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Fig 1-8. Top: casting concept at macroscale, Bottom: casting concept at nanoscale. Ref[3]

In the hard-templating synthesis route, the product structure can be controlled and tuned by the
structure of templates. For example, by varying the hexadecyltrimethylammonium bromide
(HTAB) to the surfactant ratio, Ryoo was able to produce mesoporous SBA-15 with tailor wall
thicknesses between 1.4 to 2.2 nm, and the pore sizes of corresponding carbon materials can be
controlled accordingly[44]. Due to the development of mesoporous silica with different structures,
a number of mesoporous carbons were made, including cubic, body centered cubic, gyroid, and
hexagonal structures. Therefore, with the synthesis of new nanoporous silicas, it is anticipated

that nanoporous carbon with replicating structure will be produced as well.
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The foundation of modern X-ray diffractometers can be illustrated by the drawing in Fig 2-4. An
X-ray beam is generated by hitting accelerated electrons on a metal target (Usually Cu, Mo) to
remove K-shell electrons from the orbital and as a result, X-rays with characteristic wavelengths
are generated by electrons dropping back from L and M orbitals. The beam from the source
(usually Cu Ka) incidents the sample with an angle of 8, and is then scattered by the sample. The
detector (scintillation counter) is placed at the angle 20 to the beam source so it is always

detecting the beam reflected from the sample.

Fig 2-4. Principle of X-ray diffraction. Ref [2]

The working foundation of X-ray diffraction is built on Bragg’s Law in Fig 2-5. There are some basic
assumptions in deriving the Bragg’s equation: 1) Crystals are made of atoms repeating periodically,
so 2) X-ray can hit different facets of a crystal due to its penetrating abilities, 3) Since the source
and detector is so far away from the sample compared with the interplanar spacing so the incident

beam and reflected beam can both be considered as parallel beams.
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Fig 2-5. Bragg's law illustration. Ref[3]

When a beam of parallel X-rays hit a series of crystal planes (hkl) at an angle of 8, the beam is
reflected by each individual crystal plane. Considering the beam hitting two adjacent planes A;
and A, assuming the interplanar spacing is d, the optical path difference (OPD) can be calculated
as:
6 = ML + LN = 2dsin6 Eqg. 2-8
For the two beams to interfere constructively, the OPD has to satisfy the following condition:
6 =nA Eg. 2-9
combining the two equations, we can get
2dsinf = nA. Eqg. 2-10
So when the incident angle fits the criteria for the Bragg’s law, an X-ray diffraction peak would
occur and be recorded by the detector. So crystals with different space group would have X-ray
diffractions at different 20 angles. Even if two crystals share the same space group and structure,
their structure factors will lead to diffraction patterns. For this reason, XRD is widely used for

identifying crystal phases of materials.

2.4 Small angle X-ray scattering techniques
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In addition to wide angle X-ray diffraction, small angle X-ray diffraction (SAXS) is another
important technique for the characterization of porous materials on the mesoscale. According to
the Bragg’s Law mentioned above, the lattice constant is inversely proportional to the scattering

angle. Conceptually, SAXS operates according to the same principle as wide-angle X-ray diffraction.

Micropores
(SBA-15)

SBA-15: 6-10 nm
MCM-41: 2-5 nm

Fig 2-6. Lattice parameter d« of MCM-41 and SBA-15. Ref[5]

In comparison, wide-angle X-ray scattering (WAXS) or usually measures the diffraction from 10°
to 90°, which can reveal information about crystal structure and atomic arrangements, on the
other hand, SAXS measures within the regime where the scattering angle (26) is usually less than
5°, therefore the measurement gives evaluation of the structure up to tens of nanometers. For
example, in Fig 2-6, the lattice constant di in mesostructures is on the order of nanometers.

In addition, SAXS is capable of determining the structures for a number of other systems as well,
including non-porous nanoparticles, micelles, proteins, etc. In some scenarios, the Cu radiation
source can be substituted by synchrotron sources to gain additional sensitivity. However, this is

beyond the scope for this thesis.
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