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ABSTRACT

Porous carbon incorporating metal nanoparticles has been synthesized by
nanocasting. The main two methods of synthesis were used: the formation of nanoparticles
during the carbonization of carbon, and the formation of nanoparticles by metal precursor
infiltration and reduction on porous carbon. The catalytic activity of nickel nanoparticles
incorporated onto hierarchically porous carbon monoliths for the reduction of p-nitrophenol was
studied. p-Quinoimine was identified as the stable intermediate. Catalytic graphitization of
monolithic hierarchically porous carbon by iron, cobalt and nickel nanoparticles was
investigated. The catalytic graphitization of amorphous carbon increased with increasing
pyrolysis temperature. Iron was capable of graphitizing carbon more effectively than cobalt and
nickel, with cobalt being higher in activity than nickel. Oxygen and nitrogen rich mesoporous
carbon were used to support gold nanoparticles and their catalytic activity was investigated for
oxidation of benzyl alcohol in water. The catalysts showed significant catalytic activity, but loss
of activity were found, resulting in decreasing conversion of benzyl alcohol on subsequent

cycles.
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CHAPTER 1
Introduction
1.1 Background

Porous materials can consist of one or more types of pore system. The main three types
of pores are micropores, of which the diameter is less than 2 nm, mesopores, the diameter of
which in the range of 2-50 nm and macropores of which the diameter is greater than 50 nm.
Materials that consist of two interconnected, pore systems with different pore diameters are
called hierarchically porous materials. These can be composed of either micropores and
mesopores or mesopores and macropores. The advantages of such materials over those with only
a single pore system are that the different pore diameters facilitate the mass transport of gas or
liquid by minimizing the diffusion barriers and the enhancement of the active site distribution in
catalysis.* The pore systems can be ordered or disordered. Ordered pore systems are periodic and
generally have pores of similar size and shape over the entire material. While the disordered
substances have pores of different sizes and shapes. The ordered porous materials are more
interconnected as they create tubes of the same thickness but the tubes created from disordered
pores have different thickness from place to place. Therefore a disordered pore system has a
broader pore size distribution while an ordered pore system has a narrower pore size distribution.
The porous materials can be powder or monoliths in appearance. Monolithic materials are
advantageous over powder substances in many ways. In a flow system such as chromatography
and catalytic reactors, the macropores minimize the diffusion barriers and facilitate the flow. The

monolithic electrodes in fuel cells allow faster mass transport throughout the electrode and



monolithic catalysts can be removed easily from the reaction mixture rather than powder
catalysts which need filtration to remove the catalyst. The porous materials which are researched
most extensively are silica,? carbon,® metal oxides like iron oxide, tin oxide and zirconia.* Porous
carbon materials can be synthesized via nanocasting in which a hard template like SiO; is used
and by sol gel synthesis in which a soft template such as a surfactant or a structure directing
agent is used. This dissertation discusses synthesizing metal NPs incorporated into porous carbon
composites where the particles can be incorporated into nanocast materials or be formed during

nanocasting of the materials.

1.2 Synthesis routes

The two main methods of synthesizing hierarchically porous carbon monoliths are
nanocasting and sol gel synthesis. Nanocasting is the method of using a hard template to produce
a negative replica at the nanometer scale. In brief, a liquid is infiltrated into the pores of the
template, then the precursor is converted to the desired product and finally the template is
removed. Nanocasting can produce powdered substances and monolithic materials. The template
should have an interconnected porous system in order to get a complete replication and to retain
the monolithic form. Mesoporous carbon has been synthesized by using different silica including
MCM-41,> MCM-48.° SBA-1,” SBA-15,% and KIT-6.° Hierarchically porous carbon has been

produced by using silica monoliths that have a disordered porous system.®'%* Carbon precursors

1
|12 I 3

such as FA," sucrose,® resorcinol*? or phenol™ and formaldehyde polymers have been used
widely to produce mesoporous carbon.
The sol gel synthesis method uses a soft template or a structure directing reagent such as

the surfactant Pluronic® F127. Hierarchically porous carbon monoliths via this method have



been reported.***® In addition to the template, the method consists of a carbon precursor and a
polymerization reagent. Resorcinol is the carbon source and formaldehyde is the polymerization
reagent. Pluronic® F127 is the structure directing agent and 1,6-diaminohexane facilitates the
formation of cross links and provides the required basicity for the polymerization. The
polymerization initially occurs via a Mannich reaction.™

Porous carbon containing metal NPs can be synthesized in at least three different ways:
(1) the direct infiltration of the metal precursor into the porous carbon substance followed by the
reduction of metal salt to the metal NPs, (2) a one pot synthesis in which the metal precursor is
mixed with the carbon polymer precursor(s) and porogens, and where metal NPs synthesized
during the pyrolysis of carbon, and (3) nanocasting, where a metal salt is mixed with the carbon
precursor and infiltrated into a porous template. Porous carbons containing metal NPs in both
powder and monolithic forms have been synthesized and have been evaluated for their catalytic
activity. Metal NPs such as Pd,*” Fe,***® Co,**** Ni,?® and Au** on powdered mesoporous carbon
and Co," Ni,?*% and Pd* supported on hierarchically porous carbon monoliths have been
synthesized and their activity towards catalytic reactions like the “domino” carbonylations,17
oxygen reduction reaction,'® p-NP hydrogenation,?* and for hydrogen storage® are described in

literature.

1.3 Metal nanoparticle carbon monolithic composites via nanocasting

Hierarchically porous carbon monoliths with metal NPs have been synthesized by
nanocasting. FA was used as the carbon precursor and the metal nitrate acted as the
polymerization catalyst of FA, in addition to being the precursor for the metal NPs. It has been

reported that hierarchically porous carbon monoliths have been prepared by nanocasting using



FA as the carbon precursor and oxalic acid as the polymerization catalyst.**! But when metal
nitrate is used as the polymerization catalyst the average weight of the carbon monolith is higher
than when oxalic acid is used. The macropores were observed to be filled with carbon in metal
nitrate catalyzed polymerization, consistent with the high carbon weight found. The micropore
volume per gram of carbon decreases going from NC to metal containing NC. This could be
because the volume of micropores in the carbon filling the surfactant mesopores is much higher
than in the carbon of found in the macropores. These observations show a difference in the
degree of polymerization when OA is used as the catalyst compared to metal nitrate. The NPs are
formed during the carbonization of carbon and this is an efficient and cost effective method as
additional reduction steps are not necessary to synthesize the NPs. The disadvantage of this
method is the significant loss of NPs which are washed off or dissolved during the etching and
washing to remove the SiO, template from the carbon monoliths after pyrolysis. But the loss of
the number of NPs could be reduced by minimal washing after etching, although the presence of
potassium ions left after the etching could alter the reaction rate if the material was used as a
catalyst and the pH of the medium would change due to the presence of hydroxyl ions on the
surface of the monolith. The small NPs are embedded within the mesopores while larger NPs are
located at the macropore walls. The resulting monolithic nanocomposites contain metal NPs of
zero oxidation state; however, the surface of the NPs is metal hydroxide as the monoliths were
immersed in concentrated basic solution during the etching of SiO,. These carbon composites are
partially graphitized as the metal NPs formed during carbonization act to catalytically
graphitized some of the amorphous carbon. Increasing metal loading increases the degree of
crystallinity of carbon through this graphitization process. Carbon monoliths containing nickel

NPs were found to be catalytically active for the reduction of p-NP by NaBH,. p-QI was



observed during the p-NP reduction. This had previously been proposed to be an intermediate for
electrochemical reduction of p-NP, but had not previously been reported in the catalysis

literature.

1.4 Catalytic graphitization

The catalytic graphitization of hierarchically porous carbon monoliths by nickel NPs was
reported in the first project as described above based on XRD and Raman data. So the second
project was designed to study the catalytic effect of iron, cobalt and nickel NPs on graphitization
of amorphous carbon and the temperature effect on catalytic graphitization. Catalytic
graphitization is the conversion of amorphous carbon to more crystalline carbon by a chemical
reaction between the ungraphitized carbon and the catalyst. Catalytic graphitization can occur
mainly by two mechanisms: the dissolution-precipitation mechanism, in which carbon is
dissolved into the catalyst particle and precipitates as a graphitic material, and the formation and
decomposition of the carbide mechanism where carbon reacts with the metal and forms metal
carbide and the metal carbide decomposes into graphite.? Transition metals such as Fe, %%
C0,%%8 Ni,?*?® Mn,? and Cr?® and metal oxides such as MnO, ***° and Cr,0:2**° are capable of
catalytically graphitizing amorphous carbon. XRD and Raman are quantitative techniques that
determine the graphitization of amorphous carbon. In the XRD pattern the peak in the vicinity of
the graphite (002) peak, is often used to follow graphitization. It appears as a sharp peak around
20 of 30.99° (Co source, wavelength = 0.179 nm) and d spacing of 0.335 nm, corresponding to
the distance between two polyaromatic layers in graphitic carbon. This peak appears around 26
of 30° and d spacing of 0.346 nm in turbostratic carbon. The broad peak appears around 26 of

28°and d spacing of 0.367 nm corresponds to the non crystalline amorphous carbon. Carbon



materials with both amorphous and turbostratic carbon give a broad peak at 26 of 28° for
amorphous carbon and a sharp peak at 26 of 30° for tubostratic carbon. Two dimensional
diffractions (10) and (11) appear around 20 of 51° as a broad peak. A graphene layer has six
membered rings of sp? hybridized carbon atoms linked via covalent bonds. The unit cell consists
of two atoms A and B, stacking in Bernel arrangement forming multilayer graphene or
graphite.®! Van der Waals forces exist in between graphene layers. Graphite and turbostratic
carbon differ as the graphene layers of turbostratic carbon may translate to each other and rotate
about the normal to the graphene layers. Turbostratic carbon may have structural changes such as
translation, rotation, curvature, and fluctuation of interlayer spacing of graphene layers.® The
diffraction angle and the FWHM of the (002) peak decrease with decreasing crystallite size of
both graphite and turbostratic carbon. Rotation of graphene layers in turbostratic carbon causes
the intensity of three dimensional diffraction peaks such as (101) and (102) to decrease except
for the instances of (000) peaks and two dimensional diffraction peaks because rotation does not
affect the atomic arrangement of graphene layers.®! The diffraction angles and FWHM of peaks
are affected by structural distortion factors. Therefore they cannot be used to calculate the lattice
parameters and crystallite size of turbostratic carbon.**

Raman spectroscopy is a non destructive technique used for the quantitative analysis on
graphitization. The D peak and G peak appear in the region of 1000-2000 cm™ and the overtone
peaks appear in the range of 2300-3300 cm™, especially the G' peak which appears at 2700 cm™
is considered for the analysis. The D peak around 1350 cm™ is due to the K-point phonons of Ay
symmetry and the G peak appears in the region of 1580-1600 cm™ corresponding to the zone
center phonons of Ex, symmetry.*>® Furthermore, the D peak appears due to the breathing

modes of sp? atoms in rings and the G peak appears due to the bond stretching of sp® atoms in



both rings and chains.** The area ratio of these two peaks is considered for the analysis in
disordered graphite®>*® but the intensity ratio is considered in the analysis of largely disordered
carbon materials by decoupling the information on intensity and FWHM.*?33 |/l is the
principle quantity used to evaluate the graphitization while the FWHM is also considered. The
intensity ratio is expected to increase with increasing disorder of graphite and it is proportional to
1/Lp, where Lp is the distance between two defects and when L is approximately equal to, or
greater than 2 nm. This is because the D peak gets activated in the presence of disorder. On
further disordering in which Lp is less than 2 nm, the intensity ratio decreases proportionally to
Lo?, because Ip is proportional to the total number of defects.* The relative motion of the sp?
atoms in carbon contributes to the Is. As the number of defects increases the sp? domains
become smaller and hexagons become fewer and more distorted and ultimately rings open. Ip is
proportional to the presence of sp? rings. Therefore, I decreases and Ip/l decreases.** We
have demonstrated that the Ip/lg ratio of NC and NC with Fe, Co and Ni NPs increases with
increasing temperature of pyrolysis. Thermal energy favors the clustering of sp® phase to ordered

rings.* Ip

is directly proportional to the number of ordered rings and clustering of rings.
Therefore Ip increases with increasing temperature. The G peak relates to bond stretching of all
sp? pairs® and its intensity does not change. Therefore, 1o/l ratio increases with increasing
temperature.

The second order Raman spectral features appear as a broad peak in amorphous carbon
while peaks can be differentiated in more graphitic carbon.*® The G' peak appears at 2700 cm™ of
the second order Raman spectra corresponds to the first overtone of the D peak.*” This peak

appears as a single Lorentzian peak in turbostratic carbon similar to monolayer graphene due to

the absence of interlayer interactions between graphene layers.* The G' peak appears as two



peaks in highly oriented pyrolytic graphite.*® Amorphous carbon turns to turbostratic carbon on
catalytic graphitization with increasing temperature. This is illustrated in our work that the G'
peak becomes more prominent as a single peak and the FWHM decreases with increasing
temperature especially in metal loaded NC.

TEM is another technique that is used to analyze graphitization qualitatively and
quantitatively. TEM images show the amorphous carbon region and the turbostratic carbon
regions. They indicate the nanoparticle distribution with respect to the graphitic and turbostratic
regions. HRTEM images show the polyaromatic layers of turbostratic or graphitic region and the
distance between lattice fringes can be used to evaluate whether the formed crystalline carbon is
turbostratic or graphitic as described in the XRD section. The SAED pattern shows the
diffraction rings and that can use to determine the formed carbon is turbostratic or graphitic. If it
is turbostratic carbon only the (002), (10), and (11) rings are present. In addition to those
diffraction rings in graphitic carbon (004), (103), (101), (112), and (110) diffraction rings are

also present.*

1.5 Au NPs supported on hetoroatom rich mesoporous carbon

The first chapter discusses on the catalytic activity of nickel NPs incorporated
hierarchically porous monolithic carbon on reduction of p-NP. The third project was designed to
determine the catalytic activity on oxidation of benzyl alcohol by Au NPs supported on
mesoporous carbon because catalysis is a major application of metal NPs supported porous
carbon. Mesoporous carbon functionalized with heteroatoms such as oxygen and nitrogen
provide active sites for catalysis.*® The functional groups like COOH, C-O-C and C-N provide
binding sites for Au NPs. Therefore Au NPs immaobilizing on functionalized carbon result in

efficient catalysts. Carbon produced by using FA as the carbon precursor for nanocasting, has
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oxygen functional groups such as C-O, C=0, and OH and when furfuryl amine is used as the
carbon precursor it gives carbon with nitrogen functional groups like pyrolic nitrogen and
oxidized nitrogen in addition to the above mentioned oxygen containing functional groups.
HAuUCI, the Au precursor was introduced to porous carbon by the incipient wetness method and
was reduced in 5% H,/N;to produce Au NPs. The catalysts synthesized by incorporating Au NPs
onto such functionalized mesoporous carbon have proven to be efficient catalysts for benzyl

alcohol oxidation.



CHAPTER 2

One Pot Synthesis of Carbon/ Ni Nanoparticle Monolithic Composites by Nanocasting and their
Catalytic Activity on 4-Nitrophenol Reduction

2.1 Abstract
Composites of nickel NPs incorporated in hierarchically porous carbon monoliths, with

varying Ni loading were synthesized by a one-pot, nanocasting pathway in which the carbon and
nickel were produced in a single step. TEM and SEM images of the composites show well
dispersed NPs in the carbon matrix with small NPs of about 4-12 nm located within the
mesopores and larger NPs (20-60 nm) located in the macropores. The NPs are unevenly
distributed on the mm scale within the monolith. The surface area and the mesopore volume of
the carbon determined by nitrogen adsorption decreased with increasing metal loading. XRD
suggests the NPs are metals at zero oxidation state but XPS shows the presence only of Ni(OH)..
Raman spectra show a significant increase in carbon crystallinity with increasing metal loading.
The composites were used to catalyze the reduction of p-NP to p-AP. The intermediate p-QI was

identified by GC-MS.

2.2. Introduction
NPs show different catalytic properties than the bulk material as the Fermi potential is
more negative, facilitating electron transfer." However, they show inactivity and low selectivity

as they tend to aggregate due to their high surface energy which results from large surface to

10



volume ratio.® NPs need to be stabilized and this can be done by incorporating them onto a
support.* Different kinds of supports such as SiO,,* MgO,” Zr0,,° and Al,O5’ are available but
porous carbon has advantages due to the high surface area which facilitates the electron transfer.
Porous carbons have attracted tremendous interest as catalyst supports,® for adsorption of dyes,®
and for hydrogen storage,'° as they are thermally and chemically stable.'

Si0O; has been used as the template to synthesize porous carbon as powder or monolith, a
process often referred to as nanocasting. Ryoo et al. have produced ordered mesoporous carbon
powders, CMK-3 and CMK-5, that have different mesostructures.**** Smatt and et al. have
reported synthesis of carbon monoliths using disordered mesoporous SiO, as the template and
FA as the carbon precursor.***® Recently there has been interest in obtaining metal NPs
contained in porous carbon via a one-pot synthesis method in which NPs are formed during the
carbonization of the carbon. Metals such as Pd,*” Co,*® Fe,'® and Ni*® incorporated into
mesoporous carbon materials have been extensively studied for their applications in catalysis.

,%° resorcinol-

Other methods of making Ni NPs/carbon composites include using phenolic reso
formaldehyde polymers,?* and chitosan'® as carbon precursors.

