kPa Ar (a) and 6.7 kPa
methane/143.3 kPa Ar (b).

4.2.1.3 Irradiation of methane/hydrogen mixtures under static conditions
Introduction of hydrogen into the reaction chamber results in a significant change
in the overall morphology observed thus far for laser irradiation of gaseous methane.
Before the addition of hydrogen, the morphology of the carbon product after methane and
methane/argon irradiation was spherical. Upon introduction of hydrogen, morphologies
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observed include a sheet-like morphology as well as exploded spheres (Figure 4.3).
While greater amounts of methane result in more sphere-like morphologies, the increase
in the amount of hydrogen results in material of a higher crystalline order, as seen in the
selected area diffraction pattern of the products formed after irradiation of 66.7 kPa
methane in 66.7 kPa hydrogen (Figure 4.3 c). In the selected area diffraction of 66.7 kPa
methane and 66.7 kPa hydrogen, crystalline patterns with hexagonal structure for the
particle selected are observed. The d-spacing associated with the particle corresponds to
1.22 and 2.11 Å, which is similar to the (1-210) and (0-110) reflections of graphene,
respectively (20, 21). Of all the experiments conducted this far via laser irradiation of
gases, a result of crystalline graphene has been the most ordered carbon nanomaterial
formed thus far by our laboratory. While experiments including hydrogen present more
interesting changes to the overall morphology and composition, as evidenced by
distinguishable diffraction pattern, they suffer from very low yields. Yield is determined
through visual observation of the particle density deposited on the TEM grid below the
laser plasma. The particle density deposited after irradiation of 66.7 kPa methane in 66.7
kPa hydrogen was below 102 particles, whereas particle density on the TEM grids after
irradiation of 93.3 kPa methane in 40.0 kPa hydrogen and 120.0 kPa methane in 13.3 kPa
hydrogen was above the order of 103 particles. Particle density under these conditions
can be attributed to hydrogen preventing higher CnHn subunits necessary for particle
growth from forming, including polyacetylenes and polycyclic aromatic hydrocarbons
(18, 22). Static experiments showed that changing the composition of the reactant gas
mixture greatly affected the resulting crystallinity and morphology of the final
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nanomaterial product, however the experiments suffered from the inability to increase the
total yield to warrant bulk analysis. In order to increase this yield flow conditions were
investigated.

Figure 4.3: Resulting morphology and diffraction pattern (below TEM image) after
irradiation of 66.7 kPa methane in 66.7 kPa hydrogen (a), 93.3 kPa methane in 40.0 kPa
hydrogen (b) and 120.0 kPa methane in 13.3 kPa hydrogen (c).

4.2.2 Irradiation of gaseous mixtures under flow conditions
4.2.2.1 Irradiation of methane under flow conditions
The resulting morphologies experimentally observed after irradiation of gaseous
methane under flow conditions are exhibited in Figure 4.4. Discrete spherical
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morphologies that are experimentally observed under static conditions (Chapter 3 Figure
3.1) are no longer present when flow conditions are adopted. Irradiation of the same
pressure of methane under flow conditions gives morphologies that no longer resemble
carbon nanospheres. Analysis of images in Figure 4.4 a and b show that flow
morphologies adopt a network (fractal) of carbon lacking any clear morphology (23, 24).
Also, these fractals grow into large agglomerations that deposit on the TEM grid. These
networks composed of subunits do have similarities to carbon black synthesis products,
however the individual subunits that compose these networks are not spherical as is
observed in the case of carbon black (22, 25). While the static pressures result in product
yields sufficient only for TEM analysis, flowing of gas through the chamber resulted in
an amount of product that was visible to the naked eye. This could be due to an increase
in methane dissociation due to the addition of argon. Since argon has a low ionization
potential, the addition of argon can result in an increase in electron density within the
plasma, allowing for greater methane dissociation (11). This dissociated methane can
form neutral CH2, CH, and H fragments, as well as CH2 radicals (17). Recombination of
these fragments results in the growth of a particle. Once these particles are formed,
collisions between other particles and fragments causes either a disruption in uniform
growth or significantly alters the original morphology (15). Collisions between particles
after they are formed results in aggregates of nanoparticles. Further growth of these
aggregates can also take place due to surface growth (22). Along with the interactions
taking place after dissociation of methane within the plasma spot, the constant flow
through the chamber can also provide another dynamic to disrupt the growth of the
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nanomaterial through decreasing the gas residence time within the plasma as well as
provide for another force of collision between the already reacting fragments and the
incoming methane from the flow inlet (26). Previous work has shown that the flow of
gases through a reaction chamber environment can decrease the gas temperature within
the reaction spot, as well as the cause the solidification of nanoparticles downstream from
the plasma spot (27). The replenishment of source carbon through flow conditions
provides for a greater yield of intermediate species which coalesce to form particles (26).
Since under flow conditions enough material was produced for Raman analysis, different
combinations of methane and gaseous argon were used to try to change the composition
of the product that results.

Figure 4.4: TEM micrographs of the morphologies produced at a pressure of 101.3 kPa
methane under flow conditions (a). Zoom of flow morphology can be seen in (b).
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4.2.2.2 Irradiation of Methane/argon mixtures under flow conditions
Methane/argon mixtures were investigated under flow conditions to determine
whether introduction of various mixtures altered the composition of the resulting
nanomaterial. The flow of gaseous mixtures of 0.3% methane balanced in argon up to
10% methane balanced in argon was conducted while a total static pressure of 101.3 kPa
was maintained. The resulting morphologies are exhibited in Figure 4.5. The
morphology of the carbon product shifts to a more amorphous structure as was seen in
Figure 4.4 upon irradiation of 100% methane under flow conditions. When the ratio of
methane to argon is decreased, however, an inspection of the associated micrograph
shows that the sub-particles making up these large fractals still maintain some spherical
characteristics, dependent upon the amount of methane present. As the amount of
methane was increased to 3% and 10%, spherical particles in the subunits making up the
fractals were no longer present. The resulting morphology could be due to a lack of
significant residence time in the laser spot due to the flow of the reactant gas mixture
carrying the material away from the laser spot (8, 26). In contrast, it is believed that
experiments conducted under static conditions resulted in spherical morphologies due to
the gases and subsequent products having the opportunity to stay longer within the laser
spot, allowing for the particles to undergo coalescence. Analysis of the composition of
these products with Raman spectroscopy showed the most significant difference.
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Figure 4.5: Resulting morphology after irradiation of a flow of methane argon mixtures,
0.3% (a), 1% (b), 3% (c), 10% (d), maintaining 100.0 kPa of pressure in the reaction
chamber. Percent values are expressed as % methane balanced in argon.

Examining the Raman results presented in Figure 4.6 show that peaks appear at
1050 cm-1, a broad peak at 1352 cm-1 with some structure at 1438 cm-1 and a fourth peak
at 1609 cm-1. The 1609 cm-1, 1352 cm-1, and 1050 cm-1 peaks correspond to the G, D and
T peaks previously observed in the irradiation of gaseous methane which formed
amorphous carbon with sp3 and sp2 hybridized carbon arranged into rings (Chapter 3)
(19). An increase in the intensity of the 1050 cm-1 peak in the current work with
decreasing methane concentration indicates an increase in the sp3 content within the final
product (28). Mixtures containing 3% methane or lower result in the shape of the D-peak
broadening even further, indicating an increase in the disorder within the final structure
(29, 30). An increase in disorder is further evidenced by the ID/IG ratio, which increases
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from 0.39 at 100% methane to 0.60 at 0.3% methane. Overall, the composition of the
products received from irradiation of methane/argon mixtures under flow conditions can
be determined to be amorphous, containing both sp2 and sp3 hybridized carbon atoms,
based on the presence of the carbon D and T peaks in the UV Raman spectrum. As the
ratio of methane to hydrogen decreases to 1% and 0.3%, the Raman spectrum resembles
that of hydrogenated amorphous carbon (31).

98

Figure 4.6: UV-Raman spectrum of methane argon mixtures under flow conditions
maintaining a reaction chamber pressure of 100.0 kPa. Percents are expressed as %
methane balanced in argon.

4.3 SUMMARY AND IMPLICATIONS
This chapter aimed to extend the work of Chapter 3 that investigated laser
irradiation of pure methane. Investigation of the effects of different reaction parameters
on the morphology and composition of the carbon nanomaterials produced were of
interest in the studies presented in this chapter. Investigations of the effects of reactant
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composition showed a significant difference between methane, methane/argon, and
methane/hydrogen mixtures. Spherical morphologies are present under static conditions
in the presence of argon, however, not in a significant yield. Methane/hydrogen mixtures
show the most significant changes to the particle morphology, and crystalline products
are possible at a concentration of 50% methane. The d-spacing results from the SAED
pattern associated with the crystalline product correspond to reflections of graphene. In
an effort to increase yield, flow experiments were then conducted.
Under flow conditions, the products were composed of carbon networks that were
significantly agglomerated. Under conditions of a pure methane flow, the individual
subunits within the carbon networks formed did not have any spherical character. An
investigation of the effect of varying the ratio of methane to argon showed that under
flow conditions smaller amounts of methane in the reactant gas composition still
produced subunits resembling spheres. Raman results from 0.3%- 100% methane under
flow conditions showed a similar spectrum to the carbon spheres produced in Chapter 3
which were characterized to be amorphous carbon with sp3 and sp2 hybridized carbon
atoms in ring structures, however, the products from irradiation of methane/argon
mixtures yielded products with more sp3 character. This was evidenced by a more
pronounced intensity in the T peak. Further alteration of the product was seen upon
increasing the argon content above 97% in that the Raman spectrum of the material
contained more disorder and the spectra resembled that of hydrogenated amorphous
carbon films.
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In conclusion, successful implementation of a new synthetic method for
nanomaterial synthesis can help to extend the realm of materials synthesis and tailoring
materials towards various applications. Spatial patterning of materials onto a substrate is
a possible application of this synthetic method due to the spatially localized laser spot
used to excite the gas molecules within the reaction chamber. The ability to control the
composition of the resulting carbon product via laser irradiation of gaseous mixtures
showed upon addition of hydrogen, graphene could be produced. Future work that
examines different parameters of this method would be of interest and could aid toward
the goal of commercialization of nanoparticle synthesis. This work shows the
complicated nature of nanomaterial synthesis and how slight variations in the synthetic
method greatly affect material properties.
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CHAPTER 5
OXIDATION OF ARSENITE TO ARSENATE ON BIRNESSITE IN THE
PRESENCE OF LIGHT
(Note: contents of this chapter are reprinted from Geochemical Transactions, Shumlas,
S.L., Singireddy, S., Thenuwara, A.C., Attanayake, N.H., Reeder, R.J., Strongin, D.R.,
“Oxidation of arsenite to arsenate on birnessite in the presence of light”17:5. Copyright
2016, with permission from Springer Open)

5.1 INTRODUCTION
The metalloid arsenic is one of the most common contaminants in ground water,
where it is derived mainly from oxidative weathering of rocks (1) and from industrial
effluents (2, 3). Arsenic in aquatic systems exists mainly in the 3+ and 5+ oxidation
states, occurring primarily as arsenite (H3AsO3) and the oxyanion arsenate (AsO43-),
respectively. Although both forms pose health risks, the trivalent species is considered
more toxic and more mobile than the pentavalent form (4).

