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ABSTRACT

As the Earth's population increases and natural resources decrease in 

supply, the development of new methods for energy storage and the efficient 

production of industrial chemicals becomes ever more important to humanity. 

The development of new nanomaterials may offer technological advances in the 

fields of sustainable energy production and storage, chemical production, 

medicine, and many others. The emerging field of nanoscience blends chemistry, 

physics, and engineering to create new materials that take advantage of 

properties found only on the nanoscale. 

In this work, mesoporous silica spheres are used as a support for 

nanoparticles of palladium. This nanomaterial is shown to be an effective 

heterogeneous catalyst for the production of hydrogen peroxide from hydrogen 

and oxygen gases. This direct formation offers a more efficient route to the 

production of this important industrial feedstock without the use of 

anthraquinones, a class of organic chemicals used in current industrial 

production.

Graphene has received much attention in the last decade as a 

nanomaterial with many potential applications. Intense study of this one-atom-

thick carbonaceous material has resulted in the publication of more than 7,000 

journal articles in the year 2011 alone. Our work has focused on the chemical 

modification of graphene oxide to produce lithium-functionalized nanomaterials. 

As a two-dimensional scaffold, this material may have applications in hydrogen 

fuel cells and other advanced materials.
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CHAPTER I 

INTRODUCTION AND BACKGROUND

Nanomaterials: A Definition 

The  term  "nanomaterial"  is  used  to  describe  a  broad  subset  of 

scientifically important materials. The material's size is of the most importance in 

determining whether or not the prefix "nano-" should be attached, but this is not 

the only consideration. Nanomaterials may be considered those that are of the 

scale 1 to 100 nanometers, or 1x10-9 to 1x10-7 meters, but this does not paint a 

complete picture of what encompasses a nanomaterial.  

There are certainly many molecules that exceed 1 nanometer in diameter 

that  would  not  be  considered  a  nanomaterial.  Porphyrins,  for  example,  are 

relatively large molecules (some more than 1 nm in diameter and comprised of 

more than 100 atoms), but these are seldom referred to as nanomaterials. The 

difference largely lies in the fact that molecules act individually. In the case of 

many porphyrins, the center of the molecule acts as an Lewis base, donating 

electron density to metal atoms. Outer regions of the molecule may act to further 

stabilize this interaction or aid in the molecule's solubility. The point is that the 

molecule acts largely on its own, and doesn't necessarily act in concert with any 

neighboring  porphyrins.  This  is  an  individual  molecule,  not  a  nanomaterial,  

regardless of its size.  
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On  the  other  end  of  the  "nano"  length  scale,  many  particles  of  100 

nanometers or less may still behave largely in the same way as bulk materials. 

Lead sulfide, for instance, in the solid state may be created in particles ranging 

from much greater than 1 micron to less than 5 nm in diameter. While these 

particles  between 5 and 100 nm may all  fit  into  the size  range to  be  called 

"nano",  those particles toward the smaller end of the scale behave differently 

than those nearer 100 nm. The difference lies in the particle surface area.

Surface phenomena are the major factors in nanochemistry. Atoms at the 

surface of a particle are more reactive than those on the inside. These surface 

atoms are often chemically unsaturated - that is, they have open coordination 

sites and could gain stability by reacting with additional atoms. The smaller PbS 

particles have much greater surface areas per volume than the larger particles. 

Above 100 nm in diameter, particles of crystalline PbS contains less than 5% of 

all atoms on their surface, but for particles below 8 nm, more than half of the 

atoms  lie  on  the  surface1.  These  surface-dominated  particles  are  far  more 

reactive  than the  relatively  inert  bulk  material  and have seen recent  uses in 

photocatalysis2 and in emerging solar cell technology3. PbS particles above 100 

nm behave  similarly  to  the  bulk  material  and  show no  chemical  or  physical 

properties that suggests they would require a different nomenclature from that of 

much larger particles.

Exceedingly thin films may be very large in two dimensions, but still gain 

acceptance into the realm of nanoscience. Nanowires and nanotubes, similarly, 
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may be relatively  lengthy  in  one dimension,  but  less  than one nanometer  in 

diameter. These nanomaterials often have very different physical properties than 

their bulk counterparts4. As these examples show, a nanomaterial is one whose 

properties  are  governed  by  the  effects  of  quantum  confinement  and  large 

surface-to-volume ratios, not simply one that fits into an arbitrary size range.

Uses and Importance of Nanomaterials

Ubiquity and Diversity of Current and Future Applications

Nanomaterials are increasingly used in medical and technical applications. 

From  the  drugs  that  enter  our  bodies  to  the  exhaust  that  leaves  our  cars' 

tailpipes,  nanomaterials  color  our  everyday  lives  in  many  ways.  Gold 

nanoparticles have been used since ancient times in China and Egypt to color 

ceramics1.  Nanoparticles may be used to target specific parts of the body and 

release drugs more steadily over time than traditional methods, as is the case of  

cadmium  sulfide-capped  mesoporous  silica  spheres  that  have  been  used  to 

deliver drugs into nervous system tissues5. Another medicinal use involves the 

selective heating of nanoparticles attached to tumor cells. Gold nanoparticles are 

heated using an infrared laser that does no damage to surrounding tissues. As 

the gold particles absorb the infrared photons, they release heat that destroys the 

cancer  cells6.  Nanotechnology  has  been  applied  to  vehicle  exhaust  systems 
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design, resulting in lower carbon monoxide emissions and allowing for the use of 

less precious metal within the catalytic converters7.

Perhaps the most important applications of nanomaterials are those yet to 

be fully developed.  Titania nanoparticles in dye-sensitized solar cells offer the 

prospect  of  significantly  greater  energy  production  than  traditional  crystalline 

silicon solar panels8. A revolution in computer memory size may be realized by 

taking advantage of the spin-orbit coupling effect of semiconducting nanowires9. 

Further improvements in miniaturization and performance of computers and other 

electronics could also be realized through the use of graphene nanosheets and 

nanotubes, due to their high conductivity and speed of electron transport10.

Nanoscale Heterogeneous Catalysis

Catalysts containing metal and metal oxide nanoparticles are ubiquitous in 

chemical  manufacture  but  are  also  used  increasingly  in  our  daily  lives. 

Nanoparticles of vanadium oxides deposited on titania, silica, and other support  

materials have wide industrial applications in the oxidative dehydrogenation of 

alkanes to form olefins11. Nanoparticles of chromium supported on porous silica, 

which is known as the Phillips catalyst, is used for the industrial preparation of 

polyethylene12.  The  production  of  olefins  from  synthesis  gas,  which  may  be 

obtained from biomass and other sustainable resources, may be accomplished 

using iron nanoparticles supported on alumina and carbon supports13.  

4



Apart  from  the  chemical  industry,  nanoparticles  of  platinum,  rhodium, 

cerium, barium, zirconium, lanthanum, and their oxides are used as catalysts to 

clean vehicle exhaust7,14. Nanoparticles of gold bound to titanium oxide are used 

in paints to catalytically clean carbon monoxide from the air14. 

Hydrogen Storage Materials

Electric  motors  operated  by  hydrogen  fuel  cells  offer  the  potential  to 

replace  petroleum-based  internal  combustion  engines  in  our  automobiles, 

offering  zero  emissions  at  the  tailpipe  and  the  potential  to  reduce  our 

dependence on fossil fuels. Among the greatest challenges in making hydrogen 

a competitive energy storage material is finding a suitable way to store hydrogen 

on board  the  vehicle.  A  great  deal  of  research is  currently  underway to  find 

nanomaterials that offer the ability to store large amounts of hydrogen within a 

small volume and will allow for efficient, repeatable adsorption and desorption of 

hydrogen. 

The  US  Department  of  Energy  (DOE)  has  set  forth  requirements  for 

potential  hydrogen  storage  materials  related  to  their  hydrogen  uptake  as  a 

percentage of weight and volume15. These targets are used as goals for research 

projects  and have been revised as  more  studies  have been completed.  The 

target  weight  percentage  of  hydrogen  was  4.5%  in  2010,  with  5.5%  being 

targeted for 2017, with an "ultimate" goal set at 7.5%. Volumetric capacity targets 
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for the same time periods have been set at 0.028, 0.040, and 0.070 kilograms of 

hydrogen  per  liter.  It  is  useful  to  note  that  these  are  system  requirements,  

including  the  weight  and  volume  of  storage  containers,  valves,  and  related 

equipment. Any system that meets the targets must therefore contain a storage 

material that far exceeds them.