Here we report a novel procedure to synthesize carbon monoliths containing Ni NPs by a
one pot synthesis via a nanocasting pathway. Monolithic catalysts can be much more easily
removed from a reaction mixture than powdered catalysts, and can also be used as fixed bed
catalysts. Most of the studies reported so far are of composites in powder form and have shown
the appearance of the NPs on the exterior surface or in the pore walls of the carbon.*®?° Carbon
monoliths with Ni NPs have been synthesized by a sol-gel method.?*?* Such one pot synthesis

methods are faster as the NPs are synthesized during the preparation of carbon, but generally

yield significantly larger NPs than we report here. Our study demonstrates that NPs of size about
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4-12 nm are embedded in the mesoporous structure while the larger NPs are located in the
macropores of the porous carbon. We have applied these new composite materials as catalysts
for the chemical reduction of p-NP.

p-NP is a pollutant found in industrial and agricultural wastes that needs to be removed.**
The reduction of p-NP can be carried out in many ways including metal/acid reduction,
electrolytic reduction and catalytic hydrogenation. The metal/acid reduction requires strong
acidic media and has low selectivity, and electrolytic reduction requires acidic or basic
electrolytes. Catalytic hydrogenation yields high conversion with high efficiency and less impact
on the environment.?® p-NP reduction has been used as a model reaction for investigating the
catalytic activity of new catalysts and is generally believed to be well understood

mechanistically.™?*?’

2.3. Experimental

2.3.1. Materials

PEG 35,000, HNO3 70%, KOH, p-NP and NaBH,, ethanol 95% were procured from
VWR. NH,OH 29% was purchased from Fisher Scientific. FA 98% was purchased from Acros
Organics. TEOS 98%, anhydrous OA 98% and Ni(NO3),.6H,0 98%, were purchased from Alfa
Aesar. C1gTAB was obtained from Genescript. All chemicals were used as received without

further purification.
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2.3.2 Catalyst Synthesis
2.3.2.1 Synthesis of SiO, monoliths

Si0, monoliths were synthesized according to a literature procedure.?® In a typical
synthesis PEG 35,000 (2.2 g) was dissolved in 33 mL of 18 MQ water with magnetic stirring and
6.5 mL of 30% HNOg3added to the stirring mixture. TEOS (32 mL) was then added and stirring
was continued until a uniform solution was obtained. C1gTAB (5.5 g) was then added and the
mixture was stirred until all surfactant had dissolved. The resulting mixture was degassed and
was poured into well plates that were covered with parafilm. The well plates were incubated at
40 °C for 3 days. Then the monoliths were removed from the well plates and putintoa 1 M
NH4OH solution and incubated at 90 °C for 15 h. The monoliths were then washed with 0.1 M
HNO; and dried at 40 °C for 3 days followed by calcination at 550 °C for 5 h at a heating rate of

1°C min™.

2.3.2.2 Synthesis of NC monoliths

SiO, monoliths were degassed for 2 h prior to use. FA was diluted in ethanol in which
OA was dissolved. The molar ratio of FA and OA was 100:1 and the volume ratio of FA to
ethanol was 5:1. Degassed SiO, monoliths were added to the above mixture and were allowed to
infiltrate overnight. After excess solution was removed by drying on copier paper, the monoliths
were incubated at 75 °C for 1 day to polymerize the FA. The infiltration and polymerization
steps were repeated once. After the polymerization, the monoliths were heated to 600 °C in4 h
and held at 600 °C for 2 h under N, flow. The obtained SiO,/NC monolithic composites were
immersed in 3 M aqueous KOH at 75 °C for one day in order to remove the SiO, and the etched

monoliths were dried at room temperature.
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2.3.2.3 Synthesis of NC/Ni monoliths

Ni was included as a molar percentage (1% and 5%) relative to the FA. Ni(NO3),.6H,0
(0.0375 g for 1% Ni and 1.675 g for 5% Ni for 10 mL of FA) was dissolved in a mixture of
ethanol (2 mL) and FA (10 mL). SiO, monoliths were degassed for 2 h prior to use. Then the
ethanol/FA mixture was introduced to the SiO, monoliths by impregnation and was incubated at
room temperature overnight. After removal of excess solution by rolling the monoliths on copier
paper, the composites were heated at 90 °C for 15 h to polymerize the FA. The infiltration -
polymerization cycle was repeated once in order to enhance the homogeneity of the polymer.
Pyrolysis, etching and drying were then carried out in a similar fashion to the procedure
described above. The amount of nickel incorporated in the carbon was determined by leaching a
monolith overnight in 24 ml of aqua regia, diluting with water as necessary and determining the
nickel concentration by Atomic Absorption spectrometry on a HP Instruments AAnalyst 400
system. The AAS measurements were carried out in triplicate, and the average of duplicate

analyses reported (i.e. on two separate monoliths for each composition).

2.4. Characterization

XRD patterns of the samples were collected with a Bruker D8 Discover with GADDS
(Wavelength Co Ka, 1.79 A) and a Hi-Star area detector. TEM images of the samples were
obtained on a FEI Tecnai F20, equipped with a cold field emission gun and a super twin
objective lens with an accelerating voltage of 200kV. Samples were prepared on holey carbon
supported by a copper grid. SEM images were collected using a JEOL 7000 FE-SEM operated at
30 kV, with diode based back-scatter electron detector and an Oxford EDS detector for elemental

analysis. XPS spectra were acquired on a Kratos Axis 165 XPS that is operated with a dual
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Mg/Al anode and a monochromatic X-ray source at 1486.6 eV, corresponding to the Al K, line.
Photoelectrons were collected with a takeoff angle of 90° relative to the sample surface. The
survey and high resolution XPS spectra were acquired in order to determine the chemical states
of C, O and Ni and to determine the relative atomic ratios. The survey spectra and high
resolution spectra of NC were taken at a pass energy of 160 eV, with a step size of 0.1 eV and
using a single scan. The dwell time for the survey scan was 500 ms and 1000 ms for the high
resolution spectra. The survey spectra and the high resolution spectra of NC/Ni were taken at a
pass energy of 320 eV, step size of 0.1 eV and using one scan. The dwell time for the survey
scan was 125 ms, and 5000 ms for high resolution spectra.

Raman spectra were acquired using a Jobin-Yvon Horiba confocal Raman microscope.
The excitation source used was the 632.81 nm line from a HeNe laser with a power of
approximately 12 mW at the sample and the 10x objective was used. Raman spectra were
acquired in the region of 1000 cm™- 2000 cm™ and the spectral acquisition time was 32 min for
all samples. N, sorption measurements were taken on a Quantachrome Nova 2200e pore size
analyzer at -197 °C with He mode to determine surface areas and void volumes of the monoliths,
respectively. The interpretation of the isotherms was carried out with Quantachrome’s Nova Win
software version 11.0 using a multipoint BET method?® to determine the surface areas, and the
BJH method*® was applied to the adsorption branch to determine the pore size distribution. The
volume of micropores was determined by the t-plot method. Product analysis was carried out on
a HP6890 GC using a Micromass Auto-spec Ultima™ NT mass spectrometer equipped with a

Zebron 2B-5MS, 30 m x 250 pm x 0.25 pm, column.
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2.5. Catalytic activity

The catalytic activity of the synthesized composites was investigated by using the
reduction reaction of p-NP to p-AP by NaBH,. Catalyst (NC/1%Ni, NC/5%Ni and NC) was
powdered and was dispersed in water by sonication with a catalyst concentration of 1 mg/ml.
NaBH, (100mM) was dissolved in 0.5 ml of this suspension, and was quickly added to 3.5 ml of
60 UM p-NP, in a quartz cuvette. The cuvette was placed in a UV-vis spectrometer equipped
with a magnetic stirrer. Experiments on dye adsorption to the catalyst were carried out in the
same way but the powdered composite was dispersed in a basic solution without NaBHj, in
which the pH was adjusted by addition of NaOH solution to the same pH value as when NaBH,
is present. Time resolved UV-vis spectra were collected while stirring the solution in the cuvette.
The reactions were monitored by a Cary 100 Bio UV-vis spectrophotometer in the range of 250-
600 nm.

The conversion and selectivity were evaluated by GC-MS. The concentration of p-NP
used for the reaction was 1 mM, the same molar ratio of p-NP to NaBH, as used in the UV-vis
study. The catalyst was used as whole monoliths. To identify the intermediates by GC-MS, the
reaction was carried out and samples were taken out at various times during the course of the

reaction.

2.6 Results

2.6.1 Material Characterization

All monolithic materials had a length of about 7 mm and diameter of about 5 mm, and
were cylindrical as shown in Figure 2.1. They were stable, and upon etching shrinkage in the
carbon monoliths was negligible. The average mass of the monoliths was found to be 0.022 g for

NC, 0.048 g NC/1%Ni, and 0.079 g for the NC/5%Ni.
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(@) (b) (c) (d)(e) (f)

Figure (2.1). Representative photo of the monoliths studied, (a) SiO,, (b) SiO./NC, (c) SiO/NC/1%Ni, (d) SiO-/NC/5%Ni, (e) NC/1%Ni,
(f) NC/5%Ni. An American one cent coin is shown to indicate the scale.

SiO, was used as the template to prepare NC monoliths and NC/Ni monolithic
composites as it has an interconnected porosity that facilitates the structural integrity of the
produced monoliths after removal of SiO, by base etching.*** The SEM images in Figure 2.2a
show the macropore structure of the SiO,. Figures 2.2b, ¢ and d show that the carbon formed
retains the macropore structure of the SiO», i.e. that a positive replica is formed, as is expected

from earlier work.*>®

30.0kV X400 WD 10.0mm 10um
e 1 -~ L4

»

300KV X400 WD100mm 10am | 300KV X400 WD 100mm  10um

Figure (2.2). SEM images of (a) SiO,, (b) NC, (c) NC/1%Ni, (d) NC/5%Ni.
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However closer inspection of Figure 2.2d especially shows that there is considerably
more carbon present in the macropores for the NC/5%Ni sample than for the NC or NC/1%Ni
samples. This is consistent with the larger masses of the monoliths found for the NC/1%Ni and
NC5%Ni samples relative to the NC sample.

The N sorption isotherms of SiO,, SiIO,/NC, NC, SiO,/NC/1%Ni, SiO,/NC/5%Ni,
NC/1%Ni and NC/5%Ni are given in Figure 2.3a and b, and the pore size distribution in Figure
2.3c and d. The values determined from nitrogen adsorption are summarized in Table 2.1. The
SiO, monolith used as template has three types of pores?® (1) surfactant mesopores generated by
the surfactant added during the synthesis, (2) textural mesopores resulting from the ethylene
glycol polymer and condensation of SiO, particles and (3) macropores resulting from spinodal
decomposition of the SiO, sol mixture. The isotherm for SiO, shows the two regions of N,
uptake. The first region appeared around P/Po = 0.4, and is due to the surfactant mesopores. The
second one, which appeared around a relative pressure of 0.9 is due to the filling of textural
mesopores.™ The isotherm for SiO2/NC shows a weak N, uptake around P/Po = 0.4 consistent
with almost complete filling of the surfactant mesopores by carbon. The second, even smaller N,
uptake around a relative pressure of 0.9, shows that most of the textural mesopores are also filled
by carbon. The reappearance of the loop around relative pressure 0.4 in the isotherm for NC
indicates that upon etching, replication of the surfactant mesopores in the template has produced
mesopores in the NC. The relatively high volume around relative pressure 0.9 shows that upon
etching, replicas of some of the SiO, textural mesopores have also been created. The BJH pore
size distribution has a relatively narrow maximum of 3.4 nm for SiO,, which is consistent with
the CTAB used as porogen to make the silica. The maximum of the pore size distribution for NC

is at about 3.4 nm, but the pore size distribution is much broader than for the parent silica
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monolith. This is consistent with earlier wor

14,32
k,

as the surfactant mesopores are randomly

spaced rather than an ordered array, and so the SiO, walls have variable thickness. Nanocasting

gives a negative replica at the nanoscale, producing a broader mesopore size distribution. The

isotherms for SiO,/NC/1%Ni and SiO,/NC/5%Ni show that the uptake due to the surfactant

mesopore filling at low pressures and textural mesopore filling at high pressures have

disappeared indicating that in these samples both the surfactant and textural mesopores were

completely filled with carbon. This is consistent with the BJH pore size distributions (Figure 2.3c

and d) as they also illustrate that the surfactant mesopore peak at around 3.4 nm diameter has

essentially disappeared in both SiO,/NC/1%Ni and SiO,/NC/5%Ni. The total pore volume and

mesopores and micropore volumes of SiO,/NC/5%Ni are all somewhat smaller than those of

Si0,/NC/1%Ni. Upon etching, the nitrogen uptake corresponding to replication of the surfactant

mesopores appears. As with the NC samples, the BJH pore size distribution curves show that

mesopores have been shifted to higher pore size in NC/1%Ni and NC/5%Ni, approximately 4.4

nm and 3.2 nm respectively, with a significantly broader pore size distribution.
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Figure (2.3). (a) N sorption isotherms of SiO,, SiO,/NC, NC, (b) N sorption isotherms of SiO,/NC/Ni and
NC/Ni composites, BJH pore size distribution curves of (c) SiO,, SiO,/NC, NC, (d) SiO,/NC/Ni and NC/Ni.
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Interestingly on a per monolith basis the volume of mesopores is actually higher in the Ni
containing monoliths than in the OA templated monoliths. This is consistent with largely
complete filling of the surfactant mesopores for the Ni containing monoliths, with the extra
carbon filling the macropores and contributing proportionately fewer mesopores per gram.

The increasing growth of carbon in the macropores with increasing amount of Ni may be
due to faster polymerization induced by Ni catalysis compared to OA. The observation that the
samples all have approximately similar volumes of mesopores (on a per monolith basis) suggests
that the Ni/FA solution completely fills and replicates the surfactant mesopores of the SiO,
template. And that excess FA polymer is trapped in the macropores.

The SiO, template has little microporosity, whereas NC is observed to contain significant
amounts of micropores. Interestingly, the micropore volume on a per gram basis drops
significantly for NC/1%Ni and further for NC/5%Ni. It is possible that this results from carbon
formed in the surfactant mesopores having higher microporosity that carbon formed in the
macropores. However, it seems more likely, that this difference reflects a difference in the
degree of polymerization and nature of the polymer formed by OA catalysis of FA compared
with that from Ni catalysis. Alternately it could be a reflection of the impact of Ni NPs on the
graphitization of the carbon formed, as such graphitization would be expected to remove

micropores.
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Table 2.1. Textural parameters of SiO,, SiO2/NC, NC, SiO/NC/1%Ni, SiO,/NC/5%Ni,
NC/1%Ni, and NC/5%Ni.

Sample BET Total Mesopore | Micropore | BJH Method
Surface | Pore Volume Volume Adsorption
are Volume | (cc/g) (cclg) Pore
(m?/g) (cc/g) Diameter

(nm)

SiO; 615 0.54 0.54 0.00 34

SiOy/NC 438 0.25 0.10 0.15 4.4

NC 1247 0.88 0.84 0.04 4.4

SiO2/NC/1%Ni | 196 0.12 0.12 0.00 3.4

SiO/NC/5%Ni | 114 0.07 0.07 0.00 3.2

NC/1%Ni 923 0.62 0.53 0.09 3.2

NC/5%Ni 540 0.36 0.30 0.06 3.2

The wide angle XRD pattern of NC shows only a broad peak from (002) scattering of
amorphous carbon and a weak peak from scattering from the (10) and (100) planes (Figure 2.4a).
Peaks corresponding to the (111), (200) and (220) reflections of metallic Ni which appear at
52.31°, 61.14° and 91.87° were present in both NC/1%Ni and NC/5%Ni samples (Figure 2.4b
and c). Scherrer analysis was performed for NC/1%Ni, and NC/5%Ni to determine the size of
the Ni crystallites. The average crystallite size calculated from the (111), (200) and (220)
reflection peaks for NC/1%Ni is 3.7 nm, and for NC/5%Ni it is 24.37 nm, showing the increase
average in crystallite size with increasing amount of Ni. A sharp peak corresponding to the (002)
reflection of carbon could be seen at 30.5° indicating that higher metal loading increases the

graphitization of carbon.
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Figure (2.4). Wide angle XRD pattern (a) NC (b) NC/1%Ni and (c) NC/5%Ni.