The population of

Bangladesh is most notably impacted by arsenic polluted drinking water with as many as
30 million of its citizens being regularly exposed (5). Arsenic removal treatments are
generally focused on reducing arsenic to acceptable levels; the World Health
Organization has set a maximum allowed concentration of arsenic in drinking water at 10
µg/L (10 ppb) (6).
Oxidation of As(III) to As(V) and then sorption to a mineral surface is a strategy
that aims to convert a toxic, mobile form of As to its less mobile form, with sorption
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allowing for subsequent removal of the pollutant. Photochemical processes that facilitate
or enhance the oxidation of trivalent arsenic have received considerable interest in recent
years. Semiconductors such as TiO2 are already in use in arsenic remediation schemes,
although the activation of this particular material requires ultraviolet (UV) radiation for
the oxidation of As(III) (7-11). More recent work from our laboratory has shown that the
oxidation of As(III) and the adsorption of the As(V) product in part can be carried out on
the iron oxyhydroxides ferrihydrite and goethite in the presence of simulated solar light
(12, 13). Neither TiO2 nor the iron oxyhydroxides show significant activity toward
As(III) oxidation in the absence of light.
Unlike TiO2 and iron oxyhydroxides, birnessite, the focus of the current study,
can facilitate the oxidation of As(III) to As(V) in the absence of light (4, 14). Birnessite,
a layered manganese oxide containing both Mn3+ and Mn4+ within its structure, is
composed of edge sharing MnO6 octahedra arranged into stacked sheets that are
separated by cations (4, 14). Depending on the position of the Mn3+ within the structure,
triclinic or hexagonal birnessite can result. Manganese (III) that is present within the
MnO2 sheet is characteristic of triclinic birnessite and the negative charge of the
individual sheets is compensated by interlayer cations such as Na+ (15). Hexagonal
birnessite has Mn3+ in the interlayer above and below cation vacancies within the Mn4+
rich MnO2 sheets (16). Interlayer regions can also contain Mn(II), other metal cations
(M+/M2+) and H2O (17-19). Both of these phases of birnessite have been found to
facilitate the oxidation of As(III) to As(V) in the absence of light (4, 14, 20-27) as
presented in the following composite reaction:
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MnO2 + 2H+ + H3AsIIIO3 (aq) → Mn(II) (aq)+ H3AsVO4 (aq) + H2O

(1)

There have been a limited number of studies that have investigated the
photochemical activity of birnessite, which is a small bandgap semiconductor (28-33).
We are unaware of any studies that have investigated the photochemistry of As(III) in the
presence of birnessite. A brief survey of the literature shows that the band gap of
birnessite has been measured in the range 1.8-2.7 eV (33-35). Semiconductors have a
filled valence band (VB) and empty conduction band (CB), and, when irradiated with
light of energy greater than or equal to the band gap, an electron in the VB is excited to
the CB, creating a hole in the VB. The resulting conduction band electron (ecb-) and
valence band hole (hvb+) can be strong reducing and oxidizing agents, respectively.
In the present study we used batch geochemical techniques to compare the As(III)
oxidation rate on triclinic Na-birnessite in the presence and absence of simulated solar
radiation. The oxidation was investigated under different pH conditions (i.e., pH 5, 7, and
9) and in the presence and absence of oxygen. X-ray absorption spectroscopy (XAS) was
used to determine the oxidation state of arsenic adsorbed on the birnessite. Solution phase
experiments were also conducted to help shed light on whether reactive oxygen species
(ROS) contributed to the photochemistry of As(III) in the presence of birnessite.
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5.2 RESULTS AND DISCUSSION
5.2.1. Effect of light on the redox chemistry of As(III) on birnessite.
5.2.1.1 Aqueous As(V) product
Figure 5.1 exhibits the solution phase concentration of As(V) as a function of time
at pH 5 and 7 during the individual exposure of birnessite to 470 µM As(III) under dark
and light conditions, and under anoxic and oxic solution conditions. We mention that
control experiments (Appendix, Figure A2), where aqueous As(III) was exposed to light
for 8 h (pH 5 and 7) in the absence of birnessite, showed no detectable As(V) product.
This result taken together with data from Figure 1 indicates that the photochemical
oxidation of As(III) to As(V) in these experiments does not occur unless birnessite is
present.

109

Figure 5.1: Oxidation of arsenite by Na-birnessite: The amount of arsenate released into
the solution during the oxidation of As(III) (470 µM total) in the presence of Nabirnessite as a function of time in light and dark conditions at pH 5 and pH 7 under oxic
and anoxic conditions.
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Analysis of the data presented in Figure 5.1 shows that the amount of solution
phase As(V) oxidation product was not a function of the dissolved oxygen level during
the light-exposure for a particular solution pH. In the presence of dissolved oxygen at pH
5, 136 µM of As(V)(aq) product formed after 8 h under dark conditions and 197 µM of
As(V) was produced when the reacting system was exposed to light for 8 h. The As(V)
concentrations after 8 hours are similar for the oxic and anoxic experiments in the
presence of light (197 and 196 µM, respectively) and also similar in the dark experiments
(136 and 147 µM, respectively). These results show that light irradiation has a greater
influence on the oxidation As(III) and oxygen does not appear to play a major role in the
oxidation mechanism.
The total arsenic in solution did not change significantly over the course of the
experiment, indicating that As did not sorb to the surface at an experimentally observable
amount. Based on the As(III) loss from solution, which was determined by subtracting
the As(V) produced over time from the amount of As initially added (470 µM), we
calculate the first order rate constant (kobs) for As(III) oxidation to be 0.07 and 0.04 h-1,
respectively, under light and dark conditions (dissolved oxygen was present). We point
out that the measured kobs in our dark experiment at pH 5 (0.04 h-1) is higher than the kobs
(0.02 h-1) reported previously by Tournassat et al. (27), using a crystalline hexagonal
birnessite at pH 5. One likely reason for this discrepancy is the nature of the birnessite
samples, since significant variations can occur depending of the crystallinity, average
oxidation state, vacancy concentration and morphology of the birnessite used. Also, the
As:Mn ratio used in our experiment (0.22) was lower than in the prior study (0.44).
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Upon raising the pH of the reaction medium to 7 and 9 (Figures 5.1 and 5.2) the
amount of As(V) produced decreased relative to the amount of As(V) produced at pH 5 at
the same birnessite loading. The amount of As(V) produced at pH 7 in the presence of
light (23 µM) is approximately 0.1 times less than the amount experimentally observed at
pH 5 in the presence of light (197 µM). At pH 9, the amount of As(V) produced over
time is below the detection limit of the chromatographic method used to analyze for
As(V). The final As(V) concentration after 8 hours is presented in Table 5.1. The lower
As(III) oxidation rate at higher pH conditions has been observed by others, and it is often
attributed to the passivation of the birnessite surface by either manganese (II) or (III) (23,
25-27, 36, 37). Also we note that the effect of light seems to be absent at these higher pH
conditions, which could be due to this surface passivation.
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Figure 5.2: Concentration of aqueous As(V) formed in solution at pH 9 in the presence
of light and absence of light, under oxic and anoxic conditions.

pH 5 pH 5 pH 7 pH 7 pH 9 pH 9
Oxic
Anoxic

Light
197
196

Dark
136
145

Light
23
43

Dark
23
25

Light
13

Dark
6
-

Table 5.1: As (V) in solution after 8 h at pH 5, 7, and 9. Concentrations are given in µM.

The general shape of the As(V) vs. time plots (Figure 5.1) associated with the
photochemical system is qualitatively similar to the dark reaction. In particular, both
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reaction systems show an As(V) formation rate that decreases over time. Prior studies of
the dark reaction system generally attributed this decrease to the passivation of the
birnessite surface by Mn(III), derived from the reduction of two Mn(IV) species to
Mn(III) by As(III) with the concomitant formation of As(V) (4, 23, 38):

2MnO2 + H3AsO3 + H2O → 2MnOOH + H2AsO4- + H+

(2)

More recent studies, however, show strong evidence that at early reaction times the
primary reaction product is Mn(II), resulting from the 2-electron reduction of Mn(IV) by
As(III) (36):

MnO2 + H3AsO3 + H+ → Mn(II) + H2AsO4- + H2O

(3)

It has been proposed that the primary buildup of Mn(III), which leads to passivation of
the surface, results from the comproportionation reaction between Mn(II) product and
surface Mn(IV) to produce Mn(III) (39, 40). This increase in Mn(III) is evidenced by the
transformation of triclinic birnessite to hexagonal birnessite after the completion of the
reaction (Figure 5.3) (41), which is caused by migration of Mn(III) within the sheet to the
interlayer region (42). The oxidation of As(III) by surface Mn(III) is considered to be
slow, consistent with the decreasing rate of As(V) formation as the reaction time
increases (23, 36).
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Figure 5.3: XRD of Na-birnessite starting material, Na-birnessite after 8 hr reaction with
light and As(III) at pH 5, Na-birnessite after 8 hr reaction with As(III) in the dark at pH 5,
and a poorly crystalline hexagonal birnessite.

We conducted an additional experiment to show that light continues to enhance
the rate of As(V) production at reaction times where passivation of the birnessite surface
has occurred (Figure 5.4). In this experiment, conducted at pH 5, an As(III)/birnessite
suspension was first exposed to light, and was followed by two off/on light cycles
(indicated in the figure). The experimental strategy here was to best compare the rate of
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As(V) formation under light and dark conditions at extended reaction times. Analysis of
the slopes associated with the plot during the light-off and light-on cycles shows that the
rate of As(V) formation on the passivated birnessite is enhanced by a factor of 2.3 in the
presence of light (relative to the dark data). In particular, the rate of As(V) production for
the 8-10 h period (light off cycle) was 4.34 µM h-1 (12.52 µM h-1m-2), and this rate
increased to 10.07 µM h-1 (29.07 µM h-1m-2) for the 10-12 h period when the sample was
exposed to light. In the second light off/on cycle, the As(V) formation rate was 2.39 µM
h-1 (6.91 µM h-1m-2) for the 12-24 h light-off period and increased to 10.76 µM h-1 (31.07
µM h-1m-2) for the 24-29 h light-on interval. While the rate of As(III) oxidation decreases
over the course of time in the dark due to changes to the birnessite surface structure,
exposure of the system to light still leads to an enhancement of As(III) oxidation rate
relative to dark conditions. We come back to a brief discussion of this experimental
observation later.
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Figure 5.4: On/off cycling of light effects on As(III) oxidation: As(V) production
resulting from a As(III)/birnessite suspension at pH 5 under oxic conditions. The open
symbols indicate times that the suspension was exposed to light and the closed symbols
indicate times where the light was turned off. Even at relatively long reaction times light
enhances the formation rate of As(V).

5.2.1.2 Adsorbed product on birnessite under dark and light conditions
During the experiment, there was no major change to the total arsenic present in
solution, therefore, a quantifiable amount of adsorbed product could not be determined in
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the aqueous batch reactions. This lack of quantifiable adsorbed arsenic could be due to
the Na-birnessite sample possessing a small concentration of cation vacancies, which is
the favored site for metal ions to sorb (42, 43). This observation agrees with a recent
study that investigated As(III) oxidation on different manganese oxides in which the
experimental observation that crystalline triclinic birnessite did not adsorb observable
amounts of As was also made (14). Results from a different batch of Na-birnessite
synthesized in our laboratory exhibited a higher surface area (HSA birnessite, 23.10
m2/g) and led to an increased amount of As(V) adsorption during the As(III) oxidation
reaction. We note that while the two different Na-birnessite samples showed differences
in As(V) adsorption, both samples showed an enhancement in As(III) oxidation rate
when exposed to light (Appendix, Figure A3).
Arsenic K-edge XANES spectra presented in Figure 5.5 indicate that the primary
adsorbed product on the HSA birnessite after exposure to As(III) for 8 h is As(V)
whether the reaction occurs in the absence or presence of light. In particular, the energy
of the main peak in the XANES for all birnessite samples that were exposed to As(III)
under all experimental conditions is identical to the value for the reference As(V)
solution sample. This result is consistent with prior studies that have shown that As(III)
oxidizes to As(V) on birnessite under dark conditions (4, 26, 27). Our data show that
under light conditions, As(V) is also the primary adsorbed product when birnessite is
exposed to As(III).
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Figure 5.5: Characterization of surface species after reaction: Arsenic K-edge XANES
spectra of HSA Na-birnessite exposed to As(III) for 8 h under dark and light conditions.
Also shown is the arsenic K-edge XANES spectrum of HSA Na-birnessite exposed to
As(V) under dark conditions for 8 h, and spectra for As(III) and As(V) solutions. (All the
plots were offset for clarity).