Instrumentation

A  diverse  array  of  analytical  techniques  are  used  in  the  study  of 

nanochemistry, from electron microscopy to adsorption isotherms. Many of the 

instruments required for these analyses are available either within the University 

of Tennessee Department of Chemistry, Department of Material Science, or at 

the  nearby  Oak  Ridge  National  Laboratory.  These  tools  are  essential  to  the 

development  of  a  true  understanding  of  nanomaterials,  as  any  one  of  these 

techniques can only provide an incomplete picture. It is important to understand 

nanomaterials on many length scales.  Scanning electron microscopy (SEM) may 

provide information about particle size and shape, but infrared spectroscopy (IR) 

and x-ray photoelectron spectroscopy (XPS) provide details about the bonding 

energies  between  individual  atoms  of  the  particle.  It  is  only  through  careful  

analysis of these complementary techniques that a complete understanding may 

be gained. 
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X-ray Powder Diffraction (XRD)

Powder diffraction of x-rays is a critical method of analysis in inorganic 

chemistry.  Characterization  of  crystalline  sample  materials  yields  lattice 

parameters  for  the  material,  allowing  for  the  identification  of  crystal  phases, 

measurement of alloy composition, preferred orientation, particle size, and other 

structural information. Its use herein will be more limited in application: spacing 

between graphitic planes will be derived from the angle of x-ray diffraction. The 

relationships between this lattice spacing, d, the wavelength of x-ray radiation, λ, 

and the angle of diffraction, θ, is described by Bragg's law:

λ=2d sinθ

It is also pertinent to discussions herein that particle size is inversely proportional 

to  diffraction  pattern  linewidth.  This  relationship  is  described  by  Scherrer's 

equation:

B=
0.9 λ

t cosθ

where B is the full width at half maximum of the diffraction peak in degrees 2θ 

and t is the diameter of the crystallites. 0.9 is a form factor used for particles of 

undetermined shape, but other numbers between 0.62 and 2.08 are used for 

particles of known  shape 16-19.

Powder diffraction patterns presented herein were collected on one of two 

instruments. The primary instrument is a Philips PW1729 x-ray generator with Cu 

Kα source operating at 20 kV and 15 mA equipped with a capillary sample holder 
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stage and operated in the transmission mode. Powder samples are mounted in a 

0.5 mm ID glass capillary, rotated at 1.0 rpm. The diffracted beam is detected by 

an INEL CPS120 constant position gas-filled transducer,  operated under 15% 

ethane in argon, with 9.5 kV applied potential. This stationary 120° detector is 

positioned to detect scattered intensity in the range of 5º to 125º 2θ.

The second instrument used for the collection of x-ray diffraction data is a 

PANalytical Empyrean powder diffractometer. This instrument contains a Cu Kα 

x-ray source operating at 45 kV and 40 mA. The instrument employs Bragg-

Brentano  geometry  operating  in  reflection  mode,  with  a  germanium  incident 

beam monochromator and a PIXcel3D charge-coupled device (CCD) detector.

 Small Angle X-ray Scattering (SAXS)

Due to the inversely proportional relationship between scattering angle θ 

and d-spacing, low scattering angles can yield information about relatively large 

structural features compared to traditional x-ray powder diffraction. Scattering at 

small  angles is  frequently  used to  measure nanoparticle  size20 and repeating 

nanoscale features including mesoporous networks21-23.

SAXS  data  was  collected  on  a  custom-built  instrument  produced  by 

Molecular Metrology that includes a Cu Kα radiation source operated at 45 kV 

and 0.66 mA, a two-dimensional Gabriel wire detector, and two available sample-

to-detector  path lengths  of  0.5 and 1.5 m.  The instrument  is  operated under 

dynamic vacuum to reduce air scatter. Powder samples are mounted between 
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pieces of clear adhesive tape, which is a poor x-ray scatterer and can easily be 

subtracted from background intensities.

Solid-State Nuclear Magnetic Resonance

Nuclear  magnetic  resonance  (NMR)  spectroscopy  is  an  analytical  tool 

based on the interaction of nuclear spins with a magnetic field. Within a strong 

magnetic  field,  nuclear  spin  states  are  separated  into  energy  levels.  Nuclear 

spins may be excited into higher energy levels by absorption of photons in the 

radio frequency range, resulting in characteristic absorption spectra.  

Since its development in the late 1940's,  NMR has developed into the 

central source of chemical  identification in most branches of chemistry. In the 

fields  of  organic  chemistry,  inorganic  chemistry,  and  biochemistry,  no  other 

analytical tool is of greater importance. In the analysis of nanomaterials, it often 

serves a slightly less central role. For most chemical applications, the sample 

preparation involves preparing a dilute solution of the analyte within a glass tube. 

Many nanomaterial samples have poor solubility in standard NMR solvents as 

well as highly reactive surfaces, resulting in the necessity to use solid-state NMR 

techniques. 

Solid-state NMR (and NMR in general)  relies upon the Zeeman effect, 

which is the splitting of energy levels (in this case nuclear) in the presence of a 

magnetic field. The population of nuclei in the higher and lower energy states are 

nearly equal at room temperature, based on the equation:
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N upper /N lower=1−2μ B0/kT

where Nupper and Nlower are the number of spins in the upper and lower energy 

levels, µ is the magnetic moment of the nucleus, B0 is the applied magnetic field, 

k is the Boltzmann constant, and T is the temperature of the nuclear spin system. 

For  1H nuclei in a 9.39 Tesla magnetic field at room temperature, the value of 

Nupper / Nlower is roughly 0.99994, meaning that for every 1,000,000 nuclei in the 

sample,  the  difference  in  unperturbed  populations  is  six  nuclei.  Since  the 

magnetic moment in the direction of the applied field of the excited state cancels 

that of the ground state, only six in 1,000,000 hydrogen nuclei are capable of 

creating a measurable signal by absorbing radio frequency energy24. While this 

signal can be increased by increasing the applied magnetic field or decreasing 

the temperature, modern spectroscopy uses resonance techniques to polarize all 

of  the  spins  in  the  lower  energy  state,  resulting  in  a  much  larger  net 

magnetization in a direction perpendicular to the applied magnetic field24. 

The  analysis  of  solid-state  samples  presents  unique  challenges  to 

produce  narrow,  highly  resolved,  individual  peaks  characteristic  of  spectra 

obtained from samples in solution. The main contributors to the broadening of 

spectral lines obtained from solid samples are chemical shift anisotropy, static 

dipolar  interactions,  and,  in  the  case  of  many  samples,  quadrupolar 

interactions25. In solution and gas phase studies, molecules within a sample are 

assumed to rapidly rotate independent of one another. The result of these rapid 

reorientational motions is to average out any differences in shielding about the 
10



nucleus of interest. Hence the measured spectrum will appear as a well-resolved 

average of the many possible orientations of the nuclei present in the sample. In  

most  solid  samples (especially  at  low temperatures),  molecules  do not  freely 

rotate, resulting in a variety of possible molecular orientations being represented 

in an obtained spectrum. This results in a broad, poorly resolved set of peaks of  

low intensity.  Similarly,  dipolar  interactions  between nuclei  in  the  sample  are 

affected  by  the  orientation  of  each  nuclear  spin  with  regard  to  each  other.  

Because solid samples may have nuclei  with  many orientations,  the possible 

dipolar interactions may span many kilohertz in energy, which also will result in 

the broadening of the observed spectral peaks. Quadrupolar interactions include 

those effects caused by nuclei  with non-spherical electric charge distributions, 

which,  in  a  solid  sample,  may have many possible  orientations.  Magic angle 

spinning (MAS) is a technique frequently used in solid-state NMR to effectively 

remove these contributions to line broadening. The functional form that describes 

these effects contains an anisotropic (angular-dependent) term that includes the 

factor (3 cos2 θ-1). The “magic” angle is the angle θ which causes this term to be 

zero26. Hence when the NMR sample is spun at the "magic" angle of 57.47º with 

respect to the static magnetic field, the chemical shift anisotropy, static dipolar 

interactions,  and  first-order  quadrupolar  contributions  to  the  line  broadening 

effectively disappear, if the sample is spun at a significantly high rate. With these 

three  contributions  removed,  a  major  improvement  in  spectral  resolution  is 

realized27.
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All solid-state NMR spectra presented herein were collected on a Varian 

INOVA 400 MHz instrument with a wide-bore, 9.392 T magnet. The system is 

equipped  with  a  Chemagnetic  5  mm MAS probe  capable  of  12  kHz  sample 

rotation with proton and broadband multinuclear channels.

Vibrational Spectroscopy

Infrared and Raman spectroscopy are useful, complementary tools in the 

analysis  of  nanomaterials.  Both  techniques  use  a  light  source  to  probe  the 

vibrational energies of a studied material, providing information on the presence 

of functional groups as well as other information about the material.

Active vibrational modes for infrared spectroscopy are those which result 

in a change in the studied molecule's electric dipole moment. For a vibrational 

mode to be Raman active, that vibration must result in a change in the molecule's 

polarizability within an electric field. Molecular symmetry governs which modes 

affect a molecule's dipole moment and polarizability, but when the samples being 

studies  are  nanoparticles  with  many  hundreds  of  atoms  rather  than  single 

molecules, symmetry is generally very low, yielding all  vibrational modes both 

infrared and Raman active.

Infrared spectrometers use a light source with wavelengths between 2.5 

and 15 micrometers. Photons in this frequency range are in an energy range 

needed  to  activate  vibrational  modes  present  in  the  sample.  The  instrument 

compares the intensity of light from the source to the intensity of light passed 
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through the sample and plots the difference between the two (absorbance) as a 

function of energy, which is traditionally reported in wavenumbers (cm-1).