The high resolution XPS spectrum of C 1s for NC (Figure 2.5a) shows graphitic C at
284.30 eV.* In addition it shows the peak due to C bound to O by a single bond at 286.25 eV
and C in an ester at 289.18 eV.** The peak that appeared at 292.30 eV can be attributed to the
shake-up peak of C 1s. The high resolution spectrum of O 1s (Figure 2.5b) illustrates the
presence of O bound to C via single and double bonds at 532.40 eV and 531.42 eV, respectively.
The peak at 533.34 eV can be attributed to hydroxyl groups. The high resolution spectra of Ni 2p
show 2ps, and 2py, peaks due to spin orbital coupling in both NC/1%Ni and NC/5%Ni as seen
in Figure 2.5¢ and d, respectively. The 2p3, appeared at 856 eV and the shake-up line at 862 eV.
The positions of these peaks are consistent with the formation of Ni(OH),.*> As the monoliths
were immersed in 3M KOH to remove SiO; it seems likely that Ni(OH), could form on the
surface of nanoparticles. Sodium borohydride is a sufficiently strong reductant to reduce
Ni(OH), and so the presence of a surface nickel hydroxide is unlikely to impact the catalytic
properties. According to the quantification that was performed using the integrated peak areas,

the percentage of Ni relative to C in NC/1%Ni of 0.12 at% and in NC/5%Ni of 0.32 at%. These
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compositions would correspond to approximately 0.59 wt% and 1.57 wt%. These are
significantly different than the composition determined by leaching of the metal in aqua regia
and determination by atomic adsorption spectrometry which gives values of 1.7 wt% for
NC/1%Ni and 4.6 wt% for the NC/5%Ni samples. The surface nature of XPS makes it
particularly prone to contamination by dust and other atmospheric pollutants that tend to include
substantial amounts of carbon. Accordingly we have used the compositions determined by AAS
in subsequent calculations. The proportionally higher incorporation of nickel in the NC/1%Ni
sample compared to the NC/5%Ni sample is likely to result from the adsorption of nickel on the
SiO; surface, which acts to concentrate nickel inside the monoliths. Excess solution is used it is
rather than an incipient wetness procedure, providing a pool of nickel/FA from which the nickel

can be concentrated.
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Figure (2.5). High resolution XPS spectra of NC (a) C 1s (b) O 1s, (c) Ni 2p of NC/1%Ni (d) Ni 2p of NC/5%Ni.
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Raman spectroscopy is a useful tool to characterize carbon materials as it provides
information on the extent of graphitization. Figure 2.6 shows the Raman spectra of NC (Figure
2.6a), NC/1%Ni (Figure 2.6b) and NC/5%Ni (Figure 2.6c) in the 1000 cm™ to 2000 cm™ region.
The D peak, which is related to the concentration of defects, appeared around 1330 cm™ and the
G peak from sp? carbon is related to ordered graphene sheets appeared around 1590 cm™. The
ratio of intensities of D and G peaks were determined by fitting the D and G peaks to Lorentz
curves by using Peak Fit 4.1. Ip/lg in metal free NC is 0.75, in NC/1%Ni it is 0.96 and it is 1.24
in NC/5%Ni. For well-ordered graphitic carbon the I/l ratio decreases with increased ordering,
however for amorphous and poorly order carbons, when the distance between defects is less than
~3 nm, the Ip/lg peak increases with increased ordering. So the increase in the Ip/lg ratio with

increased metal loading can be attributed to increased formation of nanocrystalline graphite.*
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Figure (2.6). Raman spectra of (a) NC (b) NC/1%Ni and (c) NC/5%Ni.

The disordered nature of the mesopore structure of the SiO, template can be seen in the
TEM image. TEM images of NC are consistent with the mesopores formed being a negative

replication of the SiO, template.* The TEM images of SiO, and NC can be found in appendix A.
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TEM images of NC/1%Ni and NC/5%Ni are given in Figure 2.7. These images show that
the NPs are dispersed in the carbon support. TEM and HRTEM images were taken by tilting the
sample holder by 0° (Figure 2.7). By tilting the sample holder at +15° and -15° it was possible to
confirm that the small Ni NPs are embedded within the mesopores as their position did not
change relative to the matrix on tilting. However, the larger particles observed were likely
located outside the mesopores. On changing the tilt angle these particles moved substantially
relative to the carbon structure and so were not incorporated in the carbon, but rather were
located on the surface of the carbon, consistent with a location in the macropores. The TEM
images taken by tilting the sample holder are given in appendix A. The Ni particle size in
NC/1%Ni showed significant variation from image to image in the ground monoliths. A particle
size distribution generated from all the various images is given in appendix A. The mean particle
size found was 9 nm. The density of particles in NC/5%Ni observed by TEM is much lower than
that found for NC/1%Ni. The mean Ni NP size found for NC/5%Ni was 47 nm, significantly

larger than in NC/1%Ni.
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Figure (2.7). TEM images of (a) NC/1%Ni (b) NC/5%Ni tilt 0°, HRTEM images of (c) NC/1%Ni (d) NC/5%N:i tilt 0°.

HRSEM images (Figure 2.8) were taken in an area at the center (Figure 2.8a and c) and
in an area close to the edge (Figure 2.8b and d) of the monolith in order to observe the spatial
distribution of the particles in the monoliths, respectively in NC/1%Ni and NC/5%Ni, by using
the back scatter detector (COMPO). From the SEM images it can be seen that the NPs are not
evenly distributed in the carbon framework of both NC/1%Ni and NC/5%Ni. It appears likely
that this unevenness in distribution is a result of interaction between the Ni salt and the SiO; of
the template during infiltration. SiO, is negatively charged and Ni** is positively charged. Ni?*
ions are therefore likely to be strongly adsorbed onto the SiO, and a chromatographic effect

would then produce an uneven distribution through the monolith. The heterogeneity is then
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reflected in an uneven spatial distribution of NPs. These images also clearly show that the large
NPs of about 53 nm and 61 nm respectively in NC/1%Ni and NC/5%Ni are located on the

macropore walls.

Figure (2.8). SEM images of NC/1%Ni (a) center (b) outside, NC/5%Ni (c) center (d) outside.

2.6.2 Catalytic activity

The reduction of p-NP to p-AP has become a common model reaction to evaluate the
catalytic activity of NPs and nanocomposites. The reduction is thermodynamically feasible as Eq
for p-NP/ p-AP =-0.76V and H3BO3/BH, = 1.33V versus NHE, but is not kinetically favorable
without a catalyst.?® p-NP has an absorbance maximum at 317 nm and upon addition of NaBH,
the absorbance maximum shifted to 400 nm due to the formation of p-nitrophenolate ions in the
basic medium.®” UV-vis spectra were recorded over time and the reduction of the
p-nitrophenolate ion was monitored. The only product, p-AP, can also be monitored, as it gives a

new peak at 300 nm. Figures 2.9a and 2.9b are absorbance vs. wavelength plots as a function of
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time for NC/1%Ni and NC/5%Ni, respectively. p-Nitrophenolate ions are potentially subject to
adsorption in addition to reduction by NaBH,. To check for this, dye adsorption was monitored
in the absence of NaBH,, with the pH adjusted to match the pH when NaBH,4 was present. Figure
2.9¢ shows the absorbance of p-nitrophenolate in the presence of NC over the same time span
that the catalytic reaction was monitored. Some fluctuation in the absorbance was observed, but

no net adsorption or reaction of nitrophenolate occurred.
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Figure (2.9). UV-vis absorption spectra of p-NP dye in the presence of NaBH, (a) NC/1%Ni, (b) NC/5%Ni, and (c) NC.

The NaBH, concentration is much greater than that of p-NP, and so the rate of reaction is
effectively zeroth order in NaBH,4 concentration, and the reaction is considered to follow pseudo-
first-order kinetics with respect to p-NP, i.e. C=Cqe™', where k is the pseudo-first-order rate
constant, C and Cy are concentration of p-nitrophenolate at times, t and 0, respectively. The
concentration is directly proportional to the absorbance. Figure 2.10 shows the absorbances
measured at 400 nm as a function of time. The curves shown are exponential fits to the observed
absorbances. The rate constants, 95% confidence limits and the R? values are tabulated in Table
2.2. As can be seen in Figure 2.9 there is no net change of dye absorbance indicating that there is

no adsorption of dye onto the NC and that the NC has no catalytic activity.
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Figure (2.10). Absorbance vs. time of NC, NC/1%Ni, and NC/5%Ni.

Table 2.2. Rate constants, 95% confidence limits and R? values on catalysis.

Sample Rate constant (s*) | 95% confidence limit R?
NC/1%Ni 1.03 x102 +4.1 x10°3 0.91
NC/5%Ni 1.25x107 +3.3x10°3 0.95

The primary product observed by GC-MS was p-AP (m/z 109). p-QI (m/z 107) was also
observed. The GC-MS spectra of p-AP and p-Ql are given in appendix A. The GC-MS
experiments support the results obtained from UV-vis as both the catalysts were found to
completely convert p-NP to p-AP with no other products being observed. Moreover, as the
reactions for GC-MS were carried out by using the catalysts as monoliths and, the powdered
form was used for the kinetic evaluation, it demonstrates that the catalyst can be used in both
forms.

The TON and TOF are important parameters in comparing the catalysts synthesized. The
TON is the number of reactant molecules that are converted to products by 1 g of nickel, and

TOF is TON/time.* The TOF values of NC/1%Ni and NC/5%Ni were found to be 6.5 x 10
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moles g™ s™ and 2.84 x 10° moles g™ s, respectively. The higher TOF for NC/1%Ni compared
to that for NC/5%NIi is consistent with the small difference in the rate constants found for the

two catalysts and the higher nickel loading on the NC/5%Ni samples.

2.7. Discussion

NO, NO NHOH NH NH,
+2e7, H* +2e7, 2H* -H,0 +2e7, +2H*
— —_— — —
OH-
OH OH OH 0 OH
p-NP p-NSP p-HAP p-Ql p-AP

Scheme 2.1. Proposed mechanism of reduction of p-NP to p-AP.

The reduction of p-NP by NaBHj is a six electron, six proton transfer reaction
accompanied by loss of two water molecules. The mechanism generally accepted within the
catalysis community®® is that first proposed by Haber® in which reduction is believed to occur
via p-NSP and p-HAP intermediates in both protic and aprotic media. In the electrochemical
community dehydration of the p-HAP is believed to give p-Ql, which is then reduced to p-AP.
This mechanism, is shown in Scheme 2.1.*° The reaction of p-HAP is believed to generally be
the slow step.*® This mechanism has recently been called into question*! based on isotope effects,
and differences in the observed chemistry when the reaction was started with p-NSP, but it has
been argued that there are considerable variations in which of a number of potential pathways are
followed depending upon metal, support, solvent and H, pressure.*? The first two steps,
reduction of p-NP to p-NSP and reduction of p-NSP to p-HAP are fast® consistent with the

p-NSP (m/z 123) not being detected in the GC-MS spectrum. Similarly the signal for m/z 125
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corresponding to p-HAP was not detected. That p-QI is observed and p-HAP was not suggests
that p-QI must be a reasonably stable intermediate in solution, suggesting that it is reduction of
p-Ql that is the rate determining step. However, it is possible that dehydration/reduction of
p-HAP is the rate determining step, but that p-HAP is strongly adsorbed on the surface, while
p-Ql is not, so that the observation of one rather than the other could reflect differences in
adsorption rather than rate.

In considering the catalytic activity: NC/5%Ni (1.25x102 s+3x107®) is only slightly
higher than that of NC/1%Ni (1.0 x107 s+4x10™). We can neglect the solution phase
hydrogenation, which is known to be much less than the heterogeneous catalytic rate. We have
not corrected for any adsorption on the Ni, but can reasonably expect this (and the catalysis) to
be proportional to the Ni surface area. With higher Ni loading an increase in Ni surface area and
hence in catalytic activity would be expected, with a 2.7-fold increase expected if similarly sized
NPs are produced in both cases. However, the observed particle sizes seen by TEM were
significantly larger for NC/5%Ni (47 nm) than for the NC/1%Ni (9 nm average). Based on these
average values, the estimated surface Ni surface areas/gram catalyst are about 0.46 m? for
NC/1%Ni and 0.32 m? for NC/5%Ni. The lower surface area for the NC/5%Ni is because there
are fewer, larger particles for the NC/5%Ni despite the increase in total amount of Ni. This
approximate calculation would therefore predict that the two catalysts would have similar
activities: exactly what is observed.

The observed increase in particle size, accompanied by the inferred decrease in the
number of particles, does raise the question of how the number of particles can decrease, when
the amount of Ni is increased. The Ni(NOs), added serves as more than just a precursor to Ni

NPs, it also catalyzes the polymerization of FA. Previous procedures to nanocast carbon with FA
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included addition of a small amount of OA™ to induce polymerization and minimize FA
evaporation. This role of the Ni would suggest that it is initially dispersed within the mesopores
of the SiO, monolith with the carbon precursor. It is possible that the Ni nitrate phase separates
from the carbon precursor solution during the drying step. However this seems unlikely: the Ni
actually adsorbs somewhat on the SiO, (which leads to the somewhat inhomogeneous
distribution of Ni within the monolith that we have observed), this adsorption would act to keep
the Ni spread out over the surface of the SiO,, rather than concentrated. Further, the TEM shows
clearly that the Ni NPs are incorporated within the carbon in the mesopores, arguing against
large scale phase separation.

This implies that the particle growth must be occurring at a later stage of the formation of
the nanocomposites. It seems reasonable to take as a starting point that the mechanism for Ni
nanoparticle formation in the carbon precursor is similar to that seen in mesoporous SiO;:
decomposition of the Ni(NO3),.6H,0 first to the Ni oxide and that the Ni oxide is then reduced
by the carbon present to Ni metal. The mobility of Ni(NO3),.6H,0 on heating is strongly
dependent upon the conditions under which it is carried out. We have previously shown the
impact of heating under air, vacuum or various inert gases on the decomposition of Co(NOs3), in
mesoporous SiO, templates.*® Similarly, it has been shown that the presence of NO significantly
reduces the mobility of Co and Ni nitrates in mesoporous SiO, by scavenging oxygen radicals,
aiding the conversion of the mobile nitrate hydrate phases into the immobile hydroxynitrate
counterparts.** The furan ring is known to be an active radical trap* and so it seems likely that
FA will similarly act as an oxygen scavenger. In our earlier work on nickel oxide we saw good
evidence for mobility of nickel oxide in mesoporous SiO, at temperatures of 550-600 °C.*?

However it is reported®® that Ni(NO3) incorporated into cellulose is converted to nickel oxide at

32



300 °C and to Ni metal by 400 °C. This would suggest that nickel oxide mobility is unlikely to be
the primary cause of the growth of nickel oxide particles. We believe that the particle growth is
predominantly at the point where the nickel oxide has been reduced to Ni.

Metal NPs are known to impact the graphitization of carbon,*"*

in particular
nanoparticles of Fe, Co, Cr and Ni are reported to be able to catalyze the graphitization of carbon
to graphite at temperatures below 1000 °C.*° The mechanism is believed to be either formation of
metal carbides or dissolution of amorphous carbon in the nanoparticle followed by precipitation
of graphitic material.*® The Ni NPs initially produce a shell of graphitic carbon around them, but
with time and rising temperature this shell breaks allowing the particle to move leaving a trail
of graphitic carbon.® As the particles move through the carbon they grow.*® This can be clearly
seen in this work by the increase in particle size for the NC/5%Ni compared to the NC/1%Ni and
the observation of agglomerated NPs in the TEM. This suggested mechanism is in agreement
with the increase in the graphitic nature of the material seen in both the XRD and the Raman
results. It also is consistent with the decrease in microporosity that is observed between pure
carbon, and carbon incorporating Ni NPs: graphitization would be predicted to lead to decreased
microporosity. Carbon atoms on the surface of a micropore have higher energy due to being on a

surface and so would be more easily dissolved into the Ni nanoparticle, leading to a preferential

removal of micropores possibly accompanied by a growth of mesopores.

2.8 Conclusions

Hierarchically porous NC/Ni carbon monolithic composites were synthesized using a one
pot synthesis by nanocasting into hierarchically porous SiO, monoliths. After removal of the
SiO, template Ni NPs were found to be distributed over the resulting carbon monoliths, with

small NPs incorporated into the mesopores and larger NPs distributed on the macropore walls.
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The Ni NPs have also increased the extent of graphitization of the carbon. The Ni supported on
carbon monoliths was found to be active for reduction of 4-NP to 4-AP by NaBH.. The material
synthesized with higher Ni loading was found to be more catalytically active, however the
catalytic activity on a per gram Ni basis was lower due to increased agglomeration of Ni leading
to fewer, larger NPs. Analysis of the reaction products by GC-MS showed the formation of the
intermediate p-Ql, an intermediate routinely postulated in the electrochemical literature but not

previously observed or postulated in the catalysis literature.
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Appendix A

Figure (Al). TEM images of (a) SiO, (b) NC.

Figure (A2). TEM images of NC/1Ni, tilt (a) +15° (b) -15°, HRTEM images of NC/1Ni (c) +15° (d) -15°, NC/5Ni (e) +15° (f) -15°.
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Figure (A4). GC-MS spectra of (a) p-AP (b) p-Ql.

40

¢



CHAPTER 3

Catalytic Graphitization of Monolithic Nanocast Carbon by Iron, Cobalt and Nickel
Nanoparticles

3.1 Abstract

Hierarchically porous carbon monoliths containing metal NPs were synthesized in a one
pot synthesis through the nanocasting technique using SiO; as the template. Metal (Fe, Co, and
Ni) nitrate dissolved in FA was used, in which FA is the carbon precursor. The polymerized
monoliths were pyrolyzed in the temperature range of 500 °C-800 °C. The macropore structure
of SiO;, has been replicated in nanocast carbon and N, adsorption analysis revealed that the
monolithic composites have high surface area, high mesopore volume, and micropores are also
present. The temperature effect on catalytic graphitization was studied by using XRD, TEM and
Raman spectroscopy. Analysis of the Raman data with increasing pyrolysis temperature, with
and without metal, confirmed ordering of amorphous carbon. Iron, cobalt, and nickel were found
to be good catalysts of graphitization with the order of catalytic activity being Fe> Co> Ni. It
was observed that iron was capable of producing turbostratic carbon at a low temperature of
500 °C, while turbostratic carbon was produced at temperatures of 700 °C when cobalt and
nickel were present. TEM images showed that turbostratic carbon domains were located close to

the metal NPs consistent with catalytic graphitization.
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3.2 Introduction

Graphite consists of sp® hybridized carbon atoms arranged in sheets that have an AB
stacking structure.? The unit cell contains two atoms, A and B, and stacking graphene layers in
a Bernal arrangement produces multilayer graphene or three dimension graphite. Graphitic
carbon is important in applications like electrode materials,® thermal conductive materials,* and
conducting plates.” Graphite has been prepared by many methods that require often extreme
conditions like high temperatures or special and expensive equipment. These synthesis methods
include CVD,° solvothermal synthesis,” and arc discharge.? Catalytic graphitization is a process
in which a catalyst is used to enhance the crystallization of carbon by a chemical reaction
between the catalyst (metal or an inorganic compound) and ungraphitized carbon.® Different
from the other methods cited above, this method requires only moderate conditions and low

11,13,14 Ni 11,13,14 Mn 11 Crll,lS
H H

temperatures.'® Transition metals like Fe,"*"** Co, and metal oxides

like Cr,05™ and MnO™ have been extensively studied as catalysts. In addition metals like

11
l.