5.2.1.3 Mn(II) product
Figure 5.6 exhibits the concentration of Mn(II) product in solution as a function of
time during the As(III) oxidation reaction in the absence and presence of light for oxic
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and anoxic conditions. The amount of Mn(II) partitioning into solution is higher in the
presence of light than in the dark. After 7 h of reaction (under oxic conditions), the
concentration of dissolved Mn(II) is 137 and 109 µM, in the light and dark experiments,
respectively. Using these Mn(II) data along with the concentration of oxidized As(III)
(i.e., As(V)aq + As(V)ads) we calculate Mn(II)(aq):As(V) ratios of 0.75:1 and 0.90:1 for the
light and dark experiments, respectively. The ratio associated with the dark reaction is
close to the 1:1 stoichiometry associated with Eqn 1, whereas the ratio for the irradiated
sample is lower. The difference could be due to the oxidation of Mn2+ to insoluble
Mn(III) or Mn(IV) species in the presence of dissolved oxygen and light or the formation
of ternary complexes containing Mn2+ and As(V) in the presence of light (25). We note
that control experiments, where birnessite suspensions in the absence of As(III) at pH 5.0
were irradiated, showed no detectable aqueous Mn(II) product. Also Mn(II) release at
pH 7 and 9 was not experimentally observed in our studies, presumably due to the
tendency of Mn(II) to stay surface bound at these higher pH conditions (26).
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Figure 5.6: Manganese (II) release into solution: The concentration of dissolved Mn2+
released during the oxidation of 470 µM of As(III) by Na birnessite at pH 5 in the
presence of light and dark under oxic and anoxic conditions. Control experiments are
also included for Na-birnessite with no As(III) at pH 5 in the presence of light under oxic
and anoxic conditions.

5.2.2 Mechanistic aspects of As(III)/birnessite photochemistry
Relative to the reaction of As(III)/birnessite in the dark, the photochemistry of
As(III)/birnessite system brings forward additional reaction pathways via the production
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of

reducing ecb- and oxidizing hvb+. With regard to the reducing conduction band

electrons, prior research has shown that the irradiation of MnO2 in the aqueous
environment results in the release of Mn(II), redox chemistry that can be expressed by
the following composite reaction (34, 44):

MnO2 + 4H+ + 2ecb- → Mn(II) + 2H2O

(4)

Furthermore, studies have generally studied the production of Mn(II) photoproduct
during the irradiation of manganese oxides in the presence of electron donors (e.g.,
organic species) that are oxidized by the photo-generated hvb+. Interestingly, recent
studies have also shown that the photogeneration of Mn(II) during the irradiation of
birnessite can occur in an ice matrix in the absence of an electron donor (other than
potentially water) (44), albeit at a much lower rate than if an electron donor was present.
Recent studies investigated the photochemistry of birnessite with time-resolved XAS
during the irradiation of the material with 400 nm light in water (45). This particular
study showed that the photogenerated electrons resulted in the reduction of Mn(IV) to
Mn(III) that migrated into the interlayer region of the layered birnessite. It was speculated
in this study that the oxidative hole could lead to the generation of reactive oxygen
species such as hydroxyl radical, but their potential reaction to form H2O2 would only
lead to the oxidation of Mn(III) back to Mn(IV) (45).
In the present study we suspect that the oxidative hole formed in the valence band
of birnessite during irradiation was directly responsible for the oxidation of As(III). In
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short, our results do not give support to a scenario where ROS formed during the
irradiation of birnessite in the presence or absence of As(III). Experiments were carried
out that used both fluorescent probes and EPR (coupled with trapping agents) to
investigate the production of ROS. To investigate the generation of hydroxyl radical, a
fluorescence method using coumarin was employed (46, 47). The reaction of coumarin
with hydroxyl radical forms a fluorescent adduct with a unique emission. Data obtained
using this method in situ (SI, Figure S8) did not show evidence for the presence of the
adduct. We also used the APF-HRP test (see experimental) to detect hydrogen peroxide
in solution, but also found no evidence for this species (SI, Figure S9). We point out,
however, that if H2O2 was produced it might be expected to rapidly decompose in the
presence of birnessite (48-50).
In addition to fluorescent-based probes, EPR experiments were carried out to
further investigate the possibility of ROS generation. These particular experiments using
DMPO as a spin-trapping agent for hydroxyl radical did not yield any support for the
generation of this particular radical. Whether the experiment was carried out on an
aqueous suspension of birnessite or suspension of birnessite in the presence of As(III),
the resulting spectra could be associated with the characteristic EPR spectrum for Mn(II)
(Figure 5.7). Consistent with our batch studies the magnitude of the Mn(II) spectral
weight from the EPR experiment was greater when As(III) was present, compared to the
irradiation of birnessite in As(III)-free water (SI, Figure S11). We attribute the increased
Mn(II) signal to the presence of the electron donor (i.e., As(III)) that can be oxidized by
the valence hole.
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Figure 5.7: Electron paramagnetic resonance (EPR) spectra of birnessite with As(III)
(black) and birnessite without As(III) (red) in the dark, and aqueous Mn2+ (blue) (a).
EPR spectra of birnessite at pH 5 under oxic conditions, in the presence of As(III) and
DMPO irradiated with light (pink), with As(III) and DMPO in the dark (blue), without
As(III) with light (red), without As(III) in the dark (black) (b). All spectra are obtained
after 1 h.

To better determine whether As(III) oxidation occurred in part due to the presence
of valence band holes in the presence of light, we carried out experiments that utilized
mannitol. Prior studies have shown that mannitol is an efficient scavenger of •OH and
oxidative holes (51). Figure 5.8 shows data from an experiment where 20 mM mannitol
was added to particular reaction mixtures. It is mentioned that both the coumarin-based
analytical technique and EPR studies strongly suggest that solution •OH is not an
important intermediate species when birnessite was irradiated in the absence or presence
of As(III). Hence, we attribute mannitol-induced changes in the rate of production of
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As(V) in the presence of As(III), birnessite, and light to the scavenging of oxidative holes
(or •OH formed through the oxidation of surface hydroxyl groups). It should be noted
that the data show that the addition of mannitol, even at the relatively high concentration
of 20 mM, does not affect As(V) product formation in the dark. We infer from this result
that mannitol does not block birnessite sites that can oxidize As(III) to As(V) in the
absence of light. In the photo-reaction data, the presence of mannitol results in an As(V)
concentration that is approximately 30% lower relative to the mannitol-free system after
7 h. We infer from this result that mannitol is scavenging photogenerated holes (that
oxidize mannitol) that would otherwise oxidize As(III).
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Figure 5.8: Effect of mannitol on the oxidation of arsenite by Na-birnessite:
Concentration of aqueous As(V) released into the solution during the oxidation of As(III)
in the presence of Na-birnessite at pH 5 (oxic) under light and dark conditions with and
without mannitol.

The mechanism by which As(III) is oxidized to As(V) photochemically is not
entirely clear. One possible reaction sequence would be the oxidation of As(III) via two
one-electron transfer steps as described by the following reactions (52, 53):
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hvb+ + As(III) → As(IV)

(5)

hvb+ + As(IV) → As(V)

(6)

If such a mechanism were operative it might be expected to exhibit rapid kinetics, since
prior studies have shown that the reaction of As(IV) with dissolved O2 is a rapid reaction
that leads to As(V) (54). We, however, do not observe a dependence of the
photochemical As(V) production rate on the presence of dissolved oxygen. It is
conceivable that a species such as H2O2 could play a role in the oxidation of As(III) to
As(V). If a short lived H2O2 ROS does play a role, it would be expected to form from
chemistry initiated by the valence band hole and the oxidation of surface hydroxide (45).
Formation pathways via the reduction of dissolved oxygen do not appear to be a
possibility, because of the aforementioned insensitivity of photochemical As(III)
oxidation to dissolved oxygen. Whether this pathway is inhibited due to the reduction
potential of oxygen lying higher than the conduction band minimum of birnessite, or to
the efficiency of Mn(IV) [or Mn(III)] as an electron acceptor (to form Mn(III) and
Mn(II), respectively) cannot be discerned from our results.
It is interesting that the photochemical oxidation of As(III) still occurs with a
significant rate even when As(III) oxidation in the dark has decreased significantly after
20 h of reaction (Fig. 2). Most prior studies have shown for the dark reaction between
As(III) and birnessite that the surface becomes covered with Mn(III) (23, 25-27, 37, 39).
It is conceivable that the irradiation of such a surface might not directly oxidize As(III)
through valence band hole formation, but instead the oxidation of a fraction of Mn(III)
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species back to Mn(IV) by the hole could occur. As(III) oxidation on such newly created
Mn(IV) sites would be expected to occur with faster kinetics than on Mn(III) sites (36).
The exact role of these species in the photochemistry of birnessite has significant
implications in environmental manganese cycling. Understanding the mechanistic aspects
of this chemistry warrants future study.

5.3 SUMMARY AND IMPLICATIONS
We have shown that the oxidation of As(III) by Na-birnessite can be enhanced via
irradiation with simulated solar light (at a solution pH of 5). The simulated light intensity
used in this study is comparable to the light intensity experienced by the Earth’s surface
environment (i.e., 1.45 suns). The photochemical pathways presented in this contribution
are informed by the many prior studies that have investigated the adsorption and
oxidation of As(III) on birnessite (4, 14, 23-27) under dark conditions. We propose that
the creation of the hole-electron pair during the irradiation of the small band-gap
semiconductor drives the oxidation chemistry; the valence band hole leads to the
oxidation of As(III) and the conduction band electron leads to the reduction of
Mn(IV)/Mn(III) and the formation of Mn(II) product. The results of this study have
environmental implications, most notably that the birnessite-facilitated oxidation of
mobile As(III) to the less mobile As(V) at appropriate pH conditions (pH 5 in our study)
can be facilitated by photochemical means. Such a process could potentially be useful for
a more efficient remediation of arsenic in environments where birnessite can absorb
photons having a requisite energy. Future work that investigates the photochemistry of
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hexagonal birnessite would give insights on the effect that birnessite phase and
crystallinity has on this chemistry as well.
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CHAPTER 6
ACTIVATION OF TRICLINIC BIRNESSITE FOR WATER OXIDATION
CHEMISTRY