Raman  spectroscopy  utilizes  a  higher  energy  light  source  of  a  single 

frequency, usually in the visible range. When the sample is illuminated, the vast 

majority of light passes through the sample unaffected. Less than 1%, however, 

is scattered in all directions. Light that scatters at the original frequency is known 

as Rayleigh scattering. This makes up the majority of the scattered light.  A small  

amount,  however,  has  a  frequency  that  varies  from  the  incident  light  by  an 

amount equal to the vibrational energies of the sample. This scattering is known 

as Raman scattering,  and may be either  higher  or  lower  in  energy than the 

incident light. Of this Raman scattered light, light that is scattered at a reduced 

energy is called Stokes radiation and light scattered at increased energy is called 

anti-Stokes radiation28.

Raman spectroscopy was performed using a JY-Horiba T64000

spectrometer equipped with a 514.5 nm edge filter, 600 gr. mm -1 grating, 514.5 

nm laser excitation and CCD detector. The incident laser beam was focused onto 

the sample materials through a 50X objective forming a laser spot size of 2 μm. 

The instrument resolution is approximately 2 cm-1.

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)

ICP-OES is a method for elemental quantitative analysis. Dilute aqueous 

samples may be measured against calibration standards for most elements of 
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the  periodic  table,  though  the  technique  is  most  often  used  for  metal 

concentration  determination.  An  argon  plasma  is  used  to  ionize  atoms  from 

within  a  sample  solution,  yielding  element-specific  emission  spectra.  These 

characteristic  spectra  are  measured  by  a  visible  wavelength  spectrometer. 

Comparisons of sample emission spectra versus spectra recorded for calibration 

standards yield highly accurate concentrations27. ICP-OES was performed on a 

Perkin Elmer Optima 2100 DV instrument.

X-ray Photoelectron Spectroscopy (XPS)

XPS provides information about atoms located in the surface region of 

sample by collecting with electrons emitted from depths of approximately 1 to 3 

nm for most materials29. Not only is elemental data provided, but also information 

about the chemical environment experienced by atoms present at the material  

surface.

To obtain this information, samples are bombarded with x-rays held within 

an ultrahigh vacuum chamber. The interaction of the x-ray photons with atoms 

within the sample causes electrons to be ejected. The kinetic energy of these 

ejected electrons is measured, yielding information about the atom from which 

the electron originated. The binding energy (EB) of the ejected electron can then 

be calculated using the following equation:

E B=hν −KE e−W
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where  hν is the energy of the incident x-ray,  KEe  is  the kinetic energy of the 

ejected electron and  W is the work function of the XPS instrument, all three of 

which are known29. 

XPS measurements were taken on a Thermo Scientific K-alpha instrument 

with Al Kα radiation source located at the High Temperature Materials Laboratory 

at Oak Ridge National Laboratory (ORNL).

Scanning Electron Microscopy (SEM) and Transmission Electron  

Microscopy (TEM)

SEM and TEM are useful tools for the study of materials, yielding images 

of materials with great detail as to their complex surfaces that may be impossible 

to obtain otherwise. SEM is the technique of lower resolution, offering information 

on the order of tens of nanometers and above, while the most advanced TEM 

instruments are capable of atomic resolution.

In both SEM and TEM, an electron gun is focused on a sample through 

the  use of  magnetic  lenses.  Electrons,  accelerated through a large potential, 

bombard the sample under vacuum. In TEM, electrons transmitted through the 

material are measured, while in SEM, backscattered electrons and less energetic 

secondary electrons ejected from the material's surface are measured27. Unlike 

the transmitted electrons in TEM, these backscattered and secondary electrons 

contain  no  direct  information  about  the  sample  material.  An  SEM  image  is 

instead  produced  by  measuring  reflected  intensities  in  all  directions  at  each 
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location on the sample, which are then added together to form an intensity map 

of the material surface27.

SEM was performed using a Hitachi S4700 at the Center for Nanophase 

Material Science at ORNL.  TEM was performed within the Material Science and 

Technology Division of ORNL using a VG Microscopes HB603A operating at 300 

kV.  The microscope has a Nion spherical aberration-corrector and can obtain a 

resolution below 0.8 Å30.

Adsorption Isotherm

Adsorption  isotherm  measurements  allow  for  a  detailed  view  of  the 

interactions between a solid substrate and an adsorbed gas. Small molecules are 

adsorbed  from the  gas  phase  onto  the  surface  of  a  sample  material  at  low 

temperature.  The  subtle  changes  in  overpressures  of  the  adsorbed  gas  are 

recorded  and  plotted  versus  the  number  of  moles  of  gas  introduced  to  the 

sample. These plots quantify the amount of gas adsorbed by the sample, and 

when coupled with  information about  the size  of  the gas molecule  used,  the 

surface area of the studied material can be determined.

Adsorption isotherm measurements reported herein were performed using 

a high-resolution volumetric adsorption isotherm systems designed and built by 

the group. These systems contain a gas handling manifold equipped with air-

actuated  valves,  a  sample  cell  with  mounted  temperature  probe,  a  helium 

compressor, displex, temperature controller, pressure transducer, turbomolecular 
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vacuum pump, and proprietary software created using the LabView programming 

language31.
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CHAPTER II 

THE DIRECT FORMATION OF HYDROGEN PEROXIDE

Motivation

Current Methods of Production

Hydrogen  peroxide  is  an  important  industrial  feedstock,  with  nearly 

700,000 tons of H2O2 consumed in the year 2000 in North America alone32. The 

major use of H2O2 is as a bleaching agent in the production of paper. It is also 

used to bleach textiles, as an oxidant in the industrial production of chemicals,  

and as a reducing agent in the treatment of waste water containing hypochlorite 

and other strong oxidizers32. 

The vast majority of H2O2 is produced by variations of the Riedl-Pfleiderer 

process, developed in Germany during World War II. This process relies on the 

oxidation  and  reduction  of  anthraquinones,  a  class  of  aromatic  organic 

compounds shown in scheme 1. At elevated temperature and pressure, O2 and 

anthrahydroquinone react to form H2O2  and anthraquinone. Anthrahydroquinone 

is  then  regenerated  by  the  reduction  of  anthraquinone  with  H2 and  a 

heterogeneous Pd catalyst. Unwanted side reactions include the reduction of the 

unsaturated  aromatic  portions  of  anthrahydroquinone  molecules  which 

decreases the rate of H2O2 production. Regeneration of anthraquinone starting 

materials  is  therefore  important  to  the  manufacturing  process  and  has  been 
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studied extensively by the chemical industry, including Mitsubishi33, FMC34, and 

Du  Pont35.  The  regeneration  process  is  resource  intensive,  utilizing  organic 

solvents and reagents as well  as oxidation catalysts  to  reform the expensive 

anthraquinone species.

Heterogeneous Catalysts for Direct Formation

The direct formation of hydrogen peroxide from H2 and O2 gases has been 

known for at least 50 years36. In the past ten years, advances in the production of 

catalysts have made this method of production ever more viable as an industrial 

option37-46.  Scheme 2 shows the simple reaction scheme. The pathway to this 

formation involves the dissociation of H2 to form a metal hydride intermediate at 

the  catalyst  surface,  which then reduces molecular  oxygen to  form hydrogen 
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peroxide.  Catalysts  chosen  for  this  reaction  therefore  require  an  affinity  for  

molecular  hydrogen  and  are  generally  made  from  palladium,  gold,  or  a 

combination of the two.

The reaction is generally carried out in aqueous or organic solution, with 

the  gaseous  starting  materials  bubbled  through  the  liquid  phase.  The  metal 

catalyst  is  most  often  supported  on  a  metal  oxide  or  carbonaceous  support. 

Studies  have  found  that  bromide  salts  may  act  as  a  promoter,  which  can 

increase the  rate  of  conversion  and  selectivity  toward  production  of  H2O2 by 

poisoning the catalytic production of H2O37. It has also been shown that choice of 

solvent also affects both conversion and selectivity with a mixture of ethanol and 

water yielding the greatest results37. The presence of acid in the reaction solution 

has been shown to decrease the base-catalyzed decomposition of H2O2,  with 

phosphoric  acid  being  an  advantageous  choice  because  phosphate  ion  is 

frequently used as a stabilizing agent in H2O2  solutions37.

The role of the transition metal catalyst in the direct formation of the gases 

tinto  H2O2 has  been  shown to  proceed  without  the  dissociation  of  molecular 

oxygen into individual atoms46 and is thought to contain an HO2 intermediate36. 
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These observations are consistent with a reaction mechanism that involves a 

three-step  process  as  depicted  in  scheme  3.  The  first  step  is  the  oxidative 

addition  of  H2 onto  the  palladium  catalyst,  which  results  in  cleavage  of  the 

molecular hydrogen bond to form a dihydride upon the catalyst surface. Step two 

requires  the  1,2−insertion  of  molecular  oxygen  into  one  of  the  Pd−H bonds, 

resulting in the formation of a Pd−O−O−H intermediate. The final step would be 

the  release  of  H−O−O−H  by  the  reductive  elimination  of  −O−O−H  and  the 

remaining hydride from the palladium surface.