Mg, Ca'*** and Si and Ge have been used as catalysts as well.'* A wide variety of carbon

1*2 and

precursors have been investigated including phenolic resins,*® polyfurfuryl alcoho
cellulose,'” in which the metal salt is mixed with the carbon precursor. It has been found that
when the metal is incorporated in the carbon structure as in iron and cobalt gluconates'® and
nickel phthalocyanines,* the carbon structure resulting from the catalysis is of good quality.
A major application of graphitic carbon is to use in the electrochemical field as electrodes and
conducting materials.®® The surface area, presence of micropores (average pore diameter less
than 2 nm) and mesopores (average pore diameter 2-50 nm), composing the electrode material

are important parameters that can, for example, affect the performance of capacitors when these

capacitors are utilizing graphitic carbon as electrodes.?’ Graphitized carbon of high surface area
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and pore volume is believed to facilitate electron transport when they are used as conducting

materials.?* Namely, a high surface area facilitates the accumulation of charges in the electrode
electrolyte interface, while micropores are essential in forming the electrical double layer. Note
that as these micropores need to be electrochemically accessible to ions, coupling to mesopores

allows improved ion transport to the bulk of the electrode material.°

Gao and et al. report that
ease of graphitization of mesoporous carbon could be increased by selecting appropriate carbon
precursors (such as polyaromatic hydrocarbons), CVD, applying high temperature, and catalytic
graphitization.?* Mesoporous carbon that has some graphitic order have also been synthesized by

22-24

using SiO; as the template without any catalyst for the graphitization®*", while catalytically

graphitized mesoporous carbon has been prepared by using SiO; as the template.'®%

In this paper, a new method of preparing hierarchically porous carbon monoliths of high
surface area with graphitic ordering through catalytic graphitization is reported. FA has been
used as the carbon precursor and iron, cobalt and nickel nitrates have been used as the metal
salts. After the polymerization of FA, monoliths were pyrolyzed in N, flow in the temperature

range of 500 °C - 800 °C. The scope of this work is to study the effect of temperature on

catalytic graphitization of nanocast carbon by XRD, TEM and Raman spectroscopy.

3.3 Experimental

3.3.1 Materials

PEG 35,000, HNO3; 70%, KOH, ethanol 95% and acetone were procured from VWR.
NH;OH 29%, was purchased from Fisher Scientific. FA 98% was purchased from Acros
Organics. TEOS 98%, anhydrous OA 98%, Ni(NO3),. 6H,0 98%, Fe(NO3)s. 9H,0 98+% and
Co(NO3),. 6H,0 97.7%, were purchased from Alfa Aesar. C1gTAB was obtained from

Genescript. All chemicals were used as received without further purification.
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3.3.2 Material Synthesis
3.3.2.1 Synthesis of SiO, monoliths

Synthesis of SiO, monoliths was carried out according to a literature procedure.”® PEG
35,000 (2.2 g) was added to 33 mL of 18 MQ water and was stirred until it dissolved. Then 6.5
mL of 30% HNO3 was added to the stirring mixture. After that, 32 mL of TEOS was added and
was stirred until a homogeneous mixture was obtained. Then 5.5 g of C13TAB was added and
stirring was continued until all the surfactant dissolved. The solution was poured into well plates
and was incubated at 40 °C for 72 h. The gels were removed from the well plates and were
immersed in 1 M NH,OH at 90 °C for 12 h. Then the monoliths were washed with 0.1 M HNO3
and then washed with deionized water several times. The monoliths were finally washed with
acetone and were dried at 40°C for 72 h. Then they were calcined at 550 °C for 5 h at a heating

rate of 1 °Cemin™.

3.3.2.2 Synthesis of NC monoliths

Synthesis of nanocast carbon was performed according to a modified version of a
published procedure.?®?” The SiO, monoliths which were used as templates were degassed for
several hours prior to use. FA and ethanol were mixed in the volume ratio of 5:1 and sufficient
OA was dissolved in the mixture such that the FA:OA molar ratio was 200:1. The SiO;
monoliths were added to the mixture and were allowed to infiltrate overnight. The monoliths
were then heated to 80 °C and kept at that temperature for 24 h to polymerize the FA and they
were then heated to the required final temperature (500 °C, 600 °C, 700 °C and 800 °C) in4 h

and held at that temperature for 2 h. The resulting SiO,/NC monoliths were etched in 3 M KOH
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at 75 °C for 24 h to remove the SiO,. Then they were washed with deionized water several times

and were dried at room temperature.

3.3.2.3 Synthesis of metal nanoparticles containing nanocast carbon monoliths

Metal containing nanocast carbon monoliths were prepared using SiO; as the template.
SiO, monoliths were degassed for several hours prior to use. FA and ethanol were mixed in the
volume ratio of 5:1 and metal (Ni, Co, and Fe) was included as 1 wt% relative to FA by
dissolving the metal nitrate (Fe(NO3)s. 9H,0, Co(NO3),. 6H,0, and Ni(NO3),. 6H,0) in the
mixture of FA and ethanol. The SiO, monoliths were added to the mixture and were allowed to
infiltrate overnight. Then they were heated to 80 °C and held at 80 °C for 15 h to polymerize the
FA. The carbonization, etching and drying were carried out similarly to the procedure described

above.

3.4 Characterization

XRD patterns were collected on a Bruker D8 Discover instrument with GADDS (Co
anode, wavelength 1.79 A) and a High Star area detector. The interlayer spacing, d(002) was
calculated from the Bragg equation, d(002) = A/2sin6, in which A is the wavelength of the Co Ka.
X-ray source, 0 is the Bragg angle and d is the interlayer spacing. Crystallite size (Lc) was
calculated by the Debye-Scherrer equation, Lc = KA/B cos6, in which L¢ is the crystallite size, K
is the shape factor (0.9), and B is the FWHM in radians. The acquisition time for all samples was
1 hour. TEM images were obtained on a FET Tecnai F20, equipped with a cold field emission

gun and a super twin objective lens with an accelerating voltage of 200 kV. Samples were
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prepared on holey carbon supported by a Cu grid. The morphology was imaged by bright field
image and SAED was used for structural analysis.

Raman spectra were acquired by using a 10x objective lens and 532 nm and 633 nm laser
wavelengths as excitation sources. The laser power at the sample was kept around 0.5 mW to
avoid heating effects. The spectra were deconvoluted with Lorentizian curves by using the
Peakfit software. A base line subtraction was performed before fitting the data. The region with
frequencies ranging from 1200 to 1800 cm™ (so-called G- and D-bands) was fitted with three
peaks. The region with frequencies ranging from 2300 to 2900 cm™ was fitted to four peaks.

XPS spectra were acquired on a Kratos Axis 165 XPS system that was operated with a
dual Mg/Al anode and a monochromatic x-ray source at 1486.6 eV, corresponding to the Al Ka
line. Photoelectrons were collected with a takeoff angle of 90° relative to the sample surface. The
survey and high resolution spectra were acquired in order to determine the chemical states of C,
O, Fe, Co and Ni. The survey spectra were taken at a pass energy of 160 eV, with a step size of
0.1 eV, using a single scan. The dwell time was 500 ms for the survey spectra and 1000 ms for
the high res spectra.

SEM images were collected using a JEOL 7000 FE-SEM operated at 30 kV, with diode
based back scatter detector and an Oxford EDS detector for elemental analysis. N, adsorption
measurements were taken on a quantachrome Nova 2200e pore size analyzer at -197 °C with He
mode to determine the surface area and void volumes of the monoliths. The interpretation of the
isotherms was carried out with Quantachrome Nova Win software version 11.03 using a
multipoint BET method?® to determine the surface areas, and the BJH method?® was applied to
the adsorption branch to determine the pore size distribution. The volume of micropores was

determined by the t-plot method.
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3.5 Results and Discussion
3.5.1 XRD of NC

XRD is a technique widely used for the analysis of graphitization of carbon. XRD
patterns of NC pyrolyzed at different temperatures (500 °C, 600 °C, 700 °C and 800 °C) are
shown in Figure 3.1. The XRD patterns of NC from all pyrolysis temperatures look similar and
do not show the crystallite carbon peak, revealing that well ordered graphitic carbon is not
present. The broad peak centered around 28°, which corresponds to an interlayer spacing of
about 0.36 nm, indicates that NC is amorphous and crystalline graphitic carbon is not present.
The other, less intense peak, which appears around 52°, comes from the merging of two
dimensional (10) and three dimensional (100) peaks. XRD patterns are basically characterized by
two reflections. They are the (002) reflection, the three dimensional diffraction corresponding to
the stacking of graphene layers and two dimensional diffraction lines such as (10) and (11)." The
latter lines are superimposing on the corresponding three-dimensional diffraction lines such as
(10) on (100) and (11) on (110). So it is almost impossible to distinguish the two dimensional
lines! and analysis could not performed on those peaks. If that analysis could be done especially
of the (10) diffraction peak, intensity should increase, FWHM should decrease and the peak
position should shift to a lower diffraction angle with increasing pyrolysis temperature.*® The

XRD observations are consistent with the TEM images (vide infra).
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Figure (3.1). XRD pattern on NC pyrolyzed at 500 °C, 600 °C, 700 °C, and 800 °C.

3.5.2 TEM of NC

The TEM image of NC treated at 800 °C (Figure 3.2a), clearly shows the amorphous,
disordered mesoporous nature of the carbon. The HRTEM image (Figure 3.2b) does not show

any graphitic domains but nanocrystallites could be seen.

Figure (3.2). (a) TEM image (b) HRTEM image of NC 800 °C. Nanocrystallites are shown by the highlighted circle in the HRTEM
image.

3.5.3 XRD of NC/Fe

The XRD patterns of NC/Fe are given in Figure 3.3a. The graphitic (002) peak is present

at temperatures from 500 to 800 °C. That the peak is not present in NC and that the intensity
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grows with increasing temperature is consistent with catalytic graphitization of amorphous
carbon by Fe nanoparticles. The XRD patterns show that Fe is capable of catalyzing
graphitization of carbon at relatively low temperatures. The crystallite peak was observed around
30° which corresponds to an interlayer spacing of about 0.345 nm. This result suggests that some
turbostratic carbon is present, as the interlayer spacing for crystalline graphite is 0.335 nm. A d
spacing higher than 0.342 nm is generally considered to be due turbostratic carbon.* The
crystallite size determined from the width of the C(002) peak is about 3.4 nm. At 500 °C,
although the graphitic carbon peak is present in the XRD patterns, the broad peak that appeared
around 28° indicates that amorphous carbon is still the dominant form. This broad feature seems
to be less dominant as the pyrolysis temperature increases, consistent with increasing conversion
of amorphous to more crystalline carbon. The broad small peak at 51° corresponds to the (10)
and (100) diffractions, as discussed earlier in the text, and is also present in NC/Fe pyrolyzed at
all temperatures. In turbostratic carbon, the peak for two dimensional diffraction (10), is
expected to increase in intensity, have narrower width and decreasing peak position with
increasing temperature.®® However, the (111) diffraction of the Fe nanoparticles also appears at
51° and the interference from this peak prevents a more detailed analysis of the (10) and (100)
carbon peaks. Hexagonal graphite and turbostratic graphite possess regular spacing in stacked
graphene layers but they differ in degree of stacking ordering.* Hexagonal graphite has the
ordered AB stacking structure and the turbostratic carbon has graphene layers that are randomly
translated relative to each other and are also rotated about the normal to the graphene layers.
These translations and rotations of stable h-graphite change the interlayer spacing and/or shape
of atomic layers.* Turbostratic carbon has structural changes like rotation, translation, curvature,

local fluctuation of interlayer spacing of graphene layers. These changes affect the diffraction
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angle and the FWHM of the XRD peaks and hence they cannot be simply used to characterize
the lattice parameters and crystallite size of turbostratic carbon.* Parameters such as peak
position, FWHM and lattice parameters calculated using the above expressions can give some
general indication about the sample structure. The nanoparticle distributions in the monolithic
composites are not spatially homogeneous as reported in our previous study.* So the
graphitization catalysts are not evenly distributed through the monolith, which results in more
heterogeneous carbon containing both turbostratic and amorphous carbons. So the differences in
the peak position, interlayer spacing and crystallite size are likely due to the structural changes of
turbostratic carbon and heterogeneous distribution of the metal nanoparticles.

In the XRD diffraction pattern, peaks for metallic iron or iron oxide could not be seen.
This is due to the metal nanoparticles being dissolved/washed out during the etching of SiO, and
subsequent, extensive washing of the monoliths. In order to determine the crystal state XRD
patterns of the monoliths before etching (Figure 3.3b) were collected. The XRD patterns of
monoliths pyrolyzed at 600°C, 700 °C and 800 °C, indicate the presence of iron nanoparticles
and the iron (111), (200) and (220) diffraction peaks were measured at 51°, 59.60° and 89°. The
Fe (111) diffraction peak is believed to overlap the graphitic carbon (10) and (100) diffraction
peaks and could not be resolved. In the XRD pattern of the monoliths pyrolyzed at 500°C, these
peaks were not present which could be due to the nanoparticle dispersion. Peaks corresponding
to iron carbide were not observed. The broad peak in all patterns in Figure 3.3b has the

contribution of both amorphous carbon and SiO,.
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Figure (3.3). XRD patterns of (a) NC/Fe (b) SiO./NC/Fe pyrolyzed at 500 °C, 600 °C, 700 °C, and 800 °C.

3.5.4 TEM of NC/Fe

TEM images of NC/Fe and SiO,/NC/Fe pyrolyzed at 800 °C are given in Figure 3.4.
Turbostratic carbon shows a combination of ribbon morphology and areas of amorphous carbon
as can be seen in the TEM image of NC/Fe (Figure 3.4a). Polyaromatic layers arranged in
turbostratic biperiodic order are indicated by the lattice fringes and are highlighted in the
HRTEM image of NC/Fe (Figure 3.4b). The interlayer spacing is 0.3586 nm. The SAED pattern
of NC/Fe (Figure 3.4c) shows (002), (10), and (11) diffraction rings. The (002) diffraction ring
indicates the presence of graphitic ordered carbon and (10) and (11) diffraction rings indicate the
presence of turbostratic carbon. The presence of these diffractions is consistent with the results
from XRD. Fe nanoparticles could not be seen in the TEM images. This is believed to be due to
dissolution of the nanoparticles during the washing step after etching SiO,. The presence and
position of the nanoparticles in both the carbon matrix and in the graphitic domains, was
observed in the unetched, SiO,/NC/Fe sample. The distribution of NPs in the carbon matrix is
shown in the TEM image of SiO,/NC/Fe (Figure 3.4d). These NPs have an average size of

28 nm. Amorphous carbon and the SiO, framework were also present and it is possible to see
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that the turbostratic carbon and NPs are present among this matrix. The turbostratic carbon is

located close to the nanoparticle as shown in the HRTEM image of SiO,/NC/Fe (Figure 3.4e).

Figure (3.4). (a) TEM image (b) HRTEM image (c) SAED pattern of NC/Fe 800 (d) TEM image (¢) HRTEM image of SiO,/ NC/Fe 800.
In (a) Amorphous region is labeled as (i) and Turbostratic region is labeled as (ii).

52



3.5.5 XRD of NC/Co

The XRD patterns of NC/Co pyrolyzed at different temperatures are shown in Figure
3.5a. The crystallite peak of carbon was present in NC/Co samples which were pyrolyzed at
700 °C and 800 °C but not in samples pyrolyzed at 500 °C and 600 °C. The broad peak centered
on about 28° is present in all samples, a feature that was observed for the NC/Fe as well. This
suggests that the density of crystalline carbon in NC/Co samples pyrolyzed at 500 °C and 600 °C
is not sufficient to produce a measurable diffraction peak in the XRD pattern. This observation
confirms that catalytic graphitization increases with increasing temperature. The crystallite peak
appeared at about 30°, and the interlayer spacing is about 0.345 nm, which is again greater than
the interlayer spacing of graphite, 0.335 nm.% This indicates that turbostratic carbon has been
produced from catalytic graphitization by Co NPs. The crystallite size is about 3.6 nm, which is
0.2 nm larger that the crystallite size found for the NC/Fe system. The broad peak observed at
28° shows the presence of amorphous carbon, to a greater extent than was found in NC/Fe. In
addition to the (002) peak, the (10) and (100) peaks of carbon could be seen around 51°.
Although other authors® have quantitatively analyzed the effect of temperature on the intensity,
FWHM and peaks position of this peak in terms interference from the Co (111) diffraction peak
(which appears at 52°), prevented such an analysis being carried out here. The structural changes
that occur in turbostratic carbon, explained in the earlier discussion concerning NC/Fe, affect the
diffraction angle and FWHM and hence the calculation of lattice parameters and crystallite size.*
So, it is worth mentioning that the values that were calculated can give qualitative insight, but are
not quantitatively accurate. As described in the discussion on NC/Fe, the inhomogeneous

distribution of NPs in the monolith also contributes to variation of the parameters calculated.
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The crystal state of the NPs could not be evaluated by XRD as no metallic peaks were
observed. This is due to the removal of NPs during the washing of monoliths after etching SiO..
The XRD patterns of monoliths before etching were collected in order to determine the crystal
state. They are given in Figure 3.5b. The XRD pattern of NC/Co pyrolyzed at 500 °C and 600 °C
do not show any peaks which could be due to the NPs well dispersed in the carbon matrix.
NC/Co pyrolyzed at 700 °C showed metallic peaks, (111) at about 52°, (200) at about 61° and
(220) at about 91°. The crystallite size could not be accurately calculated as the diffraction peak
(111) is fairly broad, and overlaps with the diffraction peaks of carbon. The XRD pattern of
NC/Co pyrolyzed at 800 °C shows diffraction peaks at 51.53°, 53.09°, 53.81°, 57.11°, 63.28°,
81.20°, 95° that correspond to the orthorhombic phase of cobalt silicide (Co,Si) (JCPDS card
number 04-010-3523). The Co,Si Phase was reported to form when Co thin films on Si (100)
were heated to 350 °C. Further heating produced other cobalt silicide phases.*® Therefore it
appears reasonable that during the pyrolysis of NC/Co to 800 °C, metal Co was synthesized at
lower temperatures and upon further heating to 800 °C, Co,Si has formed. In other samples
pyrolyzed at lower temperatures, the temperature it is not sufficient to produce detectable
amounts of cobalt silicides. It has been reported that nickel silicide catalyzes the graphitization of
carbon nanofibers, albeit at temperatures higher than used here.** This suggests that cobalt

silicide might also be contributing to the graphitization of carbon for the NC/Co samples.
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Figure (3.5). XRD patterns of (a) NC/Co (b) SiO./NC/Co pyrolyzed at 500 °C, 600 °C, 700 °C, and 800 °C.