6.1 INTRODUCTION
Photosynthetic water oxidation involves the utilization of a manganese-containing
cluster (known as Photosystem II) that transfers electrons and water intermediates to
release protons and oxygen as products (1). A significant effort in the scientific
community is taking place to mimic the chemistry that takes place within this biological
cluster (2, 3). Characterized to have various manganese oxidation states within the active
site, these manganese sites are the location of water splitting which steers many
investigations towards the evaluation of manganese oxide catalysts (1). These
manganese oxide catalysts can be synthetically produced in the laboratory and these
natural mineral analogues can be tailored to have various oxidation states or multiple
oxidation states within one material. One particular material of interest is the naturally
occurring mineral, birnessite (4, 5).
Birnessite, a layered manganese oxide, has long been of interest in the
environmental chemistry literature in an effort to understand manganese cycling in
natural waters (6, 7). It has also been used extensively in schemes that involve converting
environmental contaminants to less toxic forms and sequestering them for removal from
contaminated waters (8-10). Birnessite is characterized by octahedrally coordinated MnO arranged in stacked sheets. It can exist in two phases, hexagonal and triclinic, which
can be controlled by conducting the synthesis in either acidic or basic conditions,
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respectively (11). Hexagonal birnessite contains cation vacancies within the individual
manganese oxide sheets, above which manganese (III) ions are positioned and therefore
reside within the interlayer of the material. Triclinic birnessite, the phase formed under
alkaline synthesis conditions contains manganese (III) within the sheets, and is
considered to be practically vacancy free, making it the more crystalline phase with no
interlayer manganese (III), Chapter 1, Figure 1.1 (12). It is believed that this difference
between these two phases of birnessite can be utilized to evaluate the importance of
interlayer manganese (III) for water oxidation chemistry. Recent work by Dismukes has
supported a contention that the key characteristic for high reactivity toward water
oxidation is the nature of the MnIII-O octahedron, with the edge sharing structure (which
is present in triclinic birnessite) being less reactive than corner sharing octahedron
(present in hexagonal birnessite) (13). Weaker bonds of corner-shared Mn(III) octahedral
result from occupation of the eg antibonding orbital and these flexible bonds become the
catalytic sites for water oxidation (14). Drawing from environmental chemistry literature
and the previous chapter (Chapter 5), it is known that under acidic conditions, the
transformation of triclinic birnessite to hexagonal birnessite occurs. It is believed that
during this transformation, manganese (III) present within the octahedral sheets of
triclinic birnessite migrates to the interlayer giving the product the characteristics of
hexagonal birnessite (15-17). This migration induces the formation of corner shared
manganese(III) ions that started out within the MnO2 sheet structure, can be exploited for
water oxidation (18). Recent work from our lab has shown how effective the
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manipulation of interlayer chemistry has been key to the activation of birnessite for water
oxidation (19-21).
Interlayer chemistry has been proven to be a unique environment for water
oxidation as well as the location that can be tuned within the birnessite structure to alter
the properties of the material (22, 23). Intercalation of large organic molecules within
this space can disrupt the weak van der Waals interactions that hold the sheets together
causing the individual sheets to become dispersed into solution as individual nanosheets
(24, 25). Other techniques of intercalation involve the introduction of metal ions into the
interlayer space thereby increasing the conductivity of birnessite, creating a unique
environment for water oxidation chemistry (19). Improved water oxidation activity upon
intercalation of nickel promotes the redox chemistry between birnessite, the confined
nickel, and water in the interlayer region (21). Along with these metal ions, interlayer
water plays a significant role in the observed activity of birnessite. Confined water
within the birnessite structure can become frustrated within the interlayer space, affecting
cation coordination and electron transfer (26). While these alterations are known to
significantly affect the water oxidation chemistry of birnessite, there is an experimental
technique dependence of the activity of all materials toward water oxidation chemistry as
well.
Typically in water oxidation chemistry schemes, materials are evaluated for their
ability to conduct water oxidation through use of a chemical, photochemical, or
electrochemical process (27, 28). These methods and their mechanism of conducting
water oxidation chemistry are depicted in Figure 6.1. Chemical and photochemical
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processes include ceric ammonium nitrate and [Ru(bpy)3]2+/S2O82-, respectively. Ceric
ammonium nitrate (CAN) is a one electron reductant that has a standard reduction
potential of 1.7 V vs NHE (28). Upon introducing birnessite in the presence of CAN, an
electron is transferred to the birnessite structure, oxidizing the manganese ions and
producing molecular oxygen. It has been proposed that the ceric conducts water oxidation
chemistry within the interlayer region of birnessite (29). Drawbacks of this technique is
that CAN is stable only in acidic pHs therefore other techniques are needed. [Ru(bpy)3]3+
can be generated through photoillumination of [Ru(bpy)3]2+, in the presence of persulfate,
and supplies one electron to the catalyst of interest at a standard reduction potential of
1.26 V vs NHE (30). In both CAN and [Ru(bpy)3]3+ experiments, molecular oxygen is
directly measured to quantify the activity of the catalyst (28). Electrochemical evaluation
of a material involves constructing a working electrode out of the catalyst of interest, and
then determining the potential that needs to be placed on the material of interest to
facilitate water oxidation. This method is desirable due to the ability to evaluate the
material over a range of pH values (31, 32). When comparing these methods, recent
work has found that the activity of the material is dependent upon the oxidation method,
and that the activity is not an intrinsic property (28). In this chapter the methods of CAN
and electrochemistry are used to assess the water oxidation activity of hexagonal
birnessite samples made from triclinic birnessite.
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Figure 6.1: Methods of evaluating water oxidation catalysts include A) chemical
oxidation using ceric ammonium nitrate, B) photochemical oxidation using Ru(bpy)3 and
light, and C) electrochemical oxidation by directly depositing the catalyst of interest on
an electrode. Reprinted with permission from Pokhrel R, et. al. The “best catalyst” for
water oxidation depends on the oxidation method employed: a case study of manganese
oxides. Journal of the American Chemical Society. 2015 Jun 25;137(26):8384-7.
Copyright 2015 American Chemical Society.
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In this work, the activation of triclinic birnessite for water oxidation by converting
it to hexagonal birnessite under acidic conditions is investigated. This study is a proof of
concept that these transformations induce the migration of manganese (III) into the
interlayer of manganese oxide material. The hypothesis being tested is that interlayer
Mn(III) is a necessary pre-requisite for water oxidation on birnessite and hence, through
transformations of the birnessite at pH 3, 5, and 7, a higher rate of activity for the oxygen
evolution reaction will be observed. Triclinic birnessite was transformed by stirring in
the specified pH conditions for 18 hours. After the process was complete, the material
was characterized by XRD, TEM, XPS and ceric experiments. From this characterization
and analysis, it is shown that this migration of manganese (III) from within the sheet
structure into the interlayer is key to the activation of this phase of birnessite for water
oxidation. This study is the first investigation that looks at the reactivity of this
transformation product for water oxidation.

6.2 RESULTS AND DISCUSSION
6.2.1 Characterization of Na Birnessite after pH 3, 5, and 7 transformation
6.2.1.1 TEM Characterization
Bulk chemical synthesis of triclinic Na and hexagonal K birnessite resulted in
morphologies that are consistent with literature-accepted morphologies (Figure 6.2, a and
b, respectively) (11, 33, 34). Upon conducting transformation experiments, no significant
change in the morphology of the triclinic birnessite (Figure 6.2c-d) is observed. Upon
stirring birnessite in different pHs layer vacancies are formed, causing the migration of
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Mn3+ from the layer to the interlayer. This migration leaves vacancies within the
individual sheet structure, however does not disrupt the bulk morphology of the birnessite
as seen in Figure 6.2 c-d (17). Evidence of this migration is present within the XRD
patterns of these transformed products, where a significant change in the diffraction
pattern of the birnessite is observed.

144

Figure 6.2: a) Triclinic Na Birnessite b) Hexagonal K Birnessite c) Triclinic Birnessite
after 18 h in pH 3 DI d) Triclinic Na Birnessite after 18 hrs in pH 5 DI

6.2.1.2 XRD Characterization
Observation of the reflections of the transformed birnessite samples (Figure 6.3)
reveals a broadening of the overall diffraction pattern, similar to the characteristic broad
XRD pattern of hexagonal birnessite (Appendix A1). A decrease in the intensity of the
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7.1 Å reflection indicates an increase in disorder within the sample that is characteristic
of hexagonal birnessite (35). A change in the ratio of the (100) and (10-1) reflections,
2.49 and 2.35 Å, respectively, is consistent with prior studies which show a direct
relationship between the ratio of these reflections and the interlayer occupancy when
transforming hexagonal birnessite to triclinic birnessite (15). The experimentally
observed ratios upon transforming triclinic birnessite to hexagonal birnessite are
presented in Table 6.1 and present the following trend, 1.030, 0.745, and 1.973 for pH 3,
5, and 7, respectively. From these results, the highest interlayer occupancy is observed
for pH 7. This is attributed to the presence of Na still remaining within the bulk
structure, which is apparent upon characterizing the bulk structure with XPS and ICPOES. A higher 100/101 ratio is observed at pH 3 compared to pH 5, which can be
attributed to an increase in the interlayer occupancy of pH 3 transformed triclinic
birnessite. Quantification of Na in the pH 3 and pH 5 samples showed little to no Na
being present, indicating this increase can be due to interlayer Mn(III). The ratio of the
001/002 peaks within each sample is another indicator of interlayer occupancy and
disorder within the stacked sheet structure of birnessite (17). Previous work has shown
that an increase in this ratio indicates an increase in the interlayer occupancy when
intercalating Cs ions (36). From the results in Table 1, pH 3 birnessite has the highest
ratio, indicating a more occupied interlayer. However, pH 5 and 7 do not seem to follow
this trend. Further characterization of the resulting material using Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was deemed necessary to confirm there
was no loss of manganese from the birnessite samples after transformation, which would
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substantiate the hypothesis that the manganese (III) ions simply migrate into the
interlayer.

Sample

I100/I101

I001/I002

Triclinic Birnessite

--

3.50

pH 3_18h

1.030

3.80

pH 5_18h

0.745

3.10

pH 7_18h

1.973

3.60

Table 6.1: Summary of XRD results for starting triclinic birnessite and triclinic birnessite
that was transformed at pH 3, 5, and 7.
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Figure 6.3: XRD characterization of birnessite starting material and transformed
samples.

6.2.1.3 ICP-OES Characterization
Analysis of the manganese samples after transformation supports the contention
that the total manganese present in the material did not change significantly upon stirring
them in acidic waters. As presented in Table 6.2, the amount of manganese stayed within
3% of each other when looking at pH 3, 5 and 7 transformed birnessites when compared
to the original Na birnessite material. The greatest difference can be observed for the
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amount of interlayer Na present within the material. Upon transformation the Na values
are seen to decrease from the original starting mole ratio of 0.27 Na to Mn in Na
birnessite down to 0.024 Na to Mn for pH 3 birnessite. Despite all birnessites being
stirred for the same length of time, the concentration of H+ present within the solution
greatly affected the remaining sodium. H+ can replace Na+ within the interlayer to
compensate for the total charge within the structure, and therefore is the reason why the
concentration of sodium present goes down with increasing H+ concentration (22, 37).
Once the Na+ ions are removed, a fraction of the Mn3+ in the sheets migrate into the
interlayer (22). The charge balance within the interlayer can be compensated by the
charge on the newly migrated Mn3+ and H+ ions that enter the interlayer upon protonation
(35). Through the diffusion of ions into the interlayer the overall bulk structure of the
material is preserved as evidenced by the total manganese present after transformation as
well as the morphology of the materials after stirring for 18 hrs. To observe any
oxidation state changes within the materials, x-ray photoelectron spectroscopy was
performed.
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259 nm

589 nm

Sample

mmol Mn/g

mmol Na/g

Na/Mn

Triclinic Birnessite

8.1

3.0

0.37

pH 3_18h

7.9

0.19

0.024

pH 5_18h

7.5

0.68

0.091

pH 7_18h

8.4

2.3

0.27

Table 6.2: ICP-OES results for total Mn and total Na present within the birnessite
samples.

6.2.1.4 XPS Characterization
Results from fitting the Mn 2p3/2 region of x-ray photoelectron spectra of the
different birnessite samples can be seen in Figure 6.4 as well as Table 6.3. Abiding by
the Nesbitt fitting parameters, ideal fits for the Mn 2p3/2 region which contains Mn(IV),
Mn(III) and Mn(II) signal (Figure 6.4) are obtained (38). From the quantification of the
relative atomic ratios of Mn(IV):(III):(II) in Table 6.3 it can be seen that the average
oxidation of the birnessite samples did not change by more than 0.9%. This observation
supports the contention that manganese (III) within the sheet of the triclinic birnessite
samples does not migrate out of the crystal structure into the solution phase upon
transformation to hexagonal birnessite. Simply, the Mn3+ can migrate into the interlayer
from its original location within the MnO2 sheets (12). Also, looking towards the relative
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Mn(IV), Mn(III) and Mn(II) ratios from the same peak fitting, a shift of higher Mn(IV)
on the surface of the pH 3 material is seen. While these results reveal changes in the
relative ratios for the different samples, the fact that XPS can only resolve the top-most
layers within a sample must be kept in mind (39). Therefore, more Mn(IV) at the surface
compared to the original starting material does support our theory of Mn(III) migration
from the sheet to the interlayer, but cannot be generalized for the entire bulk structure.
Also, the starting material itself has a slightly lower AOS than is typically observed for
triclinic birnessite (40, 41). The Nesbitt fitting is known to predict more reduced overall
AOS for birnessite materials (39). However, the consistency of the average oxidation
within the samples shows that there are no significant changes to the average oxidation
state of the material upon protonation, which agrees with previous work on manganese
oxide nanosheets (42). Taken alongside the XRD results the XPS results show that the
lack of a change in the average oxidation state is due to a phase from triclinic to
hexagonal birnessite.
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_
Figure 6.4: Mn 2p3/2 spectra of transformed birnessites.
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Sample

Mn(IV) Mn(III)

Mn(II)

AOS

Triclinic Birnessite

53.63

43.751

2.6137

3.51

pH 3_18h

69.579

14.522

15.9

3.54

pH 5_18h

70.498

8.2698

21.234

3.49

pH 7_18h

55.105

35.877

9.0159

3.46

Hexagonal Birnessite

73.618

18.024

8.3612

3.65

Table 6.3: XPS fitting results for % composition of Mn(IV), (III), and (II). The average
oxidation state value is also reported.