Catalysts  in  the  literature  most  often  involve  supports  made  from 

carbon37,43-45 or  oxides  of  aluminum37,43,  cerium37,  iron37,  magnesium43,  or 

titanium37,43.  Very  little  attention  seems  to  have  been  paid  to  silica-based 

supports, specifically those with exceptional surface area38-42. The work described 

herein has focused on this area, with a high surface area support of palladium 

nanoparticles being investigated as a potential catalyst for the direct formation of 

H2O2.
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Synthesis

Mesoporous Silica Substrate

In  our  laboratory46,  mesoporous  silica  spheres  have  been  prepared 

following  a  well-known  protocol1,47.  This  method  uses  the  combination  of  a 

micellular  formation  technique  and  standard  sol-gel  methodology  to  create 

organic micelles around which silica spheres are formed. Micelles are formed by 

the  dissolution  of  a  surfactant,  in  this  case  hexadecyltrimethyl  ammonium 

bromide  (CTAB),  in  water.  This  amphiphilic  salt  contains  a  16-carbon 

hydrophobic "tail" attached to a hydrophilic ammonium bromide "head"  as shown 

in figure 1. If the CTAB concentration is great enough, the non-polar tail sections 

align such that their exposure to water is minimized by forming tubes, with the 

positively charged ammonium head of each molecule facing outward towards the 

aqueous solution. Tetraethyl ortho-silicate (TEOS) and a base (often ammonium 

hydroxide) are added to the solution, gradually forming spheres of condensed 

silica as the ethyl ligands of TEOS are hydrolyzed by the basic solution. Micelles,  

already present in the solution, are incorporated into the silica spheres as they 

form and result in a hexagonal arrangement within the particle. These spheres 

are  collected,  washed,  and  calcined  to  remove  the  organic  micelles,  leaving 

behind hexagonally arranged pores within the silica spheres. 

During a typical synthesis of silica spheres as depicted in scheme 4, a 

2000 mL round-bottom flask is equipped with a Teflon-coated, magnetic, stir bar. 
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In this vessel, 58.5 mL of NH4OH (14.8M, Fisher, ACS Plus) is dissolved in 1100 

mL  of  deionized  water.  After  this  basic  mixture  is  vigorously  stirred  for  five 

minutes, 3.02 g of CTAB (99+%, Sigma) is added slowly to ensure complete 

dissolution of the salt. After another hour of stirring, 14.7 mL of TEOS (99.0+%, 

Fluka)  is  added  dropwise  into  the  solution.  This  mixture  is  allowed  to  stir 

overnight as a milky white precipitate forms in the flask. On the following day, the 

mixture is filtered via a fine glass frit using a vacuum aspirator and side-armed 

Erlenmeyer flask. A white solid is collected atop the frit, which is washed with five 

15 mL aliquots of deionized water and two 15 mL portions of 190 proof ethanol.  

The product is further dried overnight at ~35  °C, then calcined in air using the 

following temperature profile: room temperature to 120 °C over thirty minutes, 

held at 120 °C for five hours, then heated to 550 °C over seven hours, where it is 

held for eight hours more before returning to room temperature.
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Figure 1: The amphiphilic CTAB molecule 
contains an ionic "head" and a non-polar 
"tail". 



Palladium Nanoparticle Impregnation

Palladium nanoparticles  are  formed within  the  mesopores  of  the  silica 

spheres  by  dissolving  a  palladium salt  into  a  solvent  in  the  presence  of  the 

spheres, followed by evaporation of the solvent to immobilize the metal salt. The 

salt  is  then converted to zero-valent  palladium metal  by reduction of  the salt  
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through either thermal or chemical methods. Heat treatment results in sintering of 

the metal to form nanoparticles within the pores, which act as a template that 

controls the ultimate size of the metal nanoparticles.

In a typical preparation, as depicted in scheme 5, 5 mg of palladium(II) 

acetate (trimer, 98+%, Strem) is added to 170 mg of calcined mesoporous silica 

spheres, prepared as described above. The metal salt is dissolved in roughly 10 

mL of acetone (99+%, Fisher) in a 50 mL round-bottom flask with 24/40 ground 

glass  neck.  The  flask  is  placed  in  an  ultrasonic  bath  for  30  minutes,  then 

attached to a rotary evaporator, where the solvent is removed at 40 °C under a 

mild vacuum over one hour.  A homogenous, light yellow powder is obtained, 

which is placed in a 2 cm-long boat-shaped vessel within a flow-through quartz 

reaction  tube.  This  tube,  including  the  palladium-containing  silica  spheres,  is 

placed in a furnace and purged of air with 4% hydrogen in argon (UHP, Airgas) 

for 10 minutes. The furnace is heated to 250 °C for 2-3 hours while a modest flow 

(roughly 10 sccm) of hydrogen/argon gas is passed through the tube, yielding a 

gray powder which has been determined to be fully reduced Pd0 nanoparticles 

within the mesoporous silica spheres.

25



Chitosan-Chelated Nanoparticles

Chitosan  is  a  water-soluble,  long-chained,  linear  polysaccharide 

comprised of random units of glucosamine and its N-acetyl derivative, with a high 

abundance of free amine groups (see Figure 2) derived from chitin, a protein 

found in the exoskeleton of crustaceans48. Due to its strong tendency to complex 

with metal ions, insolubility in the vast majority of solvents and its physical and 

chemical  versatility,  chitosan  has  been  increasingly  used  in  the  synthesis  of 

nanocatalysts49-51.
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To  compare  its  effect  on  catalytic  activity  to  our  previously  prepared 

catalyst, chitosan was incorporated into the pores of mesoporous silica spheres 

prior to introduction of palladium, as shown in scheme 6. In a typical preparation,  

90 mg of dry, calcined mesoporous silica spheres were placed in a 50 mL round-

bottom flask along with 5.9 mg of chitosan (avg. mol. wt.: 1,000 - 3,000 g/mol, 

Kitto Life Co., Kyongki-Do, S. Korea). To this dry mixture, 25 mL of deionized 

water was added. The flask was placed in an ultrasonic bath for 90 minutes to 

allow  for  the  dissolution  of  the  water-soluble  chitosan.  A  translucent  yellow 

solution was observed,  with white  silica particles settled at  the bottom of the 

flask.  The  flask  was  fitted  to  a  rotary  evaporator  where  solvent  was  slowly 

evaporated under  a mild  vacuum at  40  °C,  leaving only  a  homogenous pale 

yellow powder, which is further dried at 70° overnight to remove any residual 

water.

Palladium is incorporated without disturbing the previously added chitosan 

by taking advantage of the insolubility of chitosan in organic solvents, including 

acetone.  To  95  mg  of  the  chitosan-incorporated  silica  powder,  3.0  mg  of 

palladium(II) acetate was added in a 50 mL round-bottom flask along with 25 mL 
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Figure 2: Chitosan is a polysaccharide with 
free amine groups which may be used to 

chelate to transition metals



of acetone (ACS grade, Fisher). The mixture was again placed in an ultrasonic 

bath  for  90  minutes  and  solvent  was  removed  through  the  use  of  a  rotary 

evaporator.  

Once thoroughly dried, the pale yellow powder was placed into a sample 

boat within a quartz flow tube. The incorporated palladium was then reduced 

under a flow of 4% H2/Ar at 90 - 105 °C over 30 minutes, yielding a gray powder. 

Note that a milder reduction temperature was used in comparison to the non-

chitosan incorporated samples in  an attempt to  minimize damage to  the bio-

polymer. 
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Materials Characterization

XRD

Due  to  the  amorphous  nature  of  the  mesoporous  silica  spheres,  no 

discernible diffraction patterns greater than background noise were obtained by 

standard  powder  diffraction  techniques.  Likewise,  no  palladium  signal  was 

obtained, possibly due in part to both the low weight percentages of palladium in  

the samples (between 1% and 2%) and their small particle size (less than 3 nm) 

which  increases  broadening  of  any  diffraction  peak that  may  have otherwise 

been present.

SAXS

For  samples  of  both  palladium-doped  and  undoped  mesoporous  silica 

spheres,  SAXS  clearly  shows  diffraction  peaks  associated  with  a  hexagonal 

array of pores. Diffraction peaks from the (1,0), (1,1), and (2,0) 2-dimensional 

hexagonal lattice are labeled in each (Figure 3)52,53. As labeled in the figure, MSS 

refers to mesoporous silica spheres (the undoped support material) while MSS-

Pd-R  refers  to  the  palladium-loaded,  hydrogen-reduced,  mesoporous  silica 

spheres.  While  intensity  measurements  were  not  quantitative,  the  relative 

decrease in peak height of the pattern from the Pd-doped spheres compared to 

the bare material suggests increased disorder in the hexagonal lattice. This is 

likely due to some of the palladium particles residing outside of the pores on the 
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Figure 3:  SAXS Comparison of Mesoporous Silica Spheres both with and 
without Pd Nanoparticles



surface of the sphere53,54. Correlation between the peak locations, d-spacing, and 

the lattice parameter, A, are summarized in a table that  appears in the appendix 

(table 1).