3.5.6 TEM of NC/Co

TEM images of NC/Co and SiO,/NC/Co pyrolyzed at 800 °C are given in Figure 3.6.
TEM images of SiO,/NC/Co were taken in order to observe the nanoparticle distribution relative
to the amorphous and turbostratic carbon as again, during etching and washing most of the NPs
are removed. TEM image of NC/Co (Figure 3.6a) shows the presence of both turbostratic carbon
and amorphous carbon, consistent with the XRD results. The HRTEM image of NC/Co (Figure
3.6b) shows lattice fringes that are composed of polyaromatic layers organized in turbostratic
biperiodic order. The interlayer spacing is 0.3436 nm. The corresponding SAED patterns of
NC/Co (Figure 3.6¢) show the (002), (10) and (11) diffraction rings. The presence of (10) and
(11) diffraction rings also indicate that turbostratic carbon has been produced. The location of
NPs relative to turbostratic and amorphous carbon regions was assessed using TEM images of
SiO,/NC/Co (Figure 3.6d). These NPs have an average size of 33 nm. The HRTEM image of
SiO,/NC/Co (Figure 3.6e) shows that turbostratic carbon is located close to the nanoparticle,

consistent with cobalt NPs catalyzing carbon crystallization.
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Figure (3.6). (a) TEM image (b) HRTEM image (c) SAED pattern of NC/Co 800 (d) TEM image (¢) HRTEM image of SiO,/ NC/Co
800. In (a) Amorphous region is labeled as (i) and Turbostratic region is labeled as (ii).
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3.5.7 XRD of NC/Ni

The XRD patterns of NC/Ni pyrolyzed at different temperatures are given in Figure 3.7a.
The presence of the C(002) XRD peak shows that a graphitized of carbon is present in NC/Ni
pyrolyzed at 700 °C and 800 °C. Again, as seen in the NC/Co samples, the turbostratic carbon
crystallite peak is not observed in NC/Ni pyrolyzed at 500 °C and 600 °C. The broad peak
appear at about 28° is present in these NC/Ni samples as well. These observations show that the
crystallization of carbon increases with increasing temperature. The C(002) peak was at about
30° in NC/Ni pyrolyzed at 700 °C and 800 °C, corresponding to an interlayer spacing of about
0.345 nm. Once again, this interlayer spacing is greater than the interlayer spacing of graphite
(0.335 nm) indicating the formation of turbostratic carbon.®! The crystallite size is found to be
the largest among the three different samples: 3.7 nm. The XRD patterns of NC/Ni also show the
presence of the broad peak at about 28° indicating that amorphous carbon is present to a greater
extent than is turbostratic carbon. The peak observed at 51° corresponds to the combination of
(10) and (100) peaks. Again this peak overlaps with the metallic Ni (111) diffraction peak
preventing any detailed analysis.*® The structural changes in turbostratic carbon as described
earlier in NC/Fe and NC/Co affect the diffraction angle and FWHM, and hence the lattice
parameters and crystallite size." Those quantities provide a general idea than a specific trend. The
heterogeneous distribution of NPs in the monolith also contributes to such fluctuations, which
has proven to be a common behavior for all the three cases studied here.

In order to evaluate the crystal state of the NPs XRD patterns of SiOo/NC/Ni pyrolyzed at
different temperatures were collected as well (Figure 3.7b). SiO,/NC/Ni pyrolyzed at 500 °C and
600 °C show diffractions consistent with the metallic phase of Ni. The diffraction peak at 52.11°

corresponds to the Ni (111) diffraction, the peak at 61.10° corresponds to the Ni (200) diffraction
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and the peak at 92.08° to the Ni (220) diffraction. Crystallite size was not calculated as the (10)
and (100) diffractions of carbon also appear around that position. The XRD pattern of
SiO,/NC/Ni pyrolyzed at 700 °C showed peaks at about 46.15°, 49.74°, 50.98°, 53.30°, 57.43°,
62.82°, 80.89°, and 90.46°. These peaks can be indexed as the orthorhombic phase of nickel
silicide (Ni,Si) (JCPDS card number 04-010-3516). The peak at about 55.46° matches the
orthorhombic phase of nickel silicide (NiSi) (JSPDS card number 04-003-0573) and the peaks at
about 52.14°, 61.26° to the cubic phase of nickel silicide (Ni 82.00%, Si 8.00%) (JCPDS card
number 04-004-4506). The peaks of SiO2/NC/Ni pyrolyzed at 800 °C that appeared at about
50.84°, 53.29°, and 57.33° can be attributed to the orthorhombic phase of nickel silicide (Ni,Si)
(JCPDS card number 04-010-3516), the peak at about 55.28° to the orthorhombic phase of nickel
silicide (NiSi) (JSPDS card number 04-003-0573) and the peaks at about 52.21°, 61.11° and
91.98° can be assigned to the cubic phase of nickel silicide (Ni 82.00%, Si 8.00%) (JCPDS card
number 04-004-4506). NC/Ni samples pyrolyzed at 500 °C and 600 °C show the presence of
metallic nickel and NC/Ni pyrolyzed at 700 °C and 800 °C show that different phases of nickel
silicide have formed. The nickel silicide, Ni,Si, phase is reported to start to form by heating Ni
metal and silicon together at temperatures between 250 °C and 300 °C, and further increasing
temperature is reported to form NiSi.*® It could be that during pyrolysis Ni metal has formed and
further increasing temperature of samples pyrolysed at 700 °C and 800 °C different phases of
nickel silicide has formed. It has been reported that the nickel silicide contributes efficiently to
the graphitization of carbon nanofibers.** So it is likely that the nickel silicide compounds

formed during the pyrolysis have affected the graphitization in our work too.
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Figure (3.7). XRD patterns of (a) NC/Ni (b) SiO/NC/Ni pyrolyzed at 500 °C, 600 °C, 700 °C, and 800 °C.

3.5.8 TEM of NC/Ni

TEM images of NC/Ni and SiO,/NC/Ni pyrolyzed at 800 °C are given in Figure 3.8.
TEM images of SiO,/NC/Ni were taken to assess the NP distribution in the carbon matrix
relative to the positions of amorphous and turbostratic carbon because during etching and
washing NPs are washed out. Turbostratic carbon and amorphous carbon could be seen in the
TEM images of NC/Ni (Figure 3.8a). This is consistent with XRD pattern showing the presence
of both types of carbon. The HRTEM image of NC/Ni (Figure 3.8b) shows the polyaromatic
layers arranged in turbostratic carbon biperiodic order. The interlayer spacing is 0.3594 nm. The
SAED pattern (Figure 3.8c) shows the carbon (002), (10) and (11) diffraction rings. The (10) and
(11) diffraction rings confirm that turbostratic carbon has been produced. The distribution of NPs
in the carbon matrix is shown in the TEM image of SiO,/NC/Ni (Figure 3.8d). These NPs have
an average size of 30 nm. The HRTEM image of SiO,/NC/Ni (Figure 3.8e) shows that
turbostratic carbon is present close to the nanoparticle. This indicates that the amorphous carbon

located close to the nanoparticle was graphitized.
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Figure (3.8). (a) TEM image (b) HRTEM image (c) SAED pattern of NC/Ni 800 (d) TEM image (¢) HRTEM image of SiO./ NC/Ni 800.
In (a) Amorphous region is labeled as (i) and Turbostratic region is labeled as (ii).
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Catalytic graphitization can occur via dissolution-precipitation and carbide formation-
decomposition mechanisms.*” According to the carbide formation-decomposition mechanism the
metal nanoparticle forms a metal carbide layer that converts to a graphitic layer around the metal
nanoparticle when temperature is increased. Because the thermal expansion coefficients of iron,
cobalt, and nickel are greater than that of graphite, when heated to high temperatures the NPs
expand and pressurize the inner surface of the graphitic shell and break it and escape.*® The
escaped nanoparticle moves to another area of amorphous carbon and continues to crystallize the
amorphous carbon at high temperatures. The decomposition temperature of iron carbide is
700 °C.%¥ The pyrolysis at low temperatures produces FesO, NPs that are carbothermally reduced
to FeO and then to Fe with increasing temperature. The reduction of FeO to Fe is believed to
occur at about 700 °C which is similar to the thermal decomposition temperature of iron
carbide.® Peaks corresponding to iron carbide were not seen. If iron carbide had been produced,
the peaks from iron carbide should have been observed in samples pyrolyzed at 500 °C and 600
°C as under these temperatures the samples are below the decomposition temperature. Samples
pyrolyzed at 700 °C and 800 °C may not have those peaks as iron carbide (if formed) would
probably decompose. The thermal decomposition temperature of cobalt carbide and nickel
carbide are about 485 °C and 420 °C respectively.*” We believe that peaks corresponding to
cobalt carbide and nickel carbide are not present in the XRD pattern as all our samples are heated
above the decomposition temperature. Catalytic graphitization is therefore believed to have
occurred by dissolution-precipitation mechanism. Amorphous carbon dissolves in the
nanoparticle, and precipitates as graphitic carbon.®*? TEM images show that turbostratic carbon
is located close to the nanoparticles, and the amorphous carbon is present further away from the

NPs. This suggests that it is only amorphous carbon close to the NPs that is catalytically
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graphitized while amorphous carbon is not subject to crystallization without NPs as catalysts.
This observation is further supported by the heterogeneous distribution of NPs in the monolith as
there are amorphous carbon regions where NPs are not present. The nanoparticle concentration
appears to be too low to catalyze the graphitization of all amorphous carbon as the metal nitrate
was dissolved in the precursor FA, in which only one weight percent of metal is present relative
to FA. NPs have previously been reported to move in the carbon matrix catalyzing the
graphitization of amorphous carbon.*®*

The percentage of graphitic carbon was calculated by fitting the (002) peak into two
Gaussian peaks which are centered at 28° and 30°, and then considering the ratio of integrated
peak area to the total integrated peak area as given in Figure 3.9. From Figure 3.9 we see that the
percentage of graphitic carbon is higher in NC/Fe than NC/Co and NC/Ni and Fe is catalytically

active at low temperatures. Co and Ni are found to be active at high temperatures (700 °C and

800 °C), Co being more effective than Ni.
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Figure (3.9). Graphitic carbon percentage of NC/Fe, NC/Co, and NC/Ni.
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3.5.9 Resonant Raman Spectroscopy
Resonant Raman Spectroscopy is a well-known technique used to study vibrational

properties of materials and it has been shown to be particularly powerful for studying carbon-

38,39 40,41 42,43

based structures such as graphite, carbon nanotubes,™"" graphene, and amorphous
carbon.**** Carbon materials are an assembly of honeycomb-like layers in which these layers are
connected to each other via van der Waals forces and the in-layer carbon atoms are sp®
hybridized. The Raman spectra of disordered carbons show two distinct modes, the G peak
occurring around 1580-1600 cm™ (which is assigned to zone center phonons of E,q symmetry)
and the D peak around 1350 cm™ (which corresponds to K- point phonons of A;q symmetry).*>
The G peak is associated with in-plane out-of-phase vibrations of two neighboring carbon atoms
(that happen to be the two carbon atoms in the unit cell of the carbon material) that are connected
to each other and are sp? hybridized and the D peak is due to the breathing modes of the
hexagons formed by the carbon atoms in the carbon materials structure.* The area ratio of the D
and G peaks gives information about the crystallinity of the carbon structures and it is routinely
used for the analysis of graphitization in disordered graphite***’ However, the intensity ratio of
the D and G peaks are generally used for the analysis of largely disordered materials, thereby
decoupling the information contained in the integrated area of the peaks into their intensity and
FWHM.*“® As a representative case, the peak deconvolution of the G and D peaks observed for
the NC sample pyrolyzed at the temperature 800 °C is given in Figure 3.10 and a third peak in
addition to the D and G peaks corresponds to combination of sp? and sp® carbon that is not

crystallized. The hydrogen and oxygen present in carbon can also contribute to this additional

peak and so this peak gives little useful information.
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Figure (3.10). Peak deconvolution of Raman spectrum of NC 800.

The intensity ratio was found to increase with increasing temperature when the samples
were excited at both 532 nm (Figure 3.11a) and 633 nm (Figure 3.11b) wavelengths. We observe
this increase in the ratio for all the samples: NC, NC/Fe, NC/Co, and NC/Ni. The Ip/lg ratio
increases with increasing temperature because the thermal energy favors the clustering of the sp?

phase to form the carbon hexagons in the honeycomb lattice.*® Ip

is directly proportional to the
number of ordered rings and clustering of rings (the D-band is known to be a disorganization
related Raman feature - a feature related to the crystallinity disorder of the crystal). Note that the
In/l ratio increases with increasing disorder of graphite. When the number of defects increases,
it means that the sp? domains decreases and the carbon hexagons, therefore, become fewer and
more distorted. In fact, eventually the hexagons come to rupture creating a defect. The ratio Ip/lg
decreases if the material gets more crystalline, which in other words means more organized.*>*®
According to Lucchese et al., the Ip/lg ratio can be related to a parameter Lp which represents
the distance between defective sites in the carbon material lattice.*® In other words, Lp can be

seen as a measure of the amount of disorder. The smaller the Lp, the higher the density of

defective sites is and, therefore, the higher the disorder of the material is. The process of
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formation of amorphous carbon from graphite usually proceeds in three stages: (1) the graphite
converts to nanocrystalline graphite; (2) nanocrystalline graphite to amorphous carbon of low
density sp® content; and (3) the low density sp® amorphous carbon to high density sp* amorphous
carbon. The Ip/lg is proportional to 1/ Lp in the first stage and in the second and third stages,
Io/l is proportional to Lp?.**® This means that when moving from stage three to stage two, the
Io/lg ratio is expected to increase as the sample moves from essentially sp® carbon to a mixing of
sp? and sp® carbons (note that there is no crystalline organization yet, although some parts of the
material is no longer amorphous carbon). When moving from the stage two to the stage one the
Io/lg ratio decreases and the material gets closer and closer to its crystalline sp? structure. In our
research we aim to graphitize a sample essentially composed of amorphous carbon containing a
mixture of sp? and sp® carbons. So, our experiments are making a transition from the stage three
to the stage two, as described above, which is confirmed by the plot in Figure 3.11. According to
the increasing Ip/lg ratio observed with increasing pyrolyzing temperature we believe that the
amorphous carbon that is synthesized by pyrolyzing the NC samples with different catalysts at
low temperature can be considered as amorphous carbon with a high density of sp® contents and
as the temperature is increased, pyrolyzing the samples further, the density of sp® contents
decreases and the new carbon material produced consists of amorphous carbon and
nanocrystalline graphite. This is in fully agreement with the discussions and observations made
in the previous sections and are fully supported by the XRD and TEM results discussed above.
Indeed, when the temperature is increased, the amount of defects tends to decrease, which means
that the density of crystalline carbon is increasing. As a consequence, Lp is expected to increase

as well with increasing the temperature. Incorporating more catalyst metals and pyrolyzing at
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higher temperatures are some of strategies that could produce carbon materials with a higher

crystallinity to eventually produce few layers of carbon atoms or even graphite.
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Figure (3.11). Ip/lgratio at (a) 532 nm and (b) 633 nm laser wavelengths of NC (black), NC/Fe (red),NC/Co (blue), and
NC/Ni (purple) pyrolyzed at 500 °C, 600 °C, 700 °C, and 800 °C.

The FWHM is a measure of the structural disorder as well.*® The FWHM (I) of the D
and G peaks generally increase with increasing disorder.***® Accordingly, the ratio between the
FWHM for the D and G peaks (I'p/T'g) is analyzed, for each sample, as the temperature
increases, as shown in Figure 3.12. Figure 3.12 shows, for all the samples NC, NC/Fe, NC/Co,
and NC/Ni, that the I'p/T's tends to decrease with increasing temperature. Figure 3.12a shows the
results for the samples excited at 532 nm and Figure 3.12b shows the results for the samples
excited at 632 nm. Once again we have a confirmation that the NC samples with different metal

catalysts become more ordered when temperature is increased.
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The position of the D band appeared in the region of 1340-1355 cm™ when the samples
are excited from laser of 532 nm wavelength and 1320 cm™-1330 cm™ from 633 nm wavelength
as shown in Figure 3.13a and b, respectively. The D peak is expected to change its position with
change in the wavelength of excitation.* The peak position of the G band was around 1600 cm™
in NC, NC/Fe, NC/Co, and NC/Ni at both 532 nm (Figure 3.13c) and 633 nm (Figure 3.13d)

laser wavelengths.
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Figure (3.13). Peak position of D from (a) 532 nm (b) 633 nm laser irradiation and G band from (c) 532 nm and (d)
633 nm laser irradiation of NC (black), NC/Fe (red), NC/Co (blue), NC/Ni (purple) pyrolyzed at 500 °C, 600 °C,
700 °C, and 800 °C.

