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Can Nono-porous Materials be 
Made of Compounds Other than 

Silica
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Nature, 416 (2002) 304
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Thermal Stability
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Fig. 3 Photoconversion efficiencies of (a) C–
TiO2, (b) control and (c) C–P123–TiO2 samples 
at zero-bias and illumination of 40 mW cm-2. 
Film thickness was 250–300 nm.
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Scheme showing a generalized approach to the synergistic 
synthesis of an organized hybrid silica mesophase.

Chem. Mater. 1997, 9, 2300-2310
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ADV. FUNCT. MATER. 14, 2004, pp. 309-322

Evaporation-induced self-
assembly (EISA)
C. Sanchez’s group
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HO(CH2CH2O)20C16H33

Surfactant: Brij 58 
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As-syntheiszed

Calc. at 3000C
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Schematic description of the nanocasting pathway. (A) Loading with carbon or 
platinum and following dissolution of mesoporous silica gives the corresponding 
porous materials with negative replica structure. Subsequent back casting with 
silica source and removal of carbon by calcination allows to obtain positive 
replica porous silica material. (B) Incorporation of polymer or metal oxides 
instead of carbon or platinum also allows to obtain new mesoporous materials.

Nanocasting pathway
Taguchi and Schuth, Micropor. Mesopor. Mater. 77 (2005) 1–45
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The synthetic procedure for metal 
oxide nanowire arrays by using 
mesoporous silica as a template. 
A)Removal of the surfactants in as-
synthesized mesoporous silica 
materials by microwave-digestion 
method. 
B)Incorporation of ethanol solutions 
of metal salts into the channels of 
microwave-digested mesoporous 
silica. 
C)Heating process to decompose 
the metal salts to metal oxides inside 
the channels. 
D)Dissolution of silica to create the 
mesostructured replica.

J. Mater. Chem., 2005, 15, 1217–1231



27

Small-angle XRD patterns of: A) In2O3 and B) Co3O4
nanowire arrays templated by MWD-SBA-15. The inset is the 
wideangle XRD pattern of an In2O3 nanowire replica material.

J. Mater. Chem., 2005, 15, 1217–1231
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Schematic drawing of repeated 
templating for the synthesis of
ordered mesoporous materials. 
The first step is “soft templating”
(endotemplating), i.e., structure 
formation by utilization of 
amphiphilic structure directors; the 
following steps are “hard 
templating” (exotemplating).

Repeated Templating
Chem. Mater. 2008, 20, 961–971
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(Left) Powder X-ray diffraction diagrams of (a) SBA-15 silica, (b) CMK-3 
carbon, and (c) mesoporous MgO, created by consecutive templating. The 
low-angle signatures confirm that the hexagonal (p6mm) pore arrangement is 
conserved in both replication steps. (Right) TEM/SAED diagram of
mesoporous MgO. Chem. Mater. 2008, 20, 961–971
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(a) SEM and (b) TEM images 
of mesoporous carbon 
spheres and TEM images of 
(c) ZrO2 and (d) Al2O3
replicas

Chem. Mater. 2008, 20, 961–971
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Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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The Electromagnetic Spectrum
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X-Ray Source

Monochromatic light source
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Bragg’s Law
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X-Ray Diffraction Image & Pattern

Single crystal Powder
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X-ray powder diffraction

Faujasite
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Mordenite
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As-synthesized

calcined

(010) (100)

ZSM-5
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Discovery of M41S Family
C.T. Kresge et al., Nature, 1992, 357, 710.

Surfactant: C16TMABr
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SBA-15
D. Zhao et al. Science, 1998, 279, 548.



41Che et al. J. Am.Chem. Soc. 2002, 124, 13963

XRD patterns of as-synthesized materials synthesized with 
CTEABr & various acids: (a) H2SO4, (b) HCl, (c) HBr, and (d) 
HNO3
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Carbon Molecular Sieve



43
SBA-15

MCM-48 SBA-1
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Overlapping of peaks ⇒

Difficulties in solving the 
crystal structure from X-
ray powder diffraction 
patterns
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Particle Size Determination from XRD peaks
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XRD Pattern of Meso-Porous ZrO2
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Scherrer Equation

Kλ
d =

β1/2 (cosθ)

β1/2 = √(B2 – b2)
(calibrated peak width
at half maximum)

B = peak width at half 
maximum

b = instrumental peak    
width 

(~0.16 for NaCl(s))

6.74 nm
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Electron diffraction patterns & micrographs
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de Broglie relation
 = h / mv

Electron diffraction crystallography
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(100)

(110)

(111)
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Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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Survey on Pore Size Determination Methods
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N2 or Ar Adsorption-Desorption Isotherm
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Non-porous

Micro-porous
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b. N2 adsorption -

Capillary condensation
applicable to mesopore only

Non-porous

20 Å < d < 500 Å

hysteresis
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Explanation for hysteresis

(1) Changes in Contact Angles upon Ads. & Des. 

On adsorption,

According to Kelvin eq.
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(2) Ink-bottle pores
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uniform narrow-
distributed  pores
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Pores between 
laminated plates

Small neck, large body 
(~100nm) Pores
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Capillary condensation 
occurs conical, wedge-pore 
close at one end

(reversible)
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BET (Brunauer-Emmett-Teller) Surface Area 
Measurement

(3-1)

(3-2)

(3-3)

(3-4)

q1 = heat of adsorption of the first layer
qL = heat