ICP-OES

Samples  were  prepared  by  desorption/oxidation  of  the  palladium 

nanoparticles from their  silica substrate  by placing the palladium-impregnated 

sphere samples in an aqueous solution of 30% freshly prepared aqua regia and 

an ultrasonic bath for 30 minutes. Five calibration standards of greater and lesser 

palladium concentration were prepared using palladium(II) chloride salt (99+%, 

Strem) dissolved in a mixture of deionized water and 30% aqua regia. 

Samples of Pd-doped spheres, though prepared similarly, were found to 

have slightly different  weight percentages of  Pd,  presumably due to  errors in 

delivery of the small amounts of palladium(II) acetate required during synthesis. 

ICP-OES was useful for the exact determination of palladium weight percentage 

in samples, which allowed for a direct comparison of catalytic performance. A 

table of palladium loadings and ICP-OES results appears in the appendix (table 

2).

SEM and TEM

SEM images of both doped and undoped spheres appear identical at the 

SEM  length  scales,  as  was  expected.  Since  the  palladium  particles  were 

expected to have formed within the mesopores of the silica particles, their size 
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was predicted to be no larger than 3 nm. Particles of this size are far smaller than 

the resolution of the SEM instrument. Silica spheres of near uniform size are 

shown  in  figures  4  and  5  and  are  representative  of  all  samples  produced. 

Spheres range from 300 to 500 nm in diameter.

Z-contrast  resolved TEM images of palladium-doped spheres (figure 6) 

clearly contain Pd nanoparticles (lighter colored spots) within the porous silica 

substrate as well  as a small  amount of  Pd adsorbed onto the surface of the 

spheres. The ordered porous silica network is also visible. Note that the external  

Pd particles appear larger in diameter than those embedded within the pores. 

Particle growth within the pores is limited by pore diameter, while those on the 

surface may grow larger during the thermal reduction process.
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Figure 4: SEM Image of Mesoporous Silica Spheres without 
Embedded Pd Nanoparticles
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Figure 5: SEM Image of Mesoporous Silica Spheres Prepared with 
Embedded Pd Nanoparticles



35

Figure 6: Z-Contrast TEM Image Showing Pd Nanoparticles Embedded 

within a Mesoporous Silica Sphere



Catalytic Performance

Experimental Apparatus

Catalytic experiments were performed using a Teflon-lined, stainless steel 

reaction vessel built to withstand high pressures (figure 7).  In a typical reaction, 

30  mg  of  ~1.5  wt%  palladium-impregnated  mesoporous  silica  spheres  were 

placed in  a  solution containing  25 mL of  1.6 M H3PO4 and 6x10-4  M sodium 

bromide, 25 mL of 190 proof ethanol, and a Teflon-coated magnetic stir bar.  It is 

important that all of the palladium-decorated material is within the solution 

(i.e.  –  the  walls  of  the  reaction  vessel  are  free  of  even  minute  amounts  of 

palladium on silica) to avoid a possibly explosive reaction!  In order to remove 

any residual air from the reaction vessel, it is purged three times with oxygen gas 

(99%, Airgas) initially pressurizing the vessel to 240 psi.  The reaction vessel is 

finally  charged  with  240  psi  O2 and  75  psi  H2 (99%,  Airgas)  and  stirring  is 

commenced.  2 mL aliquots of the liquid phase are siphoned from the vessel 

every 60 minutes for 5 hours and titrated in sulfuric acid against a potassium 

permanganate solution, which undergoes the redox reaction with H2O2 shown in 

scheme 7.
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Figure 7: High Pressure Reaction Vessel for the Measurement of Heterogeneous 
Catalyst Performance



Production of Hydrogen Peroxide

Catalyst activity was measured hourly and compared to other palladium-

containing materials  as well  as to literature values.  Turnover Factor (TOF) is 

defined here as moles of H2O2 per moles of Pd per hour. Figure 8 shows a graph 

of the comparison between four Pd-containing materials. Samples of Pd-doped 

mesoporous silica spheres, labeled MSS-3Pd, and MSS-3Pd + Chitosan were 

prepared as described above. To compare the effects of pore size of silica, a 

sample of the palladium-doped SBA-15 was used as well. SBA-15 is similar to 

our porous spheres in that it also contains hexagonally-arranged pores into which 

metal  particles  may  be  adsorbed,  but  differs  in  that  the  pores  are  of  larger 

diameter.  Pore  diameter  of  the  comparison  sample  were  8  nm.  A  final 

comparison was made to a sample of  palladium particles deposited onto the 

surface of tetrapod-shaped nanoparticles of zinc oxide.

Comparison of the samples shows that the palladium-doped mesoporous 

silica spheres outperform the other doped nanomaterials. While Pd-doped SBA-

15 shows a greater initial rate of reaction, the rate of reaction falls precipitously. It  

is hypothesized that this is due to leaching of the particles out of the larger pores, 

resulting in the destruction of the catalyst. The smaller-pored silica spheres afford 

greater physisorption between the metal particles and the silica scaffold, resulting 

in a much less pronounced loss of activity over time.
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Figure 8: Performance of a Variety of Palladium-Containing 
Heterogeneous Catalysts for the Production of Hydrogen Peroxide



Samples prepared containing chitosan show a significant induction period, 

during which the catalytic performance may suffer from blockage of the palladium 

surface active sites. Due to the aqueous nature of the reaction conditions and 

chitosan's strong solubility in water, it makes sense that the catalyst performance 

improves as the contact time between catalyst  and solvent is increased. The 

turnover frequency of the chitosan-containing sample never reaches the activity 

of  the chitosan-free sample. This may be due to the blockage of some silica 

mesopores  entirely  by  the  large  molecular  weight  polymer  or  by  the  non-

reversible binding of the polymer's amine linkages to surface palladium atoms.

The non-porous zinc oxide particles showed strong initial catalytic activity, 

but exhibit a strong leaching of palladium into the reaction solution. This can be 

understood as the initial availability of active sites to hydrogen and oxygen, since 

the palladium particles are on the exposed surface of the nanoparticle scaffolds. 

Without  the  increased  contact  area  between  the  palladium  particle  and  a 

mesoporous host, the catalyst rapidly loses activity as it leaches palladium into 

solution. 

Zinc oxide and palladium have been shown to form interfacial alloys, in 

which atoms of Pd from physisorbed Pd nanoparticles become alloyed into the 

ZnO surface through thermal  treatment.  These strongly bonded,  highly active 

surfaces have shown excellent catalytic activity toward the steam reformation of 

methanol55.  Two factors that may affect the poor catalytic performance of the 

Pd/ZnO system studied here are reduction temperature and surface morphology. 
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The temperature at which Pd/ZnO catalysts are reduced has been shown to have 

a great effect on the presence of Pd/Zn alloy, as studied by x-ray diffraction 56, 

with the alloy phase only beginning to form at temperatures of 623 K and above. 

The Pd/ZnO sample prepared by our group was reduced at a temperature of 473 

K48.  A recent  study of  ZnO single crystals  showed that  the (0001)  crystalline 

surface is more likely to form Pd/Zn alloy, and is more catalytically active than the 

(1010) surface57. Since the ZnO powder used to prepare our catalyst presents 

more than one crystalline surface, exact quantities unknown, it is possible that 

an  unfavorable  surface  with  decreased  palladium−surface  interactions  is 

predominate.

The palladium-doped mesoporous silica spheres have shown continuous 

high turnover. While greater initial turnover frequencies are found in larger-pored 

silica (SBA-15) and nonporous zinc oxide scaffolds, these catalysts are found to 

lose activity over time due to the vulnerability of their catalysts to the reaction 

solution. By using a small pore with strong physisorption between the adsorbed 

palladium  particle  and  substrate,  the  3  nm  pores  strike  a  balance  between 

availability of active sites to reactants and resistance to dissolution of the catalyst 

into  solution.  This  balance  allows  the  palladium-doped  mesoporous  silica 

spheres to maintain excellent  activity  toward the direct formation of hydrogen 

peroxide.
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CHAPTER III 

GRAPHENE-BASED MATERIALS FOR HYDROGEN STORAGE

The Rise of Graphene

Graphitic Materials Defined

Graphite,  the  most  thermodynamically  stable  form  of  carbon,  has  a 

structure with layers of hexagonally-arranged carbon atoms. As shown in figure 

9, the  α form has alternating layers with atoms vertically aligned in every other 

layer. Interlayer spacing is 3.35 Å and corresponds to one-half of the c unit cell 

parameter58.  Covalent bonding occurs only between carbon atoms of a single 

layer;  interlayer bonding is weak and due only to van der Waals interactions. 

Slippage of these layers gives graphite its familiar lubricant properties. 

The covalent bonding in graphite involves a conjugated network of sp2-

hybridized  carbon  atoms.  These  bonds  are  aromatic  in  nature,  leading  to  a 

delocalization  of  electrons  throughout  the  plane  of  carbon  atoms.  This 

delocalization gives graphite a metallic nature, allowing it to conduct electricity  

throughout the basal (001) plane, but not in other directions, where no covalent  

interactions exist.