6.2.2 Activity of Na Birnessite after pH 3, 5, and 7 transformation for water oxidation
6.2.2.1 Ceric Experiments
Evaluation of ceric activity for the original bulk materials exhibits drastically
different reactivities between triclinic and hexagonal birnessite (Figure 6.5). Triclinic Na
birnessite exhibits no reactivity towards water oxidation in the presence of ceric
ammonium nitrate, while the hexagonal birnessite sample showed an oxygen evolution of
1.5 mmol O2/mol Mn over the 30 min experiment. This result agrees with previous work
that has shown hexagonal K birnessite being the more active phase of birnessite
compared to the triclinic Na phase (28, 43-45). Once converted from triclinic to
hexagonal birnessite under different pH conditions, oxygen evolution was seen for the
transformed samples. The birnessite sample transformed at pH 3 produced roughly 28
times more oxygen over the 30 min experiment compared to the original Na birnessite
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material. While the other pH transformed samples performed better than the 0.3 mmol
O2/mol Mn of the triclinic birnessite material, the most significant increase, even greater
than the hexagonal K birnessite sample was for the pH 3 sample. It is surmised that an
increase in the water oxidation activity of this sample can be from the increase in
interlayer corner shared Mn3+ which is typically present after the transformation of
triclinic birnessite to hexagonal birnessite (13, 22). It is also mentioned that a control
experiment was performed using exfoliated Na and K birnessite samples (Appendix, A7).
These bulk birnessite materials were intercalated with tetrabutylammonium hydroxide
and after stirring these suspensions for 10 days, a colloidal solution of birnessite
nanosheets was obtained. Upon performing CAN experiments on these suspensions of
birnessite nanosheets, no water oxidation activity was observed. From these results, we
can infer that the interlayer plays a key role in the water oxidation activity of birnessite,
providing an environment with unique water and cation structuring that cannot be
replicated on the surface of birnessite (21, 26). An expectation of increased activity was
had in the case of the nanosheets if a surface process mediated the water oxidation
activity of these materials. However, the inactivity of these nanosheets further proves the
role of interlayer Mn3+ in the water oxidation activity of birnessite. Claims that the
interlayer plays a role in water oxidation chemistry are difficult to prove due to a lack of
experimental techniques to accurately resolve this extremely specific location within a
material. The activation that occurs at transformations at pH of 3 and 5 compared to the
bulk shows a path to activation of the triclinic birnessite that involved the migration of
Mn(III) into the interlayer of the birnessite structure (29). To provide another technique
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to confirm this observed trend for water oxidation activity, electrochemical experiments
were performed.

Figure 6.5: Oxygen evolution experiments of birnessites transformed at pH 3, 5 and 7.
The oxygen evolution of hexagonal K and triclinic Na birnessite are also included for
comparison.
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6.2.2.2 Electrochemical Experiments
Electrochemical characterization of the birnessite samples for OER (oxygen
evolution reaction) agrees with the ceric experiments and showed the pH 3 transformed
triclinic birnessite to be the most active towards the OER (Figure 6.6). At a current
density of 10 mA/cm2, the overpotential of pH 3, pH 5 and pH 7 transformed birnessite
samples were 490, 510, and 570 mV, respectively. All samples show significantly lower
overpotentials compared to the bulk triclinic Na and hexagonal K birnessite samples
(Table 6.4). Upon conducting subsequent potential scans, the activity of the birnessite
samples remained relatively the same for the second CV scan, however, after 10 scans in
quick succession at a scan rate of 50 mV/s the activity greatly reduced. This quick
deactivation is typical for birnessite samples, but the initial CV scans showed
overpotential values similar or lower than overpotentials seen for other manganese oxide
and birnessite samples (46, 47). The observed trend, that the pH 3, 5 and 7 transformed
samples exhibited lower overpotentials for the reaction compared to the bulk, agrees with
the CAN expeirments, where the pH 3 and 5 samples exhibited higher oxygen evolution
compared to the bulk. However, the observed difference in the electrochemical
experiments show the pH 7 transformed sample showing significantly more activity
compared to the bulk samples. This same sample did not have a pronounced oxygen
evolution in CAN experiments, Figure 6.5, indicating that different mechanisms for water
oxidation may be at work in the electrochemical experiments. Despite this discrepancy
between the two methods, the same general trend was observed, with pH 3 transformed
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birnessite exhbiting the lowest overpotential for water oxidation. The trend seen in the
electrochemical experiments, in that the pH 3, 5 and 7 transformed triclinic Na birnessite
samples perform better than the bulk material, confirms the activation of the transformed
triclinic samples for water oxidation.

Figure 6.6: Electrochemical characterization of samples (a) CV 1 (b) CV 2 and (c) CV 3
after 10 CVs at a scan rate of 50 mV/s.
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Sample

CV 1

CV 2

Triclinic Birnessite

710 mV

710 mV

Hexagonal Birnessite

--

--

pH 3_18 h

490 mV

500 mV

pH 5_18h

510 mV

550 mV

pH 7_18h

570 mV

550 mV

Table 6.4: Overpotential values for birnessite samples after CV1 and CV2.

6.3 CONCLUSIONS AND IMPLICATIONS
The transformation of triclinic birnessite to hexagonal birnessite by stirring
triclinic birnessite in acidic water has been shown to improve the water oxidation activity
of triclinic birnessite. It is believed that an increase in interlayer manganese (III) is the
main contribution to the increase in the activity of triclinic birnessite for water oxidation.
Evidence for this tranformation include XRD, XPS, CAN, and electrochemical
characterization of the transformed triclinic birnessite at pH 3, 5 and 7. A broadening of
the XRD patterns of the transformed triclinic birnessites shows the transformation to
hexagonal birnessite and provides evidence for an increase in interlayer manganese (III).
Also, the lack of variation in the AOS determined from XPS fitting of the Mn 2p3/2 peak
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shows that the oxidation state of the manganese atoms within the material remains
constant, indicating that the Mn3+ created upon protonation migrated into the interlayer
space instead of being released into solution. This contention is further supported by
ICP-OES analysis of the solid samples after transformation, in that the overall Mn/g of
the starting and transformed material remained within 3% of each other. Support for
intercalation of ions within the birnessite structure was evidenced by a loss of Na in the
pH 3 and 5 transformed samples. Water oxidation experiments show that pH 3transformed birnessite exhibits the highest activity towards water oxidation with the most
evolved oxygen in CAN experiments and the lowest overpotential for the water
oxidataion reaction (490 mV, CV1). This proof of concept contributes to the
understanding of the mechanism of water oxidation activity in layered manganese oxides.
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CHAPTER 7
SUMMARY
In this thesis, the contribution of a materials’ structural and physical properties
towards its formation and reactivity were explored. The research presented in this
dissertation focused on characterizing a synthetic method for carbon nanomaterials and
the determination of structural properties of manganese oxides that contribute to its
reactivity for environmental chemistry.
Chapters 3 and 4 investigated the parameters of a novel synthetic method
involving ultrashort pulse laser irradiation towards the formation of carbon nanomaterials
from gaseous methane and gaseous mixtures containing various mixtures of methane,
argon and hydrogen. The irradiation of gaseous methane showed the production of
carbon nanospheres. Increasing the pressure of methane from 6.7 to 133.3 kPa showed an
increase in the median diameter of the spheres from ~500 nm to 85 nm. The reaction
conditions that contributed to the formation as well as what variations in the reaction
pressure to the yield and morphology of the product were explored. UV Raman
spectroscopy revealed that the nanospheres were composed of sp2 and sp3 hybridized
carbon atoms, based on the presence of the carbon D and T peaks. Upon extending this
work to mixtures of methane, argon, and hydrogen it was found that carbon
nanomaterials with varying composition and morphology could be obtained. Mixing
methane with other gases, the yield significantly dropped, causing flow conditions to be
investigated as a method to increase product yield.
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Introduction of other gaseous components within the reaction chamber resulted in
significant changes within the nanomaterial morphology and structure. Firstly,
introduction of argon and methane into the chamber resulted in greater yields of carbon
nanospheres compared to methane irradiation experiments. Introduction of methane and
hydrogen mixtures resulted in the production of more crystalline materials, however at a
yield that was an order of magnitude less than the methane argon experiments.
Ultimately, a flow scheme was adopted in order to produce enough yield to analyze the
product using Raman spectroscopy. The products made from flowing 0.3% - 100%
methane showed similar compositions, however, decreasing the amount of methane
within the chamber increased the amount of hydrogenated amorphous carbon present in
the final product. Overall these laser irradiation experiments provided for the first
characterization studies of the solid photoproducts that result after irradiation of these
gases and gaseous mixtures using femtosecond laser pulses.
After exploring carbon nanomaterials, manganese oxide materials were explored.
These synthetic minerals provide for interesting subjects to study in the areas of
environmental remediation as well as renewable energy applications. In Chapter 5, the
effect of simulated solar radiation on the oxidation of arsenite [As(III)] to arsenate
[As(V)] on the layered manganese oxide, birnessite, was investigated. Experiments were
conducted where birnessite suspensions, under both anoxic and oxic conditions, were
irradiated with simulated solar radiation in the presence of As(III) at pH 5, 7, and 9. The
oxidation of As(III) in the presence of birnessite under simulated solar light irradiation
occurred at a rate that was faster than in the absence of light at pH 5. At pH 7 and 9,
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As(V) production was significantly less than at pH 5 and the amount of As(V) production
for a given reaction time was the same under dark and light conditions. The As(V)
product was released into solution along with Mn(II), with the latter product resulting
from the reduction of Mn(IV) and/or Mn(III) during the As(III) oxidation process.
Experimental results also provided no evidence that reactive oxygen species played a role
in the As(III) oxidation process. However, after reaction, characterization of the
birnessite solid showed a transformation from triclinic to hexagonal which inspired the
use of these transformed products in the area of water oxidation chemistry.
Further research in Chapter 6 on the triclinic form of birnessite focused on its
activation for water oxidation chemistry. The hypothesis that interlayer Mn(III) is a
necessary pre-requisite for water oxidation was explored by converting triclinic birnessite
to hexagonal birnessite in pH 3, 5, and 7 DI water with stirring for 18 hrs. The resulting
hexagonal birnessites from experiment at pH 3, 5, and 7 possessed the same particle
morphology and average surface oxidation states within 1% of each other. Ceric
ammonium nitrate was used to test birnessite for water oxidation reactivity. These
experiments showed that the pH 3 birnessite produced the most O2 of all the samples, 8.5
mmol O2/mol Mn, which was ~6 times more than hexagonal birnessite which did not
undergo post-synthesis exposure to low pH conditions. This observation supported the
claim that upon transformation, Mn(III) within the sheet of triclinic birnessite migrated
into the interlayer region of the resulting hexagonal birnessite. Furthermore, the
migration of Mn(III) into the interlayer and formation of the hexagonal birnessite led to
an increased chemical reactivity for water oxidation compared to the bulk.
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Electrochemical studies showed that the overpotential for water oxidation associated with
the pH 3, 5, and 7 samples was 490, 510, and 570 mV, respectively.
Overall this thesis contributed to the nanomaterial realm of chemistry by
introducing a novel synthetic method for the production of carbon nanomaterials as well
as evaluating the properties that contribute to the reactivity of manganese oxide materials
in environmentally relevant reactions. Hopefully these results aid in the discovery of
additional techniques for the synthesis of carbon nanomaterials, advance the remediation
of environmental contaminants from severely polluted areas, and provide more options
for alternative energy catalysts.
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APPENDIX A
CONTROL EXPERIMENTS
A1.1 Characterization of synthetic minerals
Characterization of minerals used in this thesis are presented below. The
morphologies of the Na and K birnessite can be seen below in Figures A1a and A1b,
respectively. Diffraction patterns of the birnessites can be seen below in Figure A1c.
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Figure A1: Morphology of Na and K birnessite (a and b) as well as XRD patterns (c) for
these synthetic minerals.
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A2.1 Control Experiments Chapter 5

Figure A2: TEM images of the Na-birnessite particles after reaction with arsenite at pH 5
for (a) 8 h in dark, (b) 8 h in light.
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Figure A3: Concentration of aqueous As(V) formed in solution during the irradiation of
aqueous As(III) at pH 5 and 7, in the absence of birnessite.
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Figure A4: HSA birnessite used for XANES analysis. As(V) production in the presence
of birnessite and As(III) under oxic conditions in the presence and absence of light. Inset
is the observed As(V) sorption with time. BET surface area of this birnessite sample was
23.10 m2/g.
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Figure A5: Fluorescence spectra from TiO2 and MnO2 suspensions in the presence of
coumarin and light. The loading of birnessite was 0.3 mg/L while the TiO2 loading was
0.15 mg/L. The excitation wavelength used for the experiment was 332nm and the
emission wavelength for the coumarin-OH adduct was 460nm. TiO2 was investigated as a
control experiment, since it is well known that TiO2 generates ●OH upon exposure to
light (A. Wold, Photocatalytic properties of titanium dioxide (TiO2), Chemistry of
Materials, 5 (1993) 280-283.). MnO2 suspensions contained As(III).