The G peak appears in graphite at 1581 cm™.* The G peak could be due to the presence
of nanocrystalline graphite. When the carbon is converted from graphite to nanocrystalline
graphite it has been found that the G peak shifted from 1580 cm™ to about 1600 cm™.* This is
due to the appearance of a D' peak around 1615 cm™, that merges with the G peak and shifts the

G peak to higher Raman shift. The D' peak is believed to be due to the edges of graphitic
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crystallites.”® This peak becomes more dominant because of the high percentage of the edges
which results from the decreased size of graphitic crystallites.®® In NC, there is higher percentage
of nanocrystalline graphitic crystallites as shown in the HRTEM image (Figure 3.2b) that
produces a higher amount of edges. In metal loaded NC the crystallite carbon is present and
could be seen in the HRTEM images. The proportion of edges in crystallite turbostratic carbon is
low when compared with the amorphous carbon (NC) decreasing the contribution from the D'
peak and giving a more pronounced G peak.

The second order Raman spectra of NC, NC/Fe, NC/Co, and NC/Ni pyrolyzed at all
temperatures are given in Figure 3.14a, b, ¢, and d, respectively. The given spectra were
acquired using 532 nm laser wavelength. Peak deconvolution of NC/Fe 800 is given in Figure
3.14e. These four peaks are attributed to the overtones of vibrations.*® The peak at about 2530
cm™ could be the peak appearing around 2450 cm™ in the literature which was attributed to the
overtone mode of longitudinal optical phonon.>* The peak appearing around 2700 cm™ can be
attributed to the G' peak which is believed to be the first overtone of the D band.>? This band is a
Raman allowed mode for sp® carbons.>® The band around 2925 cm™ can be assigned to the D+G
overtone combination that is also induced by disorder.>* The band appearing at around 3188 cm™
could be assigned to the 2D" which is the second harmonic of the D' peak.>® Figure 3.14a shows
a broad band from 2100 cm™-3500 cm™. In disordered carbon the second order Raman features
appear as a broad band. In metal loaded carbon samples, it can be seen that the appearance of the
G' becomes more prominent as indicated by decreasing FWHM with increasing temperature. For
all samples the peaks are much broader when the pyrolyzing temperature is lower. The G' band
becomes more prominent as a single peak with increasing temperature, indicating the formation

of turbostratic carbon with increasing temperature. In graphitic carbon the G' band appears as a
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double band.® In turbostratic carbon the G' appears as a single Lorentzian peak similar to
monolayer graphene due to the absence of interlayer interactions between graphene layers.** This
observation shows that with increasing temperature, amorphous carbon is converted to
turbostratic carbon in the presence of metal NPs. This is consistent with the XRD patterns and

TEM images which also show the presence of turbostratic carbon with increasing temperature.
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Figure (3.14). Second order Raman spectra of (a) NC, (b) NC/Fe, (c) NC/Co, and (d) NC/Ni pyrolyzed at 500 °C, 600 °C,
700 °C, and 800 °C (e) peak deconvolution of second order Raman spectrum of NC/Fe 800 (f) T variation of G’ band with
temperature of all samples.

3.5.10 XPS Analysis

The chemical bonds in carbon and oxygen, and the oxidation state of the metals
synthesized were determined by XPS analysis. High resolution spectra of carbon, oxygen, and
metals in the composites are given in Figure 3.15. The spectrum of C 1s (Figure 3.15a) shows
the graphitic carbon feature at 284.60 eV, carbon bound to oxygen with a single bond at 285.55

eV, and in ester at 288.32 eV.>® The peak appearing at 290.71 eV could be attributed to a shake -
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up peak of carbon. The high resolution spectrum of O 1s (Figure 3.15b) consists of peaks from
the oxygen bound to carbon by single bond (531.43 eV), and by a double bond (532.83 eV). The
peak at 534.14 eV could be assigned to the hydroxyl groups present in carbon. The high
resolution spectra of Fe (Figure 3.15c), Co (Figure 3.15d), and Ni (Figure 3.15e) show spin
orbital coupling of the 2p orbital as 2ps;, and 2p;,. In the high resolution spectra of NC/Fe the
peak due to the 2ps/, is observed at 711.63 eV, but is not due to elemental Fe which is expected
to be at 706.6 eV.> This indicates the presence of oxidized iron which would appear to be Fe**,
as Fe in the +3 oxidation state is reported to appear at 710.0 eV.* It might also be from Fe (11)
in Fe(OH)s. In Fe shake - up peaks were not observed. The high resolution spectra of both Co
and Ni in NC/Co and NC/Ni respectively show four peaks corresponding to spin orbital coupling
of the 2p orbital as 2ps, and 2p1» and their shake-up peaks. The peak at lower binding energy
with high intensity is the 2ps/, and the peak adjacent to it on the high binding energy side with
low intensity is the shake-up peak. The peak at higher binding energy with lower intensity than
2ps12 peak but higher intensity than other peaks is the 2py/, peak and the peak adjacent to it at
high binding energy side with low intensity is the shake-up peak of 2p1,. In Co zero oxidation
state 2ps;, should appear at 778.1 eV*® but a peak is seen at around 781.50 eV. Furthermore, the
other peaks are also shifted to higher binding energy indicating that oxidized cobalt has formed
and that probably indicates the presence of Co(OH),. Similar multiple peaks were observed in Ni
also where the presence of multiple peaks indicates that different oxidation states are present.
The 2ps), of metallic Ni should appear around 852.6 eV, suggesting that the peak seen at
856.28 eV is instead due to nickel in a positive oxidation state (+2) which could indicate the
presence of Ni(OH),.%° XRD patterns showed the crystal state as the metal in some of the

patterns, but XPS revealed that the surface is oxidized. This could be that the surface of the NPs
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is oxidized but the core may not be. Further, during etching an alkaline medium is used and that

may have caused the formation of surface metal hydroxides and metal oxides.
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Figure (3.15). XPS high resolution spectra of (a) C 1s (b) O 1s in NC pyrolyzed at 800 °C (c) Fe 2p in NC/Fe, (d) Co 2p in
NC/Co, and (e) Ni 2p in NC/Ni pyrolyzed at 500, 600, 700, and 800 °C.

3.5.11 N, Sorption

The textural parameters of the monolithic composites have been evaluated by N, sorption

analysis. Figure 3.16a shows the isotherms of SiO,, and NC, NC/Fe, NC/Co and NC/Ni

pyrolyzed at 800°C. One pyrolysis temperature was selected to show the behavior as samples

pyrolyzed at other temperatures behave similarly. The isotherm of SiO, shows two N, uptakes.

The first region appeared around P/Po = 0.4 is due to the filling of surfactant mesopores and the

second region, that appeared around P/Po = 0.9 is due to the filling of textural mesopores.?® The

isotherms of NC, NC/Fe, NC/Co and NC/Ni pyrolyzed at 800 °C show an uptake around P/Po =

0.4 indicating the presence of surfactant mesopores, but the uptake around P/Po= 0.9 is very low

because textural mesopores are relatively well filled with carbon. It can be clearly seen in the
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isotherms of NC/Fe, NC/Co and NC/Ni pyrolyzed at 800 °C that the loop area corresponding to
surfactant mesopores is much lower than that in NC 800. This results from the inversion of the
SiO, mesopore structure: the SiO, template has mesopores which are all of diameter (which
gives rise to a narrow pore size distribution), but the mesopores do not form ordered arrays,
hence the SiO, mesopore walls are of varying thickness. On replication that gives mesopores of
variable diameter. According to the BJH adsorption branch pore size distribution curves (Figure
3.16b) the average pore size of NC is greater than that of SiO,. The BJH pore size of SiO, is at
3.40 nm, and that of NC, NC/Fe, NC/Co and NC/Ni pyrolyzed at 800 °C are 4.32 nm, 3.11nm,
4.34 nm and 3.12 nm respectively. The data on N, sorption analysis of all the samples are given
in Table 3.1. The pore size distribution curves of SiO, show a narrow pore size distribution
which is consistent with the C15TAB used as the porogen to synthesize SiO,. But the curves of
the replica show broader pore size distributions. Mesopore walls of the disordered mesoporous
SiO; have variable thickness due to the randomly spacing of the surfactant mesopores.
Nanocasting gives a negative replica at the nanoscale producing broader pore size
distribution.®*®? Nanocast carbon produced from the ordered mesoporous SiO,, has a narrower

pore size distribution as the wall thickness of the parent SiO, is no longer random.®
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Figure (3.16). (a) N, Sorption isotherms (b) BJH adsorption pore size distribution curves of SiO, and NC, NC/Fe,
NC/Co and NC/Ni pyrolyzed at 800 °C.

72



Table 3.1. Textural parameters of the monoliths synthesized.

Sample BET Surface | Total Pore | Mesopore | Micropore | BJH Method
Area Volume Volume Volume Adsorption
(m?/g) (cclg) (cclg) (cclg) Pore
Diameter

(nm)
SiO; 671 0.58 0.58 0.00 3.40
NC 500 730 0.50 0.46 0.04 3.13
NC 600 621 0.45 0.448 0.002 3.40
NC 700 556 0.41 0.406 0.004 4.29
NC 800 823 0.56 0.52 0.04 4.32
NC/Fe 500 | 658 0.44 0.37 0.07 3.41
NC/Fe 600 | 683 0.49 0.44 0.05 3.38
NC/Fe 700 | 573 0.40 0.37 0.03 3.12
NC/Fe 800 | 885 0.59 0.55 0.04 3.11
NC/Co 500 | 714 0.49 0.45 0.04 3.11
NC/Co 600 | 777 0.53 0.47 0.06 4.37
NC/Co 700 | 640 0.44 0.41 0.03 4.35
NC/Co 800 | 415 0.28 0.25 0.03 4.34
NC/Ni 500 | 894 0.60 0.51 0.09 3.12
NC/Ni 600 | 797 0.57 0.48 0.09 3.11
NC/Ni 700 | 932 0.65 0.60 0.05 3.38
NC/Ni 800 | 836 0.57 0.51 0.06 3.12

The isotherms for samples before etching, NC/SiO,/Fe, NC/SiO,/Co, NC/SiO,/Ni
pyrolyzed at 800 °C are given in Figure 3.17a. The uptake at relative pressure of 0.4 is relatively
low indicating the filling of surfactant mesopores from carbon and the textural mesopores are
mostly completely filled, consistent with the disappearance of the loop at around P/Po = 0.9
which shows the uptake from the textural mesopores. The greatly reduced mesopore volume in
those samples further supports the mesopores being filled with carbon. Therefore the monoliths
before etching have low surface area. The BJH adsorption branch pore size distribution curves of
those samples (Figure 3.17b) show that the maximum peak position has reduced indicating the
filling of mesopores. The textural parameters of these samples are given in Table 3.2. Upon

etching the mesopore volume has increased and the uptake at relative pressures around 0.4 is
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pronounced. But the loop corresponding to textural mesopores is not present indicating that FA
polymerization has also occurred in textural mesopores. The surface area, total pore volume,
mesopore volume and micropore volume could not be compared from sample to sample in
NC/Fe, NC/Co, and NC/Ni as the metal NPs in the carbon monolith are washed out during
etching and washing after etching. Metal NPs reduce the pore volumes as they fill the mesopores
partially or completely reducing the mesopore volume. This would generate some micropores
increasing the micropore volume and at the same time metal nanoparticles could also completely
cover the micropores reducing the micropore volume. Since the metal NPs are only partially
washed out, these parameters cannot be compared from sample to sample. All these parameters
affect the surface area. But we can see that all the samples have high surface areas, considerable

mesopore volumes and micropore volumes.
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Figure (3.17). (a) N2 sorption isotherms (b) BJH adsorption pore size distribution curves of SiO,/NC/Fe, SiO,/NC/Co and
SiO,/NC/Ni pyrolyzed at 800 °C.
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Table 3.2. Textural parameters of the replicated monoliths before etching.

Sample BET Surface | Total Pore | Mesopore | Micropore | BJH Method
Area Volume Volume Volume Adsorption
(m?/g) (cclg) (cclg) (cclg) Pore
Diameter
(nm)
SiO,/NC/Fe 500 | 338 0.20 0.15 0.05 3.42
SiO,/NC/Fe 600 | 342 0.20 0.13 0.07 441
SiO,/NC/Fe 700 | 368 0.21 0.13 0.08 4.20
SiO,/NC/Fe 800 | 219 0.13 0.10 0.03 3.43
SiO,/NC/Co 500 | 395 0.23 0.15 0.08 3.13
SiO,/NC/Co 600 | 421 0.24 0.15 0.09 3.13
SiO,/NC/Co 700 | 440 0.25 0.18 0.07 3.15
SiO,/NC/Co 800 | 172 0.11 0.105 0.005 3.84
SiO,/NC/Ni 500 | 421 0.23 0.12 0.11 3.13
SiO,/NC/Ni 600 | 319 0.18 0.10 0.08 4.42
SiO,/NC/Ni 700 | 244 0.15 0.11 0.04 4.38
SiO,/NC/Ni 800 | 575 0.35 0.28 0.07 3.13
3.5.12 SEM Analysis

The SEM images (Figure 3.18) show the macropore structure of the monoliths. It can be
seen from the images that the macropore structure of SiO, (Figure 3.18a) is retained in NC 800,
NC/Fe 800, NC/Co 800, and NC/Ni 800 (Figure 3.18Db, c, d, and e, respectively) and they are a

positive replica of SiO., as expected from previous work.?*%
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Figure (3.18). SEM images of (a) SiO, (b) NC 800 (C) NC/Fe 800 (d) NC/Co 800 and (e) NC/Ni 800.

The graphitic carbon is more thermodynamically stable as indicated by negative free
energy change in converting disordered carbon to graphite.’ The graphitization process involves
breaking bonds in disordered carbon and formation of bonds to give ordered carbon. These
processes require energy and the activation energy for the uncatalyzed graphitization is reported
to be >1000 kJ mol™.*? This value can be attributed to a rate determining step of mass-transport
self-diffusion by a defect mechanism. In catalytic graphitization the activation energy has been
found to be much lower than for uncatalyzed graphitization. The rate determining step could be
the movement of NPs through the carbon framework or the carbon dissolution and precipitation
in the nanoparticle.™ These processes require energy and increasing temperature provides the
energy required. This is certainly consistent with the higher amount of graphitization produced
by higher pyrolyzing temperatures.

The d-orbitals of transition metals like Fe, Co, and Ni are filled with six, seven, and eight

electrons respectively. The energy levels of configurations in these metals are hardly changed
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when accepting electrons from carbon and it is understood that carbon form positive ions.
Consequently, these metals can dissolve carbon and catalytically graphitized carbon by a
dissolution-precipitation mechanism.™* On the other hand metals in group I1Vb-VIIb like Ti, Cr,
and Mn have from two to five electrons in the d-orbitals and therefore they form strong chemical
bonds with carbon such as metal carbides. These metals catalytically graphitize carbon by
carbide formation-decomposition mechanism.** This explanation is further supported by the
compounds found if the carbons are quenched: metals such as Ti and Cr have formed metal
carbides, while Fe, Co, and Ni produce metals containing carbon.™* Furthermore the standard
enthalpy of formation of carbides in Ti, Cr, and Mn are smaller than that in Fe and Ni indicating
that the carbide formation is feasible in those metals.®® So it can be concluded that catalytic

graphitization in this work has occurred in dissolution-precipitation mechanism.

3.6 Conclusions

Metal (Fe, Co, Ni) incorporated carbon monoliths could be synthesized by nanocasting as
a one pot synthesis, pyrolyzing at four temperatures in the range of 500 °C-800 °C. From the
XRD patterns, the turbostratic crystallite carbon peak started appearing at 500 °C due to iron
catalyzing the graphitization. For carbon incorporating Co and Ni this peak was first observed at
700 °C. The TEM and HRTEM images revealed the presence of turbostratic and amorphous
carbon in metal loaded carbon indicating that metals have catalyzed the graphitization of some
amorphous carbon but the treated temperature and the amount of metal loading is not sufficient
to produce completely graphitic carbon. In the absence of metal NPs no graphitization is
observed. From the percentage of graphitic carbon calculated from XRD data, the catalytic
activity of iron is greater than of cobalt and nickel, and that of cobalt is greater than nickel.