If treated with strong oxidants, graphite may be oxidized to form graphite 

oxide. The aromatic carbon–carbon double bonds found in the basal plane of 

graphite are broken while carbon–oxygen bonds are formed above and below 
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Figure 9: Structure of Hexagonal Graphite Showing the Alternating ABA 
Arrangement of Layers



each basal plane. The oxygen species attached to the graphitic carbons include 

hydroxyls, epoxides, and, at the edge of the graphite particle, carboxylic acids, 

esters, and ketones (figure 10)59,60. 

The oxidation of the sp2-hybridized network has several ramifications for 

the bulk material. The formerly delocalized electrons are now covalently bonded 

to oxygen-containing groups,  causing graphite oxide to be an insulator rather 

than a conductor in the basal plane, like graphite. The formation of the new sp3-

hybridized carbons also causes distortions in the flat (001) plane. Each of the 

reacted carbons attempts to form a tetrahedral environment, introducing strain 

into the sheet that manifests as deformations of the flat sheet into an irregularly 

curved surface.  The distance between the  sheets  increases from the 3.35  Å 

found in graphite to greater  than 6  Å,  due to the presence of the interplanar 

functional groups as well as some amount of intercalated water61.

By  increasing  the  distance  between  the  sheets  through  oxidation,  the 

interactions  between  the  sheets  are  significantly  lessened.  These  oxidized 

sheets of graphite may be completely separated from one another much more 

readily  than  sheets  of  unreacted  graphite.  Whether  separated  by  thermal  or 

mechanical  means,  the  individual  sheets  (or  small  groups  of  sheets)  are 

sometimes given names in which "graphite" has been replaced with "graphene", 

such  as  "graphene  oxide"  62,  while  the  same  material  may  also  be  called 

"graphite oxide sheets" 63 or "expanded graphite oxide" 64.
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Figure 10: The Structure of Graphite Oxide as Determined by NMR59.



The proper definition of graphene is of a two-dimensional, hexagonal array 

of sp2-hybridized carbon atoms, which is identical to the (001) plane of hexagonal 

graphite. The material produced by the separation of layers of graphite oxide, on 

the other hand, is often quite different. Graphite oxide contains many domains of 

sp3-hybridized carbons which remain after separation of the layers59. Complete 

separation of  "graphite-based"  materials  into  individual  sheets  of  graphene is 

seldom  achieved.  Preparations  described  in  the  literature  generally  yield 

distributions  of  thicknesses  of  one  to  five  layers  of  basal  planes64 while  still 

receiving "graphene"-containing descriptions. Such ambiguities have resulted in 

materials that meet the proper definition of graphene often being referred to as 

"reduced graphene"  65 or "reduced graphene oxide" to emphasize that oxidized 

species are no longer present62,66. 

The thermal exfoliation process, during which samples of graphite oxide 

are rapidly heated to greater than 1000 °C, utilizes the violent evolution of gases 

from between the graphite oxide layers to force the layers apart. In a study of the 

gases released during thermal exfoliation, it has been found that vaporized water 

and carbon dioxide are evolved, with carbon dioxide being the major component. 

It  is theorized that this evolved carbon dioxide results in vacancies within the 

resulting separated sheets67.
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Methods of Graphite Oxide Synthesis

The first reference to the oxidation of graphite appears to have come from 

Professor Brodie at the University of Oxford in 185968. His work describes the 

treatment of graphite with many strong oxidants including sulfuric and nitric acids 

as  well  as  potassium  chlorate  and  dichromate  to  yield  graphite  oxide.  He 

performed many further experiments on this product, including its heating to an 

unspecified temperature, at which time he made the following observation:

"when heated it undergoes a remarkable change; gases are given off in 

the interior of the substance, which swells up in a most singular manner 

and is reduced to the minutest state of division."

It seems clear today that what Brodie observed was the formation of thermally 

exfoliated graphene oxide and that the gases given off  were steam and CO2, 

formed by the rapid volatilization of water trapped between the graphitic planes 

and the decomposition of oxidized graphite, respectively. The rapid escape of 

these gases cause the separation of lamellar planes, yielding individual sheets of 

oxidized graphene. 

Brodie's method of oxidation involves the addition of potassium chlorate 

over the course of one week to a chilled solution of fuming nitric acid, resulting in  

the release of exceedingly hazardous chlorine dioxide gas. In 1958, Hummers 

and Offeman developed a process for  the  oxidation  of  graphite  that  is  more 

reliably safe than the methods described by Brodie and results in the laboratory-

scale production of graphite oxide over the course of a few hours69. Their method 
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uses sulfuric acid, sodium nitrate, and potassium permanganate to more safely 

oxidize graphite. Their improved method was proved invaluable half a century 

later.  As  interest  in  graphene-based  materials  increases  exponentially  in  the 

twenty-first century, their contribution to the field continues to play a central role 

in  its  production.  As  of  2012,  their  single-page  paper  has  surpassed  2,000 

citations, and the "Hummers' Method" is part of the vernacular amongst scientist 

in the field.

Electronic Properties of Graphene and the Nobel Prize

In  2004 and 2005,  Andre Geim, Konstantin  Novoselov,  and coworkers 

published the first electrical measurements on isolated graphene sheets. Their 

isolation of an individual graphene sheet was accomplished through the simple 

use of adhesive tape to separate the layers of highly-ordered pyrolytic graphite 

into  individual  sheets.  Their  real  advancement  was  not  in  their  synthetic 

technique, but in their ability to make the first  electrical  measurements of the 

micron-sized  flake70.  They  showed  the  first  evidence  of  graphene's 

unprecedented electron mobility  and its stability  as a 2D crystalline structure. 

This initial publication has led to an avalanche of research in the field, and was 

the first of many discoveries of the material's extraordinary properties, including 

tensile strength, stiffness, and thermal conductivity71. For their contribution to the 

field, the pair of researchers at Manchester University were awarded the 2010 

Nobel Prize in Physics.
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Motivation: LiO-Doped Pillared Graphene

A paper published in the Journal of Physical Chemistry Letters in 2010 by 

George  Froudakis  and  his  computational  group  at  the  University  of  Crete 

describes the study of a lithium-doped carbon structure designed to meet the US 

DOE hydrogen storage requirements72. The carbon substrate that the group used 

is  theoretical  in  nature.  The  three-dimensional  structure  combines  individual 

graphene sheets held parallel to one another by perpendicular "pillars" of single-

wall carbon nanotubes which are fused to the graphene sheets73. To improve the 

interaction  of  this  material  with  molecular  hydrogen,  the  group  introduced  a 

dopant of LiO into their theoretical carbon scaffold,  which yielded the desired 

result. Simulations showed that the material would surpass both the gravimetric 

and volumetric targets set by the Department of Energy for 2010 due to strong 

interactions between the lithium atom and gaseous hydrogen molecules. 

While the material described in the paper is unlikely to ever be prepared 

ex silico, it does serve as a useful analogue for other graphene-based materials. 

The separation between graphene sheets described in the paper was varied from 

11 to 36 Å, which are realistic values for graphite intercalation compounds.  The 

dopant, LiO, was chosen to mimic the preparation of lithium-substituted hydroxyls 

on a carbon surface. Rather than create an sp3-hybridized carbon material with 

surface hydroxyls (such as graphene oxide), the group simplified their task by 

using sp2-hybridized nanotubes and sheets. When the LiO radical is placed near 
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the  surface,  the  reactive  oxygen  chemisorbs  to  a  carbon  atom,  creating  a 

covalent bond similar to what would be found in a graphene oxide-based material  

in which surface hydroxyls were replaced by –OLi groups.

As  eluded  to  in  the  journal  article72,  the  preparation  of  analogous 

compounds is a feasible synthetic goal. While the tuning of interlayer spacing 

may require advanced synthetic techniques, the modification of surface hydroxyls 

to  create  –OLi  functional  groups  on  a  graphene  oxide  surface  should  be 

achievable  by  standard  organometallic  methodologies.  It  is  the  goal  of  this 

portion of the dissertation to show the preparation and analysis of just such a 

material. While individual sheets of lithium-functionalized graphene oxide are not 

expected to mimic the overall storage capacity of the theoretical porous material 

described  by  Froudakis,  et  al.,  it  may  prove  to  have  an  increased  storage 

capacity  in  comparison  to  unmodified  graphene  oxide,  thereby  lending  some 

weight to the potential applicability of this class of materials for hydrogen storage.

Synthesis of Thermally Exfoliated Graphene Oxide and Lithium-

Functionalized Graphene Oxide

Modification of the Hummers Method

Graphite oxide was prepared via a modified version of Hummers' Method 

of 195869. Concentrated sulfuric acid (150 mL, Fisher, ACS grade) was chilled to 

3 °C in a water-jacketed 500 mL round-bottom flask through the use of a closed-
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cycle  water  chiller/recirculator. This  setup  allows  for  the  maintenance  of  low 

temperatures throughout the following additions, despite the fact that many of 

them are strongly exothermic. An overhead stirrer was used for agitation of the 

prepared mixture with glass stirring rod and Teflon paddle.