There was no

evidence of ●OH in this instance. We also did not detect ●OH in an irradiated birnessite
suspension in the absence of As(III) .
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Figure A6: H2O2 concentration versus time for a As(III) - birnessite suspension that was
exposed to light. The APF-HRP method was used to detect H2O2. No H2O2 was detected
after a suspension of birnessite (no As(III)) was irradiated in the absence or presence of
dissolved oxygen (not shown). The inset shows a calibration curve where the analytical
method was applied to known concentrations of H2O2.
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Figure A7: TEM micrographs of triclinic birnessite nanosheets (a) and hexagonal
birnessite nanosheets (b).

UV-vis comparison (c) of hexagonal (red) and triclinic

birnessite (blue). The dashed line is drawn at the lambda max of hexagonal birnessite,
363 nm. An image of a nanosheet suspension is shown in (d).
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A3.1 Deposition of MnO2 nanosheets on the surface of SiO2 microspheres
A3.1.1Experimental Procedure
Adsorption of nanosheets to the surface of SiO2 microspheres proceeded by first
cleaning the SiO2 spheres. This process involved a series of washings by sonication in
acetone, then ethanol, then DI water to ensure no surface species were present. Next, a
layer of polyethleneimine (PEI) was added to the surface of the spheres to make the
surface positively charged. This was done by stirring 1.5 g of SiO2 in 2 g/L of PEI for 20
min. After 20 min stirring, the spheres were washed 3x with DI water by centrifuging the
particles at 6000 RPM for 15 min, then decanting the supernatant. This was repeated a
total of 3 times.
After washing the PEI-coated spheres, they were next stirred in a solution of
manganese oxide nanosheets for 20 min. After 20 min they were washed 3X with DI
water. This procedure deposited one layer of nanosheets on the surface of the
microspheres. This was repeated X number of times to deposit successive layers of
nanosheets on the surface of the spheres.
To verify the deposition onto the surface the microspheres were characterized
after the deposition was completed in the desired number of cycles. Images of SiO2 with
nanosheets adsorbed to the surface can be seen in Figure A5. A diagram of the
deposition procedure is also presented in Figure A5.
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Figure A8: TEM images showing nanosheet adsorption to the surface of SiO2
microspheres. The diagram below depicts the adsorption procedure.
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APPENDIX B
OPERATION OF JEOL JEM-1400 TEM

The following is the procedure for the operation and maintenance of the department of
Chemistry’s JEOL JEM-1400 transmission electron microscope as learned through
experience and conversations with service engineers from JEOL.

B1 Standard operation procedures
B1.1 Starting up and normal operation of the TEM
Flip the switch on CCD camera up to “cool”. Check that water levels on gauges
on wall are reading between the markings and that the Penning Gauge is reading an
acceptable level. Make sure there are no error messages.
Begin ramping the HT (Ideally this is done with the sample holder inserted,
however, if the HT kicks off during sample holder removal, the HT can be ramped while
the sample is pumping in pumping station). This can be done in two ways:
•

Scenario 1 (Slow ramp) This is the standard ramp of the instrument. Slower
ramping up of the HT allows for less of a chance of discharge during ramping or
during sample holder removal
o Schedule 0-80 kV 1 kV every 5 seconds = 6 min
o Schedule 80-110 kV 0.1 kV every 5 seconds = 25 min
o Schedule 110-120 kV 0.1 kV every 20 seconds = 33 min
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•

Scenario 2 (Fast Ramp) This ramp procedure is used if the HT recently kicked
off upon sample removal.
o Schedule 0-80 kV 1 kV every 5 seconds = 6 min
o Schedule 80-110 kV 0.5 kV every 10 Seconds = 10 min
o Schedule 110-120 kV 0.1 kV every 10 seconds = 16 min

Once the HT comes to 120 kV, the sample holder can be removed and the sample can be
inserted.
During one of the long HT ramping steps, the ACD can be filled with liquid N2. If
EDAX analysis is being used, liquid nitrogen must be added to the EDAX dewar at least
2 hours before analysis takes place. Filling the EDAX dewar with 3 L is enough for 1
day of EDAX analysis of several samples. If there are a significant number of samples or
if elemental mapping is done, it is best to fill up the detector more than 3 L. An
indication on the detector temperature is a light on the back of the EDAX dewar (Figure
B1) it is red when the detector is warm, and will be green when the detector is cool.
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Figure B1: View of the back of the EDAX dewar. The red light indicates a warm
EDAX detector. This will become green when the detector is cool.

B1.2 Sample Holder Removal
Removing the sample holder consists of a sequence of two pulls and two turns.
The first pull is the longest and the most difficult due to the pull of the vacuum within the
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column of the TEM. The sample holder should be pulled out until it stops and then it
should be immediately turned counterclockwise (to the left). Next the sample holder is
pulled out very slightly, again until it stops, and then turned counterclockwise (to the left)
again. Now, let go of the sample holder and use the switch on the front of the TEM to
switch to AIR. This switch works by pulling the switch out and then pushing it down.
During this time the sample holder is just sitting in the TEM. Within 5 seconds of
switching to air, the TEM itself will push the sample holder out about a centimeter if a
UHP nitrogen tank is separately connected to the instrument. If not, after about 5
seconds, the Specimen Chamber amperage (in TEM center Vacuum system monitor
window) will go to ~200 𝜇𝐴. If the TEM is pushing the sample holder out a sound of
expelling air will be heard.
Once the sample holder is out of the TEM, cover the specimen chamber with
aluminum foil. Now the appropriate sample holder (Quick Change or EDAX holder) can
be placed on the TEM sample rod. The quick change holder (clips together) is easier to
use if it is first clamped onto the TEM sample holder, and then open it (unclip it) to place
the sample in the holder. The EDAX holder is easier to assemble in the tan, cylindrical
stand block that is on the TEM prep table (it has a pin that holds the sample holder in
place during assembly). The EDAX holder is assembled by first placing a TEM sample
grid in the holder, then on top of the TEM grid a C ring is placed with the opening in the
C-ring facing you (when the pin on the sample holder stage is facing the left), and then
the top plate with the gold side facing down. Next the screws are placed in the sample

184

holder, until they stop, they do not have to be tight! Once the sample is in the sample
holder, the sample MUST be pre-evacuated in the pumping station.

B1.3 Using the pumping station
To use the pumping station, first remove the long black blanking plug and cover it
with the plastic cover on top of the station. Next, insert the TEM sample holder with the
pin on the sample holder facing up. There is a notch in the sample holder tube on the
pumping station that the pin will line up with. Push the sample holder all the way in.
Next, turn on the pumping station. The button is located on the back of the station on the
bottom right side. The needle on the front of the pumping station will move to the right a
few seconds after the power is turned on. Once the needle moves all the way to the right,
turn V2 so it points up, and now this will begin pumping the sample. The sample is done
pumping when the needle reaches the black mark on the front of the vacuum gauge (10-4
torr). If the pump does not begin pumping, then make sure the black knob below the
sample holder is tight, and that all tygon tubing is attached.
Once the sample is done pumping (15-20 min), the next step is to turn V2 so that
it points to the right, and then turn off the pump with the power button. Now the pump is
no longer pulling vacuum. To release the vacuum, open the black knob by turning it
counter clockwise and this will release the vacuum slowly. To quickly release the
vacuum, pull off the tygon tube on the back and the vacuum will release quickly.
Remove the sample, and replace the TEM sample holder with the black plug. Replace the
tygon tube and close the black knob for the next person. Now that the sample is pumped,
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it is ready to go into the TEM. First (for the first user of the day) check the o-rings to
make sure there are no fibers or debris on them. If there is, use a toothpick to remove and
wipe on kimwipe (easier to see fibers/debris under microscope, optical microscope in
TEM room setting 0.9X mag). If the o-rings look REALLY dry, put some grease on
them. The grease is in the bright orange toolbox that is on the TEM prep table. It is in a
syringe and you only need a very small amount on each o-ring. A little goes a long way.
Once the o-rings are clean, blow the dust off the sample holder using the UHP N2 gun on
the TEM prep table. Do not blow directly on your sample grid.

B1.4 Sample holder insertion
To insert the holder into the TEM, push and hold in the holder all the way,
aligning the pin on the holder with the notch on the TEM. While still pushing the sample
holder in the TEM, switch to PUMP (again by pulling the switch out and then pushing it
up). The TEM will make a clicking noise and engage the vacuum to begin pumping on
the sample. If this is not heard, the sample holder is not being held in the TEM well
enough. Once the vacuum engages, the sample holder can be let go. The TEM will now
pump the sample down to the correct vacuum level for operation. It is done pumping
when the specimen chamber vacuum (seen in the software (TEM Center)) goes green and
reads around 47 uA, also the light on the front (by the pump switch) will become green as
well. Next a puff of air will be heard, and now the rest of sample insertion can take
place. The next two steps are two turns and two levels of the holder getting pulled in by
the vacuum. The first turn (clockwise) is very small and the holder will be immediately
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pulled in a short distance by the vaccum. The next step is a longer turn (again, clockwise)
and the introduction of the sample holder into the column. This is a much longer distance
and the holder must be introduced slowly into the column. The vacuum will pull the
holder in, but much too fast, so resistance should be offered to the holder getting pulled
quickly. Once the holder is inserted wait for the vacuums to cycle on (look for V7 to go
green). When the vacuums are completed through their cycling, the filament can be
turned on. Just before turning on the filament check that the value in the box next to the
green bar (in the Penning gauge window) is below 25. If it is below 25, the filament can
be turned on by clicking “ON” in the filament window. If the value is not below 25, wait
a few minutes for the number to drop (again biggest issue with this number is in the
summer) and then turn the filament on. If this number does not go below 25, remove the
sample holder from the TEM and pump in the pumping station again for a longer period
of time. If the value is still above 25 without the sample holder, there is a leak/vacuum
issue and the TEM should be left to recover the vacuum system (sometimes may take a
day).

B1.5 Turning on the filament and operation of the TEM
The filament is on when the BEAM ON button is the same color green as the HT
ON button (in the software). The filament should run between currents of 75-80 uA
when the filament is on. When the filament is off (dark current, should be 65 uA +/10%).
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Once the filament is on, the fluorescent screen is illuminated green. If there is no
illumination, most likely reason is that the beam is focused on one of the intersections of
the grids on the TEM grid. Just move the trackball until green is seen. Reason 2 why no
beam is seen could be the magnification. If the instrument was left at really high
magnification (or the previous user did not set it to the default x10K) the beam may be
very dim, making it difficult to see. Reduce the mag. If a pin hole beam is seen, refer to
that section on resolving this issue. If there is still no beam, there could be too much
sample on the grid and the beam cannot penetrate to illuminate the screen. Switch out
samples. If there is still no beam after troubleshooting the above issues, the beam can be
misaligned or the filament could be dead. Check the emission current with the filament
fully on, if no current is observed, the filament is dead. Last thing to fully confirm that
the filament is dead is to increase the bias to a value of about 60 and observe whether the
current goes up. If a value above 70 is achieved and there is still no change in current or
green on the screen, then the filament is dead. Order a new one and replace or have
JEOL replace it.
If green is seen, concentrate the beam to the smallest, brightest spot using the
brightness knob. If it is off center, use the X and Y green knobs on both the left and right
panel to center the beam. Once the beam is centered, insert the condenser lens aperture.
For standard use, the middle aperture is ideal. Increase in aperture results in brighter
illumination, but poorer resolution. Smaller aperture is better for higher resolution
imaging, but the beam will be dimmer. The aperture is inserted by turning the silver
lever below the black condenser lens aperture knob to the left. The beam should become
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a bit dimmer and more circular. Once the aperture is inserted, turn the brightness knob to
make the beam the brightest spot and the smallest spot. Center again using the green x
and y knobs on the right and left panel. If the beam does not cross over at the same spot
then the aperture is misaligned. This can be resolved by going past crossover (make the
beam almost the same size as the fluorescence screen) and then bring the beam to the
center using the aperture alignment knobs on the aperture knob (they are on the front and
to the right of the aperture knob, see Figure B2 below). Once the aperture is aligned,
begin imaging. Search for particles on high or low mag (low mag further distances can
be traveled in shorter amounts of time). Once a region or particle or region of interest is
found, adjust the magnification using the magnification knob. As the magnification is
adjusted to higher mag, the beam will become dimmer, therefore simultaneously adjust
the brightness knob accordingly.