Raman analysis show an increase of intensity ratio and a decrease of FWHM ratio of the D and
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G bands indicating the ordering of material with increasing temperature. Our analysis indicates

that the catalytic graphitization has occurred by dissolution-precipitation mechanism.
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CHAPTER 4
Heteroatom Rich Mesoporous Carbon as Supports for Gold Nanoparticles and Evaluation as
Catalyst for Benzyl Alcohol Oxidation
4.1 Abstract
NC/O,N hierarchically porous carbon was synthesized by using furfuryl amine as the

carbon precursors by nanocasting using hierarchically porous SiO, monoliths as the template.
Performance was compared to nanocast material made using FA. After etching SiO,, Au NPs
supported on the carbon, were synthesized by incipient wetness followed by reduction
ofHAuUCI,. The resulting nanocomposites were characterized by TEM, SEM, XRD, XPS, Raman
spectroscopy and N, sorption. It was found that both the mesoporous and macroporous structures
were replicated in the carbon composites giving high surface area and mesopore volume. From
analysis of TEM images average Au nanoparticle size of 39 nm was found for the NC/O support
compared with 25 nm on NC/O,N. SEM images showed that the NPs were heterogeneously
distributed on the macropores of carbon supports. Au NPs were found to be in zero oxidation
state based on XRD and the surface of the NPs was not oxidized as indicated by XPS. Raman
spectra indicated the presence of amorphous carbon and a new type of disorder could be seen in
NC/O,N as revealed by the shift in D band frequency compared to NC/O. The Au NPs
incorporated NC/O and NC/O,N were found to be efficient catalysts for benzyl alcohol

oxidation.
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4.2 Introduction

The oxidation of alcohols is an interesting organic transformation that has been
extensively studied in the field of catalysis.® The selectivity of the desired product mainly
depends on the properties of the catalyst. Production of the corresponding acid after complete
oxidation”® or the aldehyde by partial oxidation®*? or production of more than one product®*?
has been found in many studies. NPs are attractive catalysts due to the high surface to volume
ratio™ but using NPs in homogeneous catalysis possess significant disadvantages. A
homogeneous catalyst is hard to remove from the catalytic reaction limiting the potential use in
industry.'® Furthermore, product purification is more difficult: for cost effective removal, the
NPs needs to be aggregated and precipitated.*® This limits the reuse of NPs as catalyst, which is a
significant limitation, especially the noble metal NPs which are expensive to synthesize.” NPs
tend to aggregate to minimize the surface energy, and will do so easily when they are not
covered by a ligand layer giving charge or steric repulsion. In order to prevent such aggregation
they are protected from capping agents like polymers®® and dendrimers*® which result in the
production of ultra small NPs. These NPs required to be aggregated after the reaction in order to
analyze the products and hence cannot be reused. These drawbacks could be eliminated by
stabilizing NPs on to a solid support as the solid catalysts could be easily removed from the
reaction mixture.™*’ But nanoparticle leaching is a common problem when they are stabilized on
to a support.®> Au NPs stabilized on solid supports have attracted interest as it could be used in

20,21

many chemical reactions like hydrogenation,?*% oxidation®° and coupling reactions.?? Au NPs

incorporated onto carbon supports like activated carbon, graphitic carbon and reduced graphene
oxide have been investigated for the catalytic oxidation of benzyl alcohol.? It has been found

13,24

that incorporation of two kinds of metal NPs like Au and Pd on activated carbon,™ " carbon
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nanofibers,?® and mesoporous carbon?® increases the catalytic activity. Furthermore, bimetallic
NPs like Au and Pd on mesoporous carbon have shown high selectivity to benzaldehyde.?® In
addition to carbon, other supports like SiO,,? ceria,”® and alumina® have also used as supports
to immobilize Au NPs and bimetallic Au and Pd NPs. Carbon is often chosen as the support
because carbon materials show high resistance to acids and bases, surface chemical structure can
be modified, and porosity can be changed.*® In this work mesoporous carbon rich with oxygen,
and with oxygen and nitrogen have been synthesized by using FA and furfuryl amine as the
carbon precursors respectively. HAuCl, was introduced onto the mesoporous carbon by an
incipient wetness method followed by reduction to form Au NPs. The catalytic activity of the
composite has been investigated for the oxidation of benzyl alcohol. The stability of the Au NPs

on both oxygen, and oxygen and nitrogen rich carbon has been evaluated.

4.3 Experimental
4.3.1 Materials.

PEG 35,000, HNO3 70%, KOH, benzyl alcohol, K,CO3, ethanol 95%, acetone and ethyl
acetate were procured from VWR. NH,OH 29% and H,0O, 30% were purchased from Fisher
Scientific. FA 98% and Furfuryl Amine were purchased from Acros Organics. TEOS 98% and
anhydrous OA 98% were purchased from Alfa Aesar. C1sTAB was obtained from Genescript.
HAuCI, .3H,0 49% was purchased from Sigma-Aldrich. All chemicals were used as received

without further purification.
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4.3.2 Catalyst synthesis
4.3.2.1 Synthesis of SiO, monoliths

Synthesis of SiO, monoliths was carried out according to a literature procedure.* Briefly,
PEG 35000 (2.2 g) was added to 18 MQ water and was stirred until it completely dissolved.
Then 6.5 ml of 30% HNO3; was added to the stirring mixture. Subsequently, 32 ml of TEOS was
added and stirred until a homogeneous mixture was obtained. C;sTAB (5.5 g) was then added
and the mixture was stirred until all surfactant was dissolved. The resulted sol was degassed for a
few minutes. The sol was then poured into well plates, which were incubated at 40 °C for 72 h.
The gels were removed from the well plates and were immersed in 1 M NH,OH at 90 °C for
12 h. Then the monoliths were washed with 0.1 M HNOj3 and then washed with deionized water
several times. After that the monoliths were washed with acetone and dried at 40 °C for 72 h.

The monoliths were then calcined at 550 °C for 5 h at a heating rate of 1 °Cmin™.

4.3.2.2 Synthesis of NC/O

Preparation of NC/O was performed according to a modified version of a published
procedure.**3* Si0, monoliths, the templates for NC, were degassed for several hours prior to
use. FA was diluted with ethanol in a volume ratio of 5:1, and OA was dissolved in the mixture
to give a molar ratio of FA:OA of 200:1. The SiO, monoliths were immersed in that mixture for
12 h. Then the monoliths were heated at 80 °C for 24 h to polymerize the FA. The infiltration
and polymerization were repeated once. The monoliths were then heated to 800 °C in 4 h and
were held at that temperature for 2 h in N, flow. After this pyrolysis the monoliths were etched
in 3M KOH at 75 °C for 24 h in order to remove the SiO, template. They were then washed with

deionized water several times and dried at room temperature.
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4.3.2.3 Synthesis of NC/O,N

Synthesis of NC/O,N was carried out according to a modified version of an existing
procedure.® The SiO, monoliths were degassed for several hours prior to use. They were
infiltrated in furfuryl amine solution for 12 h. Then they were heated at 100 °C for 24 h and then
at 160 °C for another 24 h in order to enhance the cross linking of furfuryl amine. The infiltration
and heating were repeated for three times. Then pyrolysis, etching and drying were performed as

described above for NC/O.

4.3.2.4 Synthesis of Au NPs supported NC

HAuCI, was introduced to mesoporous carbon by an incipient wetness method. Powdered
NC was added to HAuCl, (1 mg/ml) aqueous solution in which the Au concentration was
prepared to be 1 wt% relative to the carbon weight. The suspension was stirred for 24 h at room
temperature and then heated at 80 °C while stirring until the solution evaporated. Then the
powder was washed three times with deionized water until no CI" ions were detected in washings
by UV-vis spectrophtometer. Then the powder was dried at 70 °C for 24 h. The dry powder was

then heated to 250 °C in 4 h and held at that temperature for 2 h in 5% H,/N; flow.

4.4 Characterization.

XRD patterns were collected by a Bruker D2 Phaser equipped with a Cu Ka emitting
source (Wavelength, 1.54 A) Lynx-Eye 1D strip detector, and an anti-scatter blade fixed at 3
mm. The interlayer spacing, d was calculated from the Bragg equation, d= A/2sin6, in which A is
the wavelength of the Cu Ka x-ray source, 60 is the Bragg angle and d is the interlayer spacing.

Crystallite size (Lc) was calculated by the Debye-Scherrer equation, Lc = KA/B cos6, in which
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Lc is the crystallite size, K is the shape factor (0.9), and B is the FWHM in radians. The
acquisition time for all samples was 1 h. TEM images were obtained on a FET Tecnai F20,
equipped with a cold field emission gun and a super twin objective lens with an accelerating
voltage of 200 kV. Samples were prepared on holey carbon supported by a Cu grid. The
morphology was imaged using bright field image mode.

Raman spectra were acquired using a 10x objective lens with a laser, wavelength of
532nm, as the excitation source. The laser power at the sample was kept around 0.5 mW to avoid
heating effects. The spectra were deconvoluted with Lorentizian curves by using the Peakfit
software package. A base line subtraction was performed before fitting the data. The region with
frequencies ranging from 1200 to 1800 cm™ (so-called D- and G-bands) was fitted with three
bands. XPS were acquired on a Kratos Axis 165 XPS system that is operated with a dual Mg/Al
anode and a monochromatic x-ray source at 1486.6 eV, corresponding to the Al Ka line.
Photoelectrons were collected with a takeoff angle of 90° relative to the sample surface. The
survey and high resolution spectra were acquired in order to determine the chemical states of C,
O, N and Au. The survey spectra were taken at a pass energy of 160 eV, with a step size of 0.1
eV, using a single scan. The dwell time was 500 ms for the survey spectra and 1000 ms for the
high resolution spectra. The peak deconvolution of all the high resolution spectra was performed
using Gaussian functions.

SEM images were collected using a JEOL 7000 FE-SEM operated at 30 kV, with diode
based back scatter detector and an Oxford EDS detector for elemental analysis. N, adsorption
measurements were taken on a Quantachrome Nova 2200e pore size analyzer at -197 °C with He
mode to determine the surface area and void volumes of the monoliths. The interpretation of the

isotherms was carried out with Quantachrome Nova Win software version 11.03, using a
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multipoint BET method* to determine the surface areas and the BJH method*® was applied to
the adsorption branch to determine the pore size distribution. The volume of micropores was
determined by the t-plot method. Product analysis was carried out on an HP 6890N GC
connected to a Waters Micromass Quattro micro mass spectrometer equipped with a DB-1701 30

m x 320 pm x 1.0 um, column.

4.5 Catalytic Tests.

The oxidation of benzyl alcohol was carried out by using a batch-type reaction vessel
with a refluxing condenser. Typically, the powdered catalyst (20 mg) was added into an
appropriate volume of deionized water in a 50 ml round bottom flask. Then 0.4 mmol of K,CO3
(0.053g) was added while stirring followed by 0.2 mmol of benzyl alcohol. The reaction mixture
was heated to 95 °C while refluxing and then 1 mmol of H,0, (30%) was quickly added and the
reaction mixture was stirred for 24 h. The contents in the flask was cooled to room temperature
and transferred into centrifuge tubes. The flask was washed with 1 ml of ethyl acetate and that
was also transferred into a centrifuge tube. Then the reaction mixture was centrifuged at 10 000
rpm for 1 h. The supernatant was collected and was centrifuged again in the same conditions and
then that supernatant was filtered through a 0.2 um filter. The pH of the filtrate was adjusted to 2
and then the reactants and products were extracted with ethyl acetate using 1 ml of ethyl acetate
three times. The extracts were collected and the trace of water was removed using MgSQO, as
drying agent. The internal standard method was used for the quantification where the internal
standard, toluene was added to the extracted reactant and product mixture. Then reactants and

products were analyzed by GC-MS.
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Reusability study of the catalyst. The spent catalyst was centrifuge-washed at 10 000 rpm for 10
minutes with deionized water twice. It was then used for the catalytic reaction as described

above.

4.6 Results and Discussion
4.6.1 Material Characterization

SiO, monoliths were cylindrical in shape and about 7 mm in length and 5 mm of
diameter. The NC/O monoliths showed shrinkage compared to SiO, monoliths. The NC/O,N
samples appeared to be initialing monoliths similar to the NC/O, but they broke during
polymerization of the furfuryl amine and during etching of SiO,. The effect of heating
temperatures for the polymerization of furfuryl amine was explored; temperatures of 100 °C and
160 °C were tried, where the later temperature is above the boiling temperature of furfuryl amine
(145 °C). So furfuryl amine tends to boil and evaporate rapidly at 160 °C before all the
monomers linked as a continuous chain. The breaking of the monoliths during the etching could
result from the furfuryl amine not being well cross-linked in the SiO, monolith templates so that
the replication does not extend throughout the monolith. Removal of the SiO, template would
then produce only fine powder or small pieces. The SEM image in Figure 4.1a shows the
macropore structure of the SiO, monoliths. SEM images in Figure 4.1b and ¢ show that the
carbons produced by nanocasting (NC/O and NC/O,N respectively) show similar macropore
structures to the SiO, monoliths. However, the macropore structure has broken during grinding
as shown in Figure 4.1d and e of NC/O/Au and NC/O,N/Au respectively. The N sorption
isotherm and TEM image which will discussed later, clearly show that in NC/O,N the mesopore

structure is replicated. The confirmation of the presence of mesopore structure and the
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macropore structure shows that furfuryl amine has polymerized in the SiO, monoliths, but as
some of the NC/O,N monoliths were broken suggests that furfuryl amine has not completely

cross-linked to give a continuous replica.

300KV X1,000 WD 10.0mm

Figure (4.1). The SEM images of (a) SiO, (b) NC/O (c) NC/O,N (d) NC/O/Au (e) NC/O,N/Au.

The nitrogen isotherms and BJH pore size distribution plots of template and replicated
materials are given in Figure 4.2a and 4.2b, respectively. The values of various textural
parameters are given in Table 4.1. The nitrogen sorption isotherm of SiO, shows two regions of
N uptake. The first N, uptake region around P/Po = 0.4 is due to the surfactant mesopores and
the second uptake region round P/Po = 0.9 is due to the filling of textural mesopores.* In
isotherms of both NC/O and NC/O,N the uptake around a relative pressure of 0.9 is almost
absent indicating that textural mesopores are completely filled with carbon. But the uptake
around a relative pressure of 0.4 indicates the presence of surfactant mesopores in both types of
carbon. This clearly show that mesopore structure is replicated in NC/O and NC/O,N. The BJH

pore size distribution shows a narrow peak at 3.4 nm in SiO, consistent with the C;3TAB used
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as a porogen to make the SiO,. The maxima in the pore size distributions for NC/O and NC/O,N
are 3.2 nm and 4.4 nm, respectively, but the pore size distributions are much broader than that of
the template SiO,. This is consistent with earlier work.*”*® Since the SiO, template has
disordered surfactant mesopores, the mesopore walls show variable thickness. When the negative
replica is former, the mesopores produced correspond to the silica walls, and so have a broader
pore size distribution. The isotherms and pore size distributions of NC/O/Au and NC/O,N/Au
show similar behavior to NC/O and NC/O,N, as would be expected. The BJH pore size
distribution of NC/O/Au shows a narrow peak at 4.2 nm which corresponds to the NC/O peak at
3.2 nm. But NC/O,N/Au show a narrow peak at 4.4 nm being similar to NC/O,N. The replication
by using furfuryl amine has taken place in similar fashion to the replication with FA at the
mesopore level as indicated by the N, isotherms. The replication is the same at the macropore

level as indicated by SEM images (Figure 4.2).
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Figure (4.2). (a) N2 sorption isotherms and (b) BJH pore size distributions of template and replicated materials.
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Table 4.1. Textural parameters of template and replicated materials.

Sample BET Surface | Total Pore | Mesopore | Micropore | BJH Method
Area Volume Volume | Volume Adsorption
(m?/g) (cclg) (cclg) (cclg) Pore
Diameter
(nm)
SiO; 673 0.620 0.620 0.000 3.4
NC/O 650 0.480 0.477 0.003 3.2
NC/O,N 222 0.190 0.190 0.000 4.4
NC/O/Au 781 0.580 0.580 0.000 4.2
NC/O,N/Au | 203 0.180 0.180 0.000 4.4

TEM images of NC/O/Au and NC/O,N/Au are given in Figure 4.3a and b, respectively.
Particle size distributions determined from these images are given in Figure 4.3c and d,
respectively. The Au NPs are distributed on the carbon matrix in a wide range as shown by TEM
images and particle distribution histograms. The average particle sizes are 39 nm and 25 nm
respectively, in NC/O/Au and NC/O,N/Au. In both composites nanoparticle aggregates were
observed. Some of the NPs were partially aggregated. Larger NPs or aggregates could be
produced during the reduction process because when NPs move through across the internal

surfaces of the carbon they tend to encounter other Au NPs and grow by agglomeration.
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Figure (4.3). TEM images of (a) NC/O/Au (b) NC/O,N/Au Particle size distributions of (c) NC/O/Au (d) NC/O,N/Au.

The SEM images of NC/O/Au and NC/O,N/Au taken from the backscatter detector
(COMPO) are given in Figure 4.4a and b, respectively. Those images show that the NPs are
distributed on the macropores and moreover they also show that in addition to the dispersed NPs,
aggregated NPs are also present. These images also show that NPs are heterogeneously
distributed on the surfaces of the macropores. The metal loading is 1 wt%, which is low relative
to carbon. So the amount of NPs produced from such low metal loading will be less potentially
giving a heterogeneous nanoparticle distribution on the carbon support. The method used to
introduce the metal precursor is incipient wetness where precursor solution is stirred while
heating with the carbon powder till all the solution evaporates. In this method, HAuCl, will
precipitate when the solution locally reaches the solubility limit. At which point in the

evaporation process this occurs depends upon the initial concentration of the solution, the total
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pore volume, the total volume of solution added and the drying rate. It can also be impacted by
the surface functionality, which can potentially act to nucleate crystal growth once the solubility
limit is reached. If the solubility limit is much higher than the concentration of the added salt,
then substantial evaporation will occur before the salt starts to precipitate giving a very
inhomogeneous distribution of the salt, and so a heterogeneous distribution of (larger) gold
nanoparticles. Moreover, if oxygen and/or nitrogen act as the binding sites for the gold precursor
these sites may also not be homogeneously distributed on the carbon support. The percentage of
oxygen and nitrogen present relative to carbon is relatively low as will be described in the XPS
section, and so is more likely to be prone to being heterogeneous distributed within the carbon.
When the binding sites are heterogeneously distributed, the precursor that adsorbs to those

binding sites will produce heterogeneously distributed NPs after reduction.

Figure (4.4). SEM images of (a) NC/O/Au (b) NC/O,N/Au taken from the back scatter detector.