Inside of a fume hood, 50 mL of 30% H2O2 in water (Fisher) was slowly 

added to the chilled sulfuric acid to create "piranha solution", which can be used 

to  clean  organic  matter  from  inorganic  substrates.  Into  this  solution,  5.0  g 

graphite flake (Alfa Aesar, 7 - 10 micron, 99%) was dispersed and stirred for one 

hour to remove any adsorbed impurities from the graphite. The mixture was then 

slowly diluted with 350 mL of cold, deionized water.

The dilute mixture was next filtered through a 100 mL ground glass frit  

(Aldrich, medium) with the assistance of a diaphragm pump. Graphite collected 

atop the frit was washed with 1000 mL of deionized water and allowed to air dry 

before further  use.  After  this cleaning process,  the graphite  displayed a near 

metallic luster, in stark comparison to the dull gray starting material.

The clean, dried graphite was dispersed with vigorous stirring into a chilled 

solution containing 200 mL of  sulfuric  acid  and 5.0  g sodium nitrate  (Fisher, 

granular,  ACS  grade).  Into  this  mixture,  30  g  of  finely  pulverized  potassium 

permanganate (Acros, 98%) was added in small portions over a twenty minute 

period, causing the contents of the flask to become dark green in color.  This 

mixture was allowed to warm to room temperature (the chiller was turned off) and 

was stirred for 15 hours (overnight).
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The following day, the mixture was transfered into a 1 L beaker to allow for 

heating. The mixture was heated to 80 °C over a 15 minute period in an oil bath 

within a fume hood, resulting in a color change of the mixture to dark brown. To 

the warm, but cooling, mixture, 3% H2O2 (Fisher) was added dropwise until  a 

bright yellow or orange color persisted (roughly 25 mL).  The suspension was 

allowed  to  settle  to  the  bottom  of  the  beaker  over  several  hours  and  was 

decanted to remove clear liquid from atop the solid particles. 

The  remaining  slurry  was  then  cleaned  by  centrifugation.  In  25  mL 

centrifuge tubes, orange-brown solid material was separated from clear liquid at 

30,000 rpm over 30 minutes. The liquid was decanted, discarded, and replaced 

by ~20 mL of deionized water. The solid was then re-suspended in the water 

using  a  mild  ultrasonic  bath  for  60  minutes,  before  again  undergoing 

centrifugation. This process was repeated three times to ensure that any soluble 

reactant ions were washed from the material.

The  resulting  graphite  oxide,  a  brown,  sticky  material,  was  then 

transferred onto a large watch glass and placed inside an evacuated desiccator 

charged with ~ 20 g of anhydrous P2O5. As the desiccant removed water from the 

material, it was replaced with fresh P2O5. The sample was dried until it showed no 

sign of residual water (several days) before further use. 

The dried graphite oxide is a brownish-black solid. The material maintains 

the shape and thickness in which it was applied to the watch glass before drying. 

Thicker pieces are near black in color and rigid to the touch while areas where it 
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was spread thin while still moist are lighter brown and quite pliable. The material  

may be broken into small pieces, but resists being ground into a powder. These 

characteristics suggest the presence of residual water intercalated between the 

layers, as described in the literature67. If force is exerted onto a small piece of 

graphite oxide with mortar and pestle, it may ignite, causing a small ember with a 

concussive evolution of smoke. This surprising result suggests the energetics of  

the material and the ease with which the material may be separated from one 

another.

Thermal Exfoliation

0.25 g dried graphite  oxide was placed in  an alumina tube,  25 mm in 

diameter and 60 cm in length. A quartz wool placed within the open end of the 

tube,  then  an  o-ring  sealed  cap  was  affixed  to  the  top  which  was  in  turn 

connected to valves leading to vacuum and a tank of argon gas. The tube was 

evacuated and filled with argon three successive time to eliminate oxygen. The 

valve leading to vacuum was replaced with 1/4” tubing leading to an oil bubbler. 

The argon valve was kept in place, but was closed. A Lindberg tube furnace was 

preheated to 1050  °C. The alumina tube, filled with argon over dried graphite 

oxide,  was placed into the furnace and allowed to  vent any escaping gases. 

Within moments of insertion into the furnace, the graphite oxide had expanded to 

form a voluminous, black solid that filled the inside of the alumina tube. This 
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expansion  was  accompanied  by  a  violent  evolution  of  gases  through  the  oil 

bubbler.

The tube was removed from the furnace immediately after the reaction, no 

more than 10 seconds. After removal from the furnace, a light flow of argon was 

flowed through the tube and bubbler as it cooled to room temperature to avoid 

suck-back  of  oil  into  the  sample  tube.  Once  cool,  the  thermally  exfoliated 

graphene oxide (TEGO) was removed from the tube and stored in a covered 1 L 

beaker in air.

A note of caution: the exfoliation process can be unexpectedly violent! The 

rapid evolution of gas should not be underestimated. Increases in the mass of 

starting graphite oxide should not be considered unless a larger tube and greater 

ability to vent the exiting gases are also put into place. 0.25 g of graphite oxide is  

the absolute maximum that should be used with the setup described above.

Functionalization of TEGO

The  modification  of  graphene  oxide  material  was  accomplished  by 

metalation of surface hydroxyl groups with an organolithium reagent in an inert 

atmosphere. 0.100 g of TEGO was heated under vacuum to 75 °C for 2 hours to 

remove any residual water. Higher temperatures were not used to avoid loss of 

any surface hydroxyl groups. To remove any trace amounts of water, pentane 

was dried over 4 Å molecular sieves, then distilled over sodium-potassium alloy 
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(NaK) within an atmosphere of argon using a Schlenk manifold to ensure the 

exclusion of air.

To 0.100 g of dried TEGO and a Teflon-coated stir bar within a 250 mL 

round-bottom  Schlenk  flask,  100  mL  of  dried  pentane  was  transferred  via 

stainless steel cannula under force of argon. Into this stirring mixture, 1.60 mL of 

1.6 M n-butyllithium solution in hexanes (Aldrich) was injected via syringe. The 

mixture was stirred 15 hours before solvent was removed through the use of a 

glass filter-covered cannula.  The black,  solid  product  was further  dried under 

dynamic vacuum.

Material Characterization

XRD

X-ray powder diffraction patterns of as-received graphite, prepared TEGO, 

and fully reduced graphene were all recorded using the Larese group instrument 

described herein. The lithium-functionalized TEGO pattern was recorded on the 

departmental PANalytical diffractometer. 

Figure 10 shows the powder diffraction pattern of the as-received graphite 

flake.  The  pattern  displays  much  greater  signal  to  noise  than  the  oxidized 

materials, suggesting its comparatively high degree of order. The most prominent 

of Miller indices are labeled. The most prominent peak, labeled (002) at 26 °2θ, 

corresponds  to  the  repeating  distance  between  identical  basal  planes.  This 
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distance, 6.71 Å, is twice the distance of nearest neighbor planes, which are 

separated by 3.35 Å.

The  XRD  pattern  obtained  from  a  TEGO  sample  containing  a  small 

amount of graphite impurity is shown in figure 11. The pattern shows much lower 

resolution than graphite, suggesting the amorphous nature of the powder. Peaks 

at 26 and 44 °2θ roughly correspond to the (002) and (101) planes of graphite, 

while the broad feature centered near 18  °2θ represents an inter-layer repeat 

distance of 9.8  Å.

Graphene oxide that has been reduced to graphene yields an interesting 

diffraction pattern. Prepared by thermal treatment under a flow of 4% hydrogen 

gas, graphene sheets lack the strong hydrogen bonding interactions present in 

graphene oxide. The diffraction pattern shown in figure 10 contains no significant 

diffraction peaks greater than background scatter, suggesting that all inter-layer 

order has been destructed.

The XRD pattern of lithium-functionalized TEGO, coined “Lith-O-Graph”, is 

shown in figure 13. In an analogous fashion to pure graphene, it shows no strong 

diffraction peaks, suggesting the disruption of any inter-layer attractions that were 

present in graphene oxide.

Raman Spectroscopy

The Raman spectra were compared between graphite, TEGO, and Lith-O-

Graph. The spectrum of graphite, figure 14, shows the characteristically strong G 
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band,  which  corresponds  to  vibrational  modes  along  the  c-axis  of  graphitic 

materials. The TEGO spectrum, as seen in figure 15,  shows a much lower G 

band.  Compared  to  graphite,  the  TEGO  vibrational  spectrum  is  much  more 

heavily dominated by the D band, which is associated with edges and defects 

within the basal plane. This suggests that the TEGO particles are far more two-

dimensional  than the graphite precursor  from which they were created74.  The 

Raman spectrum of Lith-O-Graph, figure 16, similarly shows a high D to G band 

ratio.  The  ratio  of  intensities  is  clearly  higher  than  in  TEGO,  suggesting,  in 

agreement with XRD data, that the material  is  even more two-dimensional  in 

nature than its hydroxylated precursor.