Figure B2: Anatomy of TEM aperture
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A good indicator of what will show on the CCD camera screen is the image seen
on the small fluorescence screen in the TEM (bring this up by pushing the lever on the
right of the viewing chamber back). Once the region of interest or particle is in the small
fluorescence screen, switch to viewing the region of interest or particle on the CCD
camera screen. Insert the camera by going to Camera>insert camera, then start the view.
Also pressing Start View will prompt camera insertion. Once the camera is inserted,
particles can be viewed by first making sure the beam is spread out so that it fills the
entire large fluorescence screen (ie is not too bright for the CCD camera) and then
pressing F1 on the right TEM panel. This will lift all florescence screens and allow the
particles to be seen with the CCD camera. An image on the CCD camera will be
produced and the focus can be adjusted using the course and fine focus knobs. If
focusing is difficult and cannot be arrived at, first try pressing the STD focus button on
the instrument panel (right) and it will reset the lens to start from a zero point of focus.
Press start acquire to acquire images. While acquiring/moving around the sample,
be conscious of the location on the grid. It is easy to get carried away and go off the grid.
Pay attention to the target on the navigation window in the TEM software. The memory
selection can be made on a specific spot to save a location.

B1.6 Selected area diffraction
To use diffraction, first obtain a focused image on a magnification within the
range of x30-120K. Once the area to diffract is selected, change the spot size to 4. This
will make a concentrated spot on the fluorescent screen that becomes very dim when the
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beam is expanded. Set the mag by pressing mag 1 and then going to the mag diffraction
will be conducted at. If mag 1 is not selected before setting the mag, the instrument (after
diffraction) will return to the last mag that it was set at. Once the mag is set, insert the
diffraction aperture, located to the upper left of the viewing screen. Once the aperture is
inserted press diffract. A pattern should be seen on the fluorescence screen, or at least a
very concentrated spot in the center of the grid. If the most concentrated spot is not
directly on the center dot on the fluorescence screen, press the PLA button on the left
panel and center the beam using the yellow shift x and y knobs. To acquire the
diffraction pattern, first move the beam block to cover the direct beam (knob on the left
side of the viewing chamber), and then dim the brightness until almost nothing can be
seen on the fluorescence screen. Next, lift the fluorescence screen using F1 to expose the
diffraction pattern to the CCD camera. Acquire an image of the DP over an exposure
time of 3 s. Make sure to immediately put the fluorescence screen down after the pattern
is acquired. Leaving the diffraction pattern on the CCD camera for too long can burn the
CCD pixels. To go back to imaging mode, place the fluorescence screen down, move the
beam block out of the way, press mag 1, remove the aperture, and then return back to
spot size 2, making sure the beam is centered after arriving back at spot size 2.

B1.7 Elemental Analysis (EDAX)
If elemental analysis is desired, the sample must be in the beryllium EDAX
holder, so that the TEM can obtain higher quality spectra. Also wait for the detector to
be cool before attempting to acquire a spectrum. After determining what particles are of
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interest, the hard x-ray aperture on the upper right side of the column must be inserted.
No further adjustments to this aperture besides insertion and removal should be done. Do
not attempt to center the aperture. Once the hard x-ray aperture is inserted, make sure
the fluorescence screen is down, and then press SCAN in the TEM software. This
inserts the STEM detector and allows a STEM image to be acquired as well as an
electron image in the EDAX software. Once pressing scan there is about a 20 second
delay between pressing the button and the detector moving into place. First a small circle
on the florescence screen that is shaking a bit will be seen, and then a square detector will
move in, blocking the circle. Then a blurry image on the TEM software screen will be in
the STEM view window. If no image is seen, first make sure that the STEM detector has
moved into place. Second thing to check is to use the course focus knob to check to see
if the image becomes clearer. Also check the magnification is not too high. If still no
image is seen, look at the contrast/brightness levels in the STEM image screen. These
numbers are usually around 1135 and the two dials are almost sitting on top of one
another. These should resolve any problems. Last ditch effort if still no clear image, is
that the EDAX software may still have control over the STEM detector, so you must
open the software GENESIS and RTEM. In the Genesis Maps/Line screen on the toolbar
you should see an EXT XY button. If this is clicked it switches between the EDAX
software having control over the STEM and the TEM having control over the STEM.
Once GENESIS and RTEM controller are open, click IN on the RTEM controller.
This moves the EDAX detector into place. This commonly causes a slight shift in the
image being acquired, but can be fixed easily with the trackball. After inserting the
192

RTEM controller, move into the GENESIS software and go to the Maps/Line tab. This
tab has everything needed to do a complete analysis. Click Collect electron image to
acquire an image to select areas to acquire spectra for. This takes 10 seconds and an
image on the screen should be seen. If it is solid black or solid white, there are
brightness/contrast issues. Hit EXT XY and adjust the brightness/contrast in the TEM
software STEM window to fix the issue. The brightness and contrast can be adjusted in
the EDAX software imaging window, but collect electron image must be clicked every
time in order to see the results of the adjustments. The STEM window in the TEM
software updates real-time which is more convenient.
Once an electron image is obtained, a spectrum can be taken in three diferent
ways. If nothing is selected it will scan over everything that is in the electron image. The
second choice is to select the square, and a square can be drawn on the particle. This
allows a smaller area to be imaged for spectra. The last way a spectrum can be acquired is
through a point, which is a crosshair on the toolbar. This seems to work best on very
small particles or very thin specimens that do not produce enough counts when scanning
a large area. Once the area is selected, hit Collect. This will start to produce a spectrum.
In the bottom left corner below the spectrum, a dead time is displayed. This value should
fall between 20 and 40%. The way that this can be adjusted if outside the desired
window is to adjust the spot size and the amp time. The spot size should be either 2 or 3.
2 is the normal spot size used for imaging, so typically this is the size spot used when
switching to EDAX. If this spot size is producing too much signal, switching to a spot
size of 3 will reduce the dead time. It is easier to use amp time to adjust the dead time.
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This value is in a drop down in the upper right hand corner of the EDAX Maps/Line
window. The longer the dead time the more signal it will acquire. If low dead times are
observed, using 102 uA will work best to acquire the most signal. To on a spot size of 2
and to reduce the signal, set the dead time to lower values, 25 and 12. If changing these
values still results in too much signal, the particles may be too thick to run proper
analysis.
Once spectra begin to acquire, peak ID can be selected to automatically identify
peaks. Sometimes this selects incorrect peaks due to the similarities in the x-ray energies
of elements. Manual selection of the elements contained within the sample can be done
below the collect button by clicking on the arrows that indicate expanding. If you select a
peak, the software presents a list of possible elements. Clicking the correct element in
the right column and then selecting add the peak selected in the spectrum window.
Continually add/delete all the correct peaks until the spectrum contains all the elements
that can possibly be in the sample (even consider possible contaminations!). Once all of
the elements contained within the sample are selected, the image and spectrum can be
saved together by printing the window as a PDF. The raw spectrum can be saved by
going to the spectrum tab, selecting File>import spectrum from> maps lines tab, and then
selecting save as CSV. Quantification of the elements within the sample is done by
clicking the Q above the spectrum and the software will present a list of elements and
their mass and atomic ratios present. This data must be copy-pasted into a text file to
save. If elements are/are not appearing in the quant list, hit Z-list (in between the two
columns used to select elements present in the spectrum) and the option to select/deselect
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elements is present. This will output the elements of interest. Once all standard EDAX is
complete, switch back to TEM mode by reversing the process. Remove the detector (if
forgotten it will automatically move out when the counts are too high), and then hit TEM
to go back to imaging mode. This usually ruins the focus. Continuing imaging with the
hard x-ray aperture still in is fine and only seems to interfere slightly if imaging on low
mag. The hard x-ray aperture must only be removed before shutting down the
instrument.
If mapping in EDAX is desired, after acquiring spectra, hit the collect maps
button. This will open up a box asking where to save the data (mostly the images are
what of interest). Choose and then clicking OK will initiate the acquisition of a map.
This is done typically for 50-100 frames, you can go up to 512, but for most purposes 50100 frames produces the best images if dead times on samples are within the 20-40
window. Once these are acquired the map no longer needs to be collected, hit the collect
maps button again and it will ask to end immediately or after the current frame.
Regardless all images/maps acquired during the time of acquisition will be saved to the
initially selected file location. Once complete, the colors attributed to the elements can
be changed by clicking on the map of that particular element and then clicking edit in the
menu/toolbar. There is not an extensive list, but the darker blues are hard to see, so
changing to yellow or pink, or any other color not already taken typically helps. Switch
back to TEM mode as normally explained after completing EDAX.
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B1.7 Saving TEM images
First create a folder to save images to. On the Gatan computer, the desktop has a
“User” folder. The files are organized by PI. To save images in the Gatan imaging
software, it is easiest to go to File > Global Info > Save Numbered and then choose the
file to save to. Organizing files by date and then subfolders identifying the samples is
useful when converting them after analysis.

B1.8 Switching samples/getting images off Gatan computer
Once done with all analysis for a sample, press MAG 2 to return the scope to 10K
and then press off on the filament and STAGE Neutral in the TEM navigation window.
Now the sample can be removed as described previously. Always pump down samples,
even if the sample is being run twice in one day. Pumping preserves the vacuum, which
is essential to regular and reliable TEM use.
To get images off the computer to a flashdrive, first convert the images to .jpg or
.tif. This can be done in the Gatan software by going to File > Batch convert. Find your
file with the images in them, and then click batch convert. If images were saved in a
folder with the date and then subfolders with sample names as the folder names, under
where you select the filepath for Batch conversion, only choose the date folder, and then
you can click convert subfolders to convert all the folders at once instead of converting
each folder individually.
To make images publishable, make the scale bar in the image fairly large and
place a white box behind the scale bar. This can be done in the Gatan software or in
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imageJ. To do this in the Gatan software, there are tools in the toolbar to draw shapes
and resize the scale bar by simply dragging the scale bar in the corner. This must be done
with the image opened as a .dm3 file (the native file format of the TEM). This image
format saves all information on the imaging conditions, so these files are very large. We
typically convert all files to .jpg to transfer images.

B1.9 Centering/realigning the aperture
When you see the beam bounce back and forth over the crossover point, this is an
indication that there is a misalignment of the condensing lens aperture. To center it, fil
the fluorescence screen with the beam as much as possible past crossover, and then
proceed to bring the beam back to the center using the knobs on the aperture. Do this on
both sides of crossover if needed to bring the beam back to the center point. If the
aperture is missing we received the following procedure from a JEOL technician:

1.) Remove aperture from beam path. Move lever to the right.
2.) Set magnification to ~1200
3.) Spread the beam to cover screen using Brightness control
4.) Turn lever to the left (beam now blocked by misplaced aperture)
5.) Turn knob “A (aperture adjustment knob)” clockwise until the edge of the
aperture blade is seen.
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6.) Turn knob “A” counterclockwise ¼ turn and cycling through knob “B (aperture
size dial)” until the beam is seen streaking through. Center the beam streak using
Knob “A”
7.) Set knob “B” to the largest aperture position
8.) Turn knob “C” to center largest hole. (Clockwise to move towards larger holes,
counterclockwise to move towards smaller holes).
9.) Cycle through knob “B” to verify that all 3 holes are seen.

B2 Troubleshooting and part information
B2.1 Compressed Air Shutdown
Compressed Air operates the gate valves that seal off the different vacuum
systems. If compressed air is being shut down, shut down the TEM (especially if it were
just overnight). When the TEM is shut down, all the gate valves close, sealing off the
different systems. If both the compressed air fails and the power fails, it could be
catastrophic for the TEM.