The wide angle XRD patterns are given in Figure 5. The XRD patterns of NC/O and
NC/O,N show a broad peak around 26, 23.5° indicating the presence of amorphous carbon. In
addition to that there is another small broad peak around 43.7° which is due to scattering from
carbon (10) and (100) planes. The XRD patterns of NC/O/Au and NC/O,N/Au show peaks at

38.4°, 44.6°, 64.8°, 77.6° and 81.8° which could be assigned to diffractions of (111), (200),
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(220), (311), and (222) of fcc metallic Au. Debye-Scherrer analysis was performed on (111)
diffraction peak of NC/O/Au and NC/O,N/Au to determine the crystallite size of the Au crystals.
The crystallite size calculated for NC/O/Au is 23.7 nm and for NC/O,N/Au it is 20.1 nm. These
are in consistent with the average Au NP sizes determined by TEM. The d spacing was also
calculated by using the (111) diffraction peak and they are 0.2345 nm and 0.2341 nm in

NC/O/Au and NC/O,N/Au respectively.
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Figure (4.5). The wide angle XRD patterns.

Carbon materials were characterized by Raman spectroscopy to determine the vibrational
modes of the material. The Raman spectra of NC/O, NC/O,N, NC/O/Au, and NC/O,N/Au are
shown in Figure 4.6a, b, ¢, and d, respectively. The G band, that appeared around 1600 cm™
corresponds to the zone center phonons of E,y symmetry and the D band that appeared around
1350 cm™ corresponds to the K- point phonons of A;q symmetry.***° The G band is due to the
bond stretching of sp? atoms in both rings and chains and the D band is due to the breathing
modes of sp? atoms in rings.** The third peak in between the D and G band is added to get a

better fit. The D band appeared at about 1347 cm™ in NC/O and in NC/O/Au but in NC/O,N and
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NC/O,N/Au it appeared at about 1359 cm™. The shift of the D band in nitrogen functionalized
carbon indicates a new type of disorder compared to the oxygen functionalized carbon.** The G
band has not shifted. The intensity ratio of D and G bands is same in all samples indicating that

there is no change in the crystallinity of the carbon due to the incorporation of nitrogen.
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Figure (4.6). Raman spectra of (a) NC/O (b) NC/O,N (c) NC/O/Au (d) NC/O,N/Au.

High resolution XPS spectra (Figure 4.7) were acquired in order to determine the
chemical states of the elements of the catalysts. The high resolution spectrum of C 1s of
NC/O/Au (Figure 4.7a) shows sp? hybridized C-C at 284.4 eV, the same peak in NC/O,N/Au
(Figure 4.7b) appeared at 286.3 eV. The C-O feature appears at 285.7 eV in the high resolution
spectrum of C 1s of NC/O/Au. But the various forms of C-N are also appearing in the region of
285-287 eV.*® So in the high resolution spectrum of C 1s of NC/O,N/Au the peak at 285.6 eV is

considered to arise from both C-O and C-N features. The peak at 287.5 eV in C 1s of NC/O/Au
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and NC/O,N/Au corresponds to the C=0 bond.** The highest binding energy peak of both
NC/O/Au and NC/O,N/Au can be assigned to a shake-up peak. The high resolution spectra of O
1s of NC/O/Au and NC/O,N/Au are given in Figure 4.7c and d, respectively. The peak appear
around 531 eV corresponds to oxygen in C=0, the peak around 532 eV is assigned to oxygen
singly bound to C** and the peak around 533.8 eV can be assigned to O bound to H.*® The high
resolution spectrum of N 1s in NC/O,N/Au is shown in Figure 4.7e. The peak at 399.9 eV is
assigned to pyrrolic N* where N is bound to two C atoms and the peak at 403.6 eV corresponds
to oxidized N. It can be considered that furfuryl amine forms pyrrolic N where N is present in a
five member ring bound to two C atoms during pyrolysis and it does not form any graphitic N
which should appear at around 401 eV.*® The oxidized N could be due to the KOH used for
etching. The high resolution spectra of Au 4f of NC/O/Au and NC/O,N/Au are given in Figure
4.7f and g, respectively. The Au 4f;, of NC/O/Au appeared at 84.4 eV and that of NC/O,N/Au at
83.9 eV indicating that the oxidation state of the surface of Au NPs is zero in both cases. The
binding energy of Au 4f;;, of NC/O/Au is slightly higher because the sample was slightly
charging. The surface remains unoxidized due to the inertness of Au. The elemental composition
as atomic percentage relative to carbon is given in Table 4.2. It can be clearly seen that the
atomic percentage of oxygen in NC/O/Au (3.53%) is higher than in NC/O,N/Au (3.35%). This is
could be simply due to the presence of two oxygen atoms in furfuryl alcohol and one oxygen
atom in furfuryl amine. However, the C:O ratio is 2:1 in furfuryl alcohol, so it is clear that during
the pyrolysis/carbonization more oxygen is lost than is carbon. It is also unclear if and how the
KOH etch to remove the SiO, impacts the presence of oxygen. It is entirely possible that the
hydroxide could react with the carbon atoms at the surface of the carbon. Further, it is possible

that the high surface area carbon could also pick up atmospheric oxygen and water after etching.
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The atomic nitrogen percentage relative to carbon, 5% indicates good nitrogen
incorporation has been achieved by using furfuryl amine as the nitrogen precursor. Although this
level of incorporation does indicate that nitrogen is preferentially lost rather than carbon during
the pyrolysis/carbonization, as the initial percentage would be closer to 20%. The atomic
percentages of Au are 0.09 and 0.14 in NC/O/Au and NC/O,N/Au respectively. They can be
considered as approximately the same within the error range as the step size used for analysis is

0.1eV.
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Figure (4.7). High resolution XPS spectra of, C 1s of (a) NC/O/Au (b) NC/O,N/Au, O 1s of (c) NC/O/Au (d) NC/O,N/Au, N 1s of (e)
NC/O,N/Au, Au 4f of (f) NC/O/Au (g) NC/O,N/Au.
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Table 4.2. Atomic percentages relative to C based on XPS quantification.

Catalyst Atomic Percentage Relative to C
O N Au
NC/O/Au 3.53 - 0.094
NC/O,N/Au 3.34 5.07 0.14
4.6.2 Catalytic activity

NC/O/Au has converted 81.5% of benzyl alcohol while 91.5% has been converted by
NC/O,N/Au when used as catalysts. NC/O/Au has higher selectivity to benzoic acid (96.7%) and
lower selectivity to benzaldehyde (3.3%). NC/O,N/Au also show higher selectivity to benzoic
acid (61.4%) than the selectivity for benzaldehyde (38.6%). The TON and TOF of NC/O/Au are
0.815 mol/g and 0.034 mol/g.h, and 0.915 mol/g and 0.038 mol/g.h in NC/O,N/Au. If the NPs
are considered as spheres the total surface area of NC/O/Au is higher than of NC/O,N/Au as the
average particle sizes are 39 nm and 25 nm, respectively. If the Au loading is assumed to be
approximately the same, the number of NPs produced at larger particle size on NC/O/Au should
be lower than that of NC/O,N/Au. This suggests that the total surface area of NC/O/Au should be
lower than that of NC/O,N/Au and that could be the reason for the higher conversion resulted in
NC/O,N/Au than NC/O/Au.

The NC/O consists of different oxygen containing functional groups such as C-O, C=0
and OH as indicated by the XPS data. These groups might render adjacent carbon atoms
positively charged because of the electron withdrawing oxygen atoms in the graphene
system.*” These oxygen containing groups could be the active sites. NC/O,N contains nitrogen in

addition to oxygen. So in addition to the above discussed functional groups, nitrogen containing

101



functional groups present could also be active sites. Nitrogen rich carbons show high catalytic
activity because their edges and defective sites can interact with N atoms to form C-N bonds,
which make adjacent carbon atoms positively charged. These carbon atoms can interact with
benzyl alcohol an ion and promote the electron transfer between catalyst and reactants.*’
Alternatively, the presence of nitrogen on the surface could give rise to hydrogen bonding with
the benzyl alcohol, although not with the benzaldehyde. The dual active sites present in
NC/O,N/Au may have resulted in high catalytic activity than in NC/O/Au.

The reusability study of NC/O/Au and NC/O,N/Au (Figure 4.8a and b) showed that the
conversion on subsequent cycles is lower than the first run. When the NC/O/Au is used the
conversion drops to 48 % by the second run and that gradually decreases to 14% by the fifth
cycle. The selectivity to benzoic acid gradually decreases from 96.7 % for the first cycle to
59.4% for the fifth run while the selectivity to benzaldehyde increases from 3.3% to 40.6% in the
fifth run. This decrease in activity, and the increasing benzaldehyde yield are consistent with a
two-step reaction mechanism in which there is a decrease in overall activity of the catalyst with
reuse. Possible explanations for the decrease in activity are (1) aggregation of the nanoparticles
leading to a decrease in the total metal surface area; (2) Nanoparticle leaching in which the total
number of NPs and total metal surface area decreases.

If the formation of benzoic acid and benzaldehyde occurs in a two-step mechanism for
which the second step is the slower step, then decreasing surface area could significantly impact
the product yield; Decreasing metal surface area would change the surface area to substrate ratio:
as benzyl alcohol molecules get partially oxidized partially to benzaldehyde at the catalyst
surface less surface area is available for the (faster) benzyl alcohol oxidation. So the conversion

of benzyl alcohol decreases when the catalyst is used on subsequent cycles.
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The conversion of benzyl alcohol does not show a trend in the reusability work of
NC/O,N/Au. The selectivity to benzoic acid increases from 61.4 % to 90.1% till the fourth cycle
but decreases to 73.5 % at the fifth run. The selectivity to benzaldehyde decreases gradually from

38.6% at the first run to 9.9% at the fourth run but increases to 26.4% at the fifth cycle.
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Figure (4.8). Reusability study of (a) NC/O/Au (b) NC/O,N/Au.

The SEM images taken from the COMPO of NC/O/Au and NC/O,N/Au after five cycles
of catalysis are shown in Figure 4.9a and b, respectively. From the SEM images it is hard to
decide whether there is a decrease in the number of NPs in both catalysts as the SEM images are
taken from two different places before and after catalysis. But in general in both catalysts after
five cycles there is are a considerable number of NPs remaining. Similarly it is not clear if there
was a significant change in the extent of aggregation/agglomeration observed, as again, the
location matters on deciding the nanoparticle size distribution. However in both catalysts the
conversion of benzyl alcohol was lower on the subsequent cycles than the first cycle. So it could
be that the nanoparticle leaching and aggregation have occurred. It cannot be concluded which

catalyst the change was most pronounced as there was considerable variability in the conversion
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and the selectivity when NC/O,N/Au was used as the catalyst. Therefore it cannot be concluded

that that one heteroatom, oxygen or nitrogen stabilizes the Au NPs more than the other.

COMPO  30.0kV X5,000 WD 10.0mm 1pm COMPO  30.0kV

Zigure (4.9). SEM images of the used catalysts after five cycles of (a) NC/O/Au (b) NC/O,N/Au taken from the back scatter
etector.
4.7 Conclusions

Oxygen and nitrogen rich hierarchically porous carbons were synthesized by nanocasting.
HAuUCI, was introduced by an incipient wetness method followed by reduction in 5% H/N, to
produce Au NPs. These catalysts were efficient for benzyl alcohol oxidation by H,O,. The
nitrogen rich catalyst was more active than the oxygen only catalysts. The conversion of benzyl
alcohol in subsequent cycles is lower than the first cycle for both catalysts suggesting that

nanoparticle leaching and/or aggregation occurred regardless of the heteroatom content.
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CHAPTER 5
Conclusions and Future Work

Porous carbon composites incorporating metal NPs with high surface area was
synthesized by nanocasting using hierarchically porous SiO, monoliths as the template. The
synthesis of hierarchically porous carbon monoliths with metal NPs, in which metal NPs are
produced during the carbonization of carbon precursors, is introduced in chapter 1. The
incorporation of metal NPs reduced the surface area and mesopore volume for the composite
compared with the carbon monoliths without NPs but such metal NP/porous carbon composites
still possessing high values of those textural parameters. The carbon composites with nickel NPs
were found to have high catalytic activity for the reduction of p-nitrophenol by NaBH,4. One
intermediate product observed was p-quinoimine which was sufficiently stable that is was
observed by GC/MS. In these composites Ni NPs were observed to also catalyze the
graphitization of amorphous carbon. This observation led to the work discussed in chapter 2
where the catalytic graphitization of amorphous carbon monoliths by NPs of iron, cobalt and
nickel was studied.

Amorphous carbon was observed to convert primarily to turbostratic carbon in the
presence of iron, cobalt and nickel NPs. The catalytic activity of iron was greater than cobalt and
nickel, cobalt being higher in activity than nickel. The extent of catalytic graphitization was
increased at higher pyrolysis temperature. Though the metal NPs resulted in crystallizing some
of amorphous carbon, as found in TEM images, XRD patterns and Raman data show that large

amounts of amorphous carbon were still present in all the samples. Further, turbostractic carbon
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is still less ordered than truly graphitic carbon, and so it is not clear if the increase in crystallinity
would be sufficient to improve the stability of electrical conductivity of the composites over
those of the basic carbon monolith. The structure of the carbon, particularly as observed in the
TEM is consistent with the dissolution-precipitation mechanism.

Hierarchically porous carbon monoliths incorporating oxygen and nitrogen were
synthesized by nanocasting. The monoliths formed by nanocasting generally contain significant
amounts of oxygen, which could come from either the FA precursor used, or by incorporation
during the hydroxide etch used to remove the silica template. Monoliths with a high nitrogen
content were prepared using furfuryl amine as the precursor. It was found that multiple
infiltration cycles were needed to produce complete monoliths. It was suggested that this
multiple infiltration was necessary because the furfuryl amine did not completely polymerize in
the SiO, monoliths and so was evaporated rather than carbonized during the pyrolysis step.
HAuUCI, was used as the gold precursor and it was introduced to mesoporous carbon by the
incipient wetness method, followed by reduction in 5% H,/N, to form Au NPs. These catalysts
were found to be relatively catalytically active for oxidation of benzyl alcohol to benzyl aldehyde
and to benzoic acid. The catalytic activity decreased after the first cycle in those catalysts
regardless of the heteroatom which they are rich with. It cannot be concluded the exact reason
for the loss of activity, either nanoparticle leaching or agglomeration because a quantitative
determination was not performed. However as NPs could be seen in SEM images after catalysis
with few aggregates it can be both reasons have caused the loss of activity. So nanoparticle
leaching and aggregation have occurred in the catalysts and hence NPs were not completely

stabilized by incorporating these heteroatoms.
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Preparation and applications of porous carbon supporting metal NPs by nanocasting have
been discussed above. The methods developed for the synthesis are believed to have value to the
scientific community but still need to be further optimized.

Among approaches that could improve the properties of the materials: synthesis of a
range of different percentages of nickel supported on NC monoliths and the evaluation of the
impact of this on the catalytic activity for p-nitrophenol reduction. This would allow the nickel
loading that gave the maximum catalytic activity can be determined. It would be interesting to
carry out a kinetic study of the catalytic activity using the monolithic form of the prepared
catalysts rather than the powdered form. This could be done in one of two ways (1) if the
monoliths can be made mechanically more robust then they could be used in a batch process.
This would allow the whole monolith to be removed after the reaction making both analysis of
the extent of reaction easier (since the solution does not have to be filtered to remove particles)
and it will make recycling studies easier, as the total mass of catalyst should not change. (2) The
prepared catalysts in monolithic form can be used to make a flow reactor. The monolithic form is
expected to have lower pressure drop for fluids passing through the monolith than for the
equivalent packed bed of particles. The extent of conversion depends upon the activity and the
residence time, i.e. the time a given plug of the fluid spends inside the monolith. For a more
catalytically active monolith a given residence time will give higher conversion. The length of
the monolith also impacts the residence time, a longer monolith will increase the residence time,
increasing the extent of conversion. Similarly lower flow rate increases residence time. Such
flow systems also address loss of catalytic activity by leaching of NPs compared with
agglomeration. The use of sodium borohydride overcomes one concern with hydrogenation in a

flow reactor, which is that mixing of hydrogen gas with a liquid reactant (p-nitrophenol) is

111



problematic since at ambient pressure the mixing is very limited. However, decomposition of
borohydride can lead to gas bubble formation, which can be a major issue in a monolithic
reactor, impacting the fluid flow through the reactor.

The impact of the amount of catalyst on the catalytic graphitization can be determined by
using different Co and Ni loadings. It will be more difficult to vary the amount of Fe as the rate
of FA polymerization is significantly accelerated by the Fe(NOgs),. 9H,0 required for 1 wt% Fe.
Incorporation of higher percentages would likely not be effective for infiltration of FA in to the
template because the solution would solidify rapidly due to the faster polymerization.

The amount of metal incorporated into the monolith also impacts the nanoparticle size
which increases with increasing metal incorporation: this will allow the effect of nanoparticle
size on graphitization to be studied. The electrical conductivity of the prepared metal
incorporated carbon monoliths can be measured. This is known to be strongly impacted by the
amount of graphitic carbon in a monolith. The graphitic character of carbon is also known to
impact the chemical stability. This could be assessed by either thermogravimetric analysis
(TGA) in the presence of air/oxygen, since graphitic carbon reacts more slowly with oxygen than
does amorphous carbon, or by reaction with peroxide which similarly reacts much more quickly
with amorphous carbon than graphitic carbon.

The effect of heteroatoms on stabilizing metal NPs could be quantitatively measured by
performing a leaching study of NPs and measuring the concentration of metal in the solution by
inductively coupled plasma mass spectrometry, or by AAS, if the solution concentration is raised
by evaporation of the solvent.

Increased loading of the metal NPs on the support is likely to impact the catalytic activity

in a number of ways: A larger number of nanoparticles are expected to significantly increase the
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rate of a given catalyzed reaction. However, addition of more metal is also likely to lead to larger
nanoparticles. Both number and larger size could well impact the rates of the two oxidation

reactions different resulting in a reaction which could be more or less selective for benzaldehyde
or benzoic acid. The variation of the conversion and the selectivity during the reaction could also

be studied by conducting the reaction for different time periods.
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