SSNMR

Solid-state NMR can be used to determine the functional groups found on 

graphite oxide. Using 1H cross-polarization techniques, it has been shown60 that 

peaks in the  13C spectrum may be assigned to epoxy, hydroxyl, aliphatic, and 

ketyl groups. The 13C spectrum of TEGO shown in figure 15 was recording using 

a  magic  angle  spin  rate  of  5100Hz  and  a  1H  decoupled,  13C  direct  pulse 

sequence.  8192  scans  were  recorded  with  a  5  second  recycle  delay.  The 

presence of peaks representing epoxy (60 ppm), hydroxyl (70 ppm), graphitic 

(111 ppm), aliphatic (130 ppm), carboxylic (161 ppm) and ketyl (181 ppm) groups 

are consistent with oxidized graphene found elsewhere in the literature59,61.  6Li 
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SSNMR spectra  were  also  recorded  for  Lith-O-Graph,  and  show  one  single 

lithium environment, in agreement with the Li 1s XPS results.

XPS

XPS spectra were analyzed using Thermo Scientific Avantage software, 

which  assigns  and  integrates  peaks  and  calculates  atomic  weighting  factors, 

allowing the percent surface composition of a material to be determined. The C 

1s spectrum of Lith-O-Graph shows overlapping peaks corresponding to at least 

four distinct carbon atom environments, as measured by binding energies (figure 

18). Peak centers are observed at 284.2, 284.9, 286.0, and 288.9 eV and are 

assigned as sp2, sp3, C–O, and carboxyl, respectively75,76. Total composition of 

carbon atoms at the surface were found to be 63.95% of all atoms. By mass,  

carbon was found to account  for 62.6% of all  atoms near  the surface of  the 

material.

The O 1s spectrum of Lith-O-Graph (figure 19) was found to contain three 

overlapping peaks. Peaks were found at 530.7, 531.7, and 533.0. W While the 

peak centered at 533.0 eV may be assigned as hydroxyl and ether groups77, the 

two peaks lowest in energy may be assigned to the two oxygen environments 

present  in carboxyl  groups78 C=O(OH) and C=O(OH), but also likely contains 

oxygen  atoms bound  to  Li79.  Oxygen  atoms bound  to  lithium should  have  a 

lowered binding energy,  since electropositive lithium should donate significant 

electron  density  to  the  oxygen  to  which  it  is  bound.  This  increased  valence 
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electron  density  causes  shielding  between  the  O  1s  photoelectron  and  its 

nucleus,  thus reducing  the  energy required  for  ejection  of  the  photoelectron. 

Oxygen was found to make up 22.07% of all atoms near the surface of Lith-O-

Graph and 28.8% by mass. 

The  Li  1s  XPS  spectrum  (figure  20)  was  found  to  contain  only  one 

symmetric peak, centered at 54.8 eV, which shows that lithium is present in only 

one chemical  environment.  The integration of  this  peak suggests  that  lithium 

makes up 13.58% of the atoms at the surface of Lith-O-Graph, but only 7.68% by 

mass due to its low atomic weight. Less than 0.4% of the surface was found to  

contain  any  contaminating  atoms,  with  sulfur  (0.3%)  and  fluorine  (<0.1%) 

combining to make up the only measurable impurities.

TEM

TEM  images  provide  information  about  the  quality  of  the  graphitic 

substrates prepared. Images of bare TEGO show the material to be clearly three 

layers thick, by examination of the edges of some nanoparticles (figure 19), but  

of  greater, indeterminate thickness in other particles (figure 20). Figure 20 also 

shows the  presence of  some heavier  atoms (bright  spots)  on  the  surface of 

TEGO.

Images  of  Lith-O-Graph  show  varying  thickness  of  material  by  lighter 

areas (thicker)  and darker  areas  (thinner)  across  the  surface  of  the  material 
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(figure 21). Also present are some heavier, contaminating atoms seen as bright 

spots  in  the  image.  Individual  lithium  and  oxygen  atoms  are  below  the 

instrument's resolution, and could not be detected. No areas of sintered lithium 

deposits were found, suggesting that any lithium atoms in the material must be 

individually bound to the surface.

Hydrogen Adsorption Isotherms

While it has been theorized that Lith-O-Graph would hold increased affinity 

for  hydrogen  when  compared  to  TEGO,  initial  experiments  have  shown  the 

opposite  to  be  true.  Figure  22  shows  a  comparison  of  hydrogen  adsorption 

isotherms performed at 15 K. Lith-O-Graph shows only 30% of the hydrogen 

monolayer capacity of TEGO per gram of material.

Considerations for Modifications and Improvement

Modification of the material to better mimic the pillared graphene structure 

might improve the storage capacity of lithium-functionalized graphitic materials. 

The  addition  of  linker  molecules  between  graphene sheets  to  create  tunable 

interlayer  spacing  would  be  an  ambitious  undertaking,  but  porous  graphene, 

carbon-based aerogels, and other high surface area, porous materials currently 

under  development would likely  offer  improved hydrogen storage capabilities. 
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The role of  lithium oxide in aiding in those storage capabilities has yet to be 

proven.
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CHAPTER IV

CONCLUSION

Mesoporous  silica  particles  were  prepared  following  standard 

methodology  and  analyzed  by  electron  microscopy  and  SAXS.  SEM images 

have  shown  the  material  produced  to  be  roughly  spherical,  with  particle 

diameters  in  the  range of  300 to  500 nm.  SAXS measurements  confirm the 

predicted hexagonal array of mesopores, with pore centers separated by 3.3 nm. 

This  material  was  impregnated  with  palladium nanoparticles  which  proved  to 

create an efficient heterogeneous catalysts for the direct formation of hydrogen 

peroxide.  The  catalyst  proved  more  robust  than  similar  catalysts  due  to  a 

believed  strong  interaction  between  the  palladium  nanoparticles  and  the 

mesopores of the silica substrate. Chitosan, a bio-polymer that has been shown 

to bind to palladium atoms, was deposited within the porous silica, but showed 

no benefit to the catalyst. 

Graphite  oxide,  thermally  exfoliated  graphene  oxide,  and  a  lithium-

functionalized  graphene  oxide  material  were  all  prepared  and  characterized. 

XRD  and  Raman  spectroscopy  gave  results  that  were  consistent  with  the 

separation  of  graphene sheets,  while  electron  microscopy  confirmed that  the 

graphene materials were in fact only a few layers in thickness. XPS and SSNMR 

confirmed the presence of lithium within the lithium-functionalized samples, as 

well of the degrees to which the graphitic materials had been oxidized. XPS and 
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TEM also suggested a small amount of impurities on the material surfaces. Initial 

testing  has  shown  that,  despite  efforts  to  recreate  the  theoretical  materials 

described in the literature, Lith-O-Graph is a very poor hydrogen storage material 

at low temperatures.
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Table 1: Lattice Parameters from SAXS Data for 2D Hexagonal Array of 
Mesopores in Silica Spheres

q (Å-1) (hk) d-spacing (Å) a (Å)

0.19
0.33
0.38

(10)
(11)
(21)

33
19
17

38

Table 2. ICP-OES Results of Pd Loading in Mesoporous Silica Spheres, 
both With and Without Chitosan

Sample # Mass of 
Pd(OAc)2 

added

Mass of 
Substrate

Calculated 
Weight % Pd

ICP-OES 
Measured 

Weight % Pd

1-Pd

2-Pd

3-Pd

4-Chitosan-Pd

10.0 mg

3.2 mg

4.5 mg

3.0 mg

368 mg

86 mg

98 mg

95 mg

1.27%

1.72%

2.13%

1.47%

2.100%

1.568%

1.816%

1.133%
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Figure 11: The XRD pattern of graphite starting material, 

labeled with Miller Indices
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Figure 12: The XRD pattern of graphene oxide with 

graphite impurity at 26 and 44 °2θ
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Figure 13: XRD pattern of reduced graphene, showing no diffraction peaks 
stronger than background scatter
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Figure 14: XRD pattern of Lith-O-Graph, showing no strong diffraction peaks
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Figure 15: The Raman spectrum of as-received graphite shows

 a low D to G band ratio.
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Figure 16: The Raman spectrum of TEGO shows a much higher 

D to G band ratio than graphite.
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Figure 17: Raman spectrum of Lith-O-Graph shows a greater 

D to G band ratio than either TEGO or graphite.
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Figure 18: 13C SSNMR Spectrum of TEGO, showing resonances 

corresponding to both oxidized and sp2 carbon
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Figure 19: The C 1s XPS spectrum of Lith-O-Graph shows 

four distinct carbon environments
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Figure 20: O 1s XPS spectrum of Lith-O-Graph shows multiple

 different oxygen environments are present
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Figure 21: The Li 1s XPS spectrum of Lith-O-Graph shows that the material

 has only one Li environment
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Figure 22: TEM image of TEGO, showing the edge of 

a TEGO nanoparticle comprised of three layers of 

stacked graphene sheets
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Figure 23: TEM image of several-layer thick TEGO, showing some 

heavier atoms adsorbed on the surface 
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Figure 24: TEM image of Lith-O-Graph, showing thicker (lighter) and 

thinner (darker) areas within the particle
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Figure 25: The hydrogen adsorption isotherm at 15 K shows that TEGO has 

more than 3X greater monolayer capacity
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