B2.2 Software Issues
Occasionally there will be issues with the software communicating with the instrument.
Examples:
•

Turning the instrument back on after shut down. The HT will read 120kV, even
though the HT was not ramped up. Solution: Try to schedule the HT from 0-80
kV like normal, it will either follow the schedule like normal, or will just shoot up
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to 120kV quickly. Click HT off, and then try to schedule the HT again. Repeat
this until the software behaves like normal. Most recently when this happened, the
HT scheduling would not grab hold, so schedule an increase in HT, then the
instrument responded and could schedule the HT again.
•

Sometimes the software quits itself overnight, opening up the software up in the
morning fixes this problem, all values typically read normal.

•

Once there was a problem where the software froze for a user in the middle of
operating the instrument with EDAX. In this case, manual shut down of the
instrument using the instrument buttons was used. On the left button panel there
is a button to shut off the beam. Then press the emergency shut down button. The
emergency shut down button shuts off the instrument and the water chiller
immediately. Normally (if the instrument shut down is not in emergency mode)
there is about a five-minute delay between the microscope having the power shut
off and the water chiller shutting off.

Whenever the instrument is shut off, allow an hour for all vacuum systems to
recover upon start up.
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B2.3 EDAX calibration
Use a Copper Al calibration grid (Ted Pella Product #634). In the EDAX Genesis
program go to Set up>Calibration panel and follow the steps in the software to calibrate
the EDAX. EDAX needs calibration when the HPD button that plots a theoretical
spectrum over the experimental spectrum that does not match up.
To calibrate: Insert calibration grid as the sample. Past calibration logs are saved
in C:/Windows>Calibration.csv. Calibration has to be done at every amp time the
instrument is run at (1.6-102.4)
First calibration was done at 51.2uA (doesn’t matter where you start), make sure
DT is between 20 and 40%. On spectrum tab>Setup, then calibration, panel pops up on
the Right
Counts 2000
Iterations=6
Click start and automatically starts measuring
Calibration complete box pops up, clicked ok.
Once calibration was complete, went back to maps/line box and adjusted DT for the new
Amp time to fall between 20 and 40%, repeated. If calibrations are not passing, run
calibrations at spot size 2 and x10K before entering scan mode. In scan mode use x250K.
Perform the calibration at different amp times, and run at whatever the default settings
within the software are for iterations and CTS. Ran at every AMP time (time constant)
and work until all successfully pass calibration. Note, lower time constants, typically
have low dead times (10%).
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B2.4 Operating at 80kV
Copy from 80kV folder on desktop “Reference Images”
Gatan C>Program files>Gatan>Digital Micrograph>Reference Images
Looking for 40 uA dark current
46-50 uA with beam on
Adjust the alignment and saturation of the beam using gun tilt and condenser align

B2.5 Cryogenic TEM
The equipment to run Cryo TEM as well as TEM with a heat stage is in the
cabinets in SERC 008. Received the following suggestions form applications engineer:
Make sure the liquid N2 dewar for the ACD stays filled. Transfer from workstation to
insertion should be quick to prevent frosting. May see a spike in the PEG, but that is
normal, just give some time to recover. Something with the minimum dose system, beam
blanking. Sample prep and sample holder operation is covered in manuals that
accompany the box and sample holder.

B2.6 Camera and Lens troubleshooting
Camera was jumping to room temperature after imaging for a few hours. Most
likely due to a problem with the water flow. If there were temperature problems, Gatan
should give an error message saying so. Water flow adjustment nozzles are to the left of
the TEM for the LENSES. When adjusting the water flow on the nozzles on the wall,
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pull the knob out to be able to turn the knob to adjust, then push it back in when the level
desired is set.

B2.7 Replacement of parts:
•

Filaments $1175/ea
Tip Shape: 90°, 15 umR Pointed
10-6 Torr or below – necessary vacuum level
cathode temp 1550°C or below
Denka LaB6 cathode specifications ß can order from JEOL
Orientation (100)
Grade: M3 LKS
Tip Shape: 90°, 15 umR Pointed
Filament Current @ 1550°C: 3.18 Å
Base # 203332

•

Water chiller pump $140 Haskris Pump 6370
Warning Diffusion pump heat on control monitor = water chiller made grinding
noise

•

EDAX error messages, resulted in a software issue, company was unable to
determine what it was, so they set up the software to run in a special way so the
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error would not pop up anymore. Worked, had to remote in via internet for
company to fix the problem.

B2.8 Replacing the filament
LaB6 – thermionic source – used as a cathode in a triode gun. Grid-Wehnelt cylinder
anode at earth potential.
Cathode is connected to the high voltage power supply. The LaB6 crystal is bonded to a
metal wire such as Rhenium, which is resistively heated to cause thermionic emission. To
get a controllable beam of electrons through the hole in the anode and into the
microscope itself, a negative bias to the Wehnelt cylinder is applied. As the emission
current increases, the Wehnelt bias increases. This is known as a self-biasing gun.
Operating at or below saturation optimizes beam life and gives optimum brightness.
When the bias is decreased, the if should be adjusted as well to ensure saturation is
reached, since the saturation condition will change with the changing bias.
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Figure B3: Instrument pieces used for filament replacement. A) Grounding rod to ground
gun upon gun venting. B) Guide plate for gun elevation C) Side view of
Whenelt/filament assembly. D) View down filament cap hole of Whenelt/filament
assembly E) Backside view of Whenelt/filament assembly.
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B2.9 Diffraction calibration
Calibration of JEOL JEM 1400 for Diffraction using Diffraction Standard from Ted Pella
(Product 619_Evaporated Aluminum)
Procedure:
Put aluminum grid in TEM. Set up TEM for diffraction. Obtain 3 diffraction patterns of
aluminum sample. Take average of 3 trials to determine if instrument is calibrated.
Allowed error in measurement (according to Product 619 Technical Note) = 1%
Use Image J to measure Ring diameter. Plug into Bragg equation to obtain d spacing.

Figure B4: Diffraction pattern of Al. Ted Pella Diffraction calibration grid
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B2.9.1 Calibration Results:
Miller Indices
111
200
220
311

Trial 1
2.368
(1%)
2.035
(1%)
1.442
(1%)
1.225
(0%)

Trial 2
2.344
(0%)
2.044
(1%)
1.437
(1%)
1.220
(0%)

Trial 3
2.338
(0%)
2.021
(0%)
1.431
(1%)
1.227
(0%)

Table B1: Experimental lattice spacing with (% Error) compared to accepted lattice
spacing

Table B2: Accepted lattice spacing (Product 619 Technical Note, Ted Pella)
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B2.10 Pinhole beam
Upon restarting TEM after power shut down could cause a pinhole beam. This is
due to most likely forgetting to flip the lens switch. In the click cabinet that contains the
TEM PC is a switch that says LENS on/off. It is always in the on position, so upon
restarting the TEM after power off, it needs to be switched off then on again. Doing so
should restore the beam back to normal shape. This switch can be flipped with the HT
on, do not to do it with the filament on.
If flipping the lens switch does not fix this problem, first check the Lens/deflector
monitor to see if the Lenses are receiving any current. If not, this could be due to an
electrical problem in the power supply. Call JEOL service. The time this happened,
there was a fuse blown (burned completely) in the power supply fuse bank (on the front
of the power supply). Fuse was removed and waited for JEOL service call.

B2.11 Complete shutdown due to user misuse
User inserted sample holder before intro chamber was completely pumped down
to proper vacuum level. TEM completely shut down, water chiller, pumps. Error
message thrown “Reserve Vacuum Tank Empty”. Upon this happening, the PC computer
was shut down. Next, the TEM was restarted, power on, flip lens switch and wait for 15
min before PC can be turned back on. TEM then was allowed to recover vaccum system
for the rest of day and possibly overnight, do this if it is late in the day. It takes about an
hour to recover all vacuum systems after complete shutdown. Occasionally it will take
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some time to recover the high vacuum level (especially after filament change). Once all
vacuums are recovered ok to use.

208

APPENDIX C
PERMISSIONS
4/18/2016

Temple University Mail  Using Article in Thesis

SAMANTHA L SHUMLAS <tuc72711@temple.edu>

Using Article in Thesis
Permissions Helpdesk <permissionshelpdesk@elsevier.com>
To: "Samantha L. Shumlas" <tuc72711@temple.edu>

Mon, Apr 18, 2016 at 11:54 AM

Dear Samantha,
As an Elsevier journal author, you retain the right to Include the arΆcle in a thesis or dissertaΆon (provided
that this is not to be published commercially) whether in part or in toto, subject to proper acknowledgment;
see http://www.elsevier.com/about/companyinformation/policies/copyright/personaluse for more
informaΆon. As this is a retained right, no wriΔen permission from Elsevier is necessary.
As outlined in our permissions licenses, this extends to the posΆng to your university’s digital repository of
the thesis provided that if you include the published journal arΆcle (PJA) version, it is embedded in your thesis
only and not separately downloadable:
19. Thesis/DissertaΆon: If your license is for use in a thesis/dissertaΆon your thesis may be
submiΔed to your insΆtuΆon in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertaΆons which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding insΆtuΆon with DOI links
back to the formal publicaΆons on ScienceDirect.
Best of luck with your thesis and best regards,
Laura
Laura Stingelin
Permissions Helpdesk Associate
Elsevier
1600 John F. Kennedy Boulevard
Suite 1800
Philadelphia, PA 191032899
T: (215) 2393867
F: (215) 2393805
E: l.stingelin@elsevier.com
Questions about obtaining permission: whom to contact? What rights to request?
When is permission required? Contact the Permissions Helpdesk at:
+18005234069 x 3808
permissionshelpdesk@elsevier.com

https://mail.google.com/mail/u/0/?ui=2&ik=4dbf8bc2fe&view=pt&search=inbox&msg=1542a14b20a3eee9&siml=1542a14b20a3eee9

209

1/2

210

211

212

213

214

215

216

217

11/17/2016

Rightslink® by Copyright Clearance Center

Title:

Author:

The “Best Catalyst” for Water
Oxidation Depends on the
Oxidation Method Employed: A
Case Study of Manganese
Oxides

Logged in as:
Samantha Shumlas
Account #:
3001019869

Ravi Pokhrel, McKenna K. Goetz,
Sarah E. Shaner, et al

Publication: Journal of the American
Chemical Society
Publisher:

American Chemical Society

Date:

Jul 1, 2015

Copyright © 2015, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to you because
no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.
If ﬁgures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use speciﬁed in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.
If credit is given to another source for the material you requested, permission must be obtained
from that source.

Copyright © 2016 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. Email us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServlet#formTop

1/1

218

11/15/2016

Rightslink® by Copyright Clearance Center

Title:

Author:

Coordination Geometry and
Oxidation State Requirements of
CornerSharing MnO6 Octahedra
for Water Oxidation Catalysis:
An Investigation of Manganite
(γMnOOH)

Logged in as:
Samantha Shumlas
Account #:
3001019869

Paul F. Smith, Benjamin J.
Deibert, Shivam Kaushik, et al

Publication: ACS Catalysis
Publisher:

American Chemical Society

Date:

Mar 1, 2016

Copyright © 2016, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to you because
no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.
If ﬁgures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use speciﬁed in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.
If credit is given to another source for the material you requested, permission must be obtained
from that source.

Copyright © 2016 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. Email us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServlet#formTop

1/1

219

11/20/2016

Rightslink® by Copyright Clearance Center

Title:

Molecular Catalysts for Water
Oxidation

Author:

James D. Blakemore, Robert H.
Crabtree, Gary W. Brudvig

Publication: Chemical Reviews
Publisher:

American Chemical Society

Date:

Dec 1, 2015

If you're a copyright.com
user, you can login to
RightsLink using your
copyright.com credentials.
Already a RightsLink user or
want to learn more?

Copyright © 2015, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to you because
no fee is being charged for your order. Please note the following:

Permission is granted for your request in both print and electronic formats, and
translations.
If ﬁgures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use speciﬁed in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.
If credit is given to another source for the material you requested, permission must be obtained
from that source.

Copyright © 2016 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. Email us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServlet#formTop

1/1

220

221

222

223

224

225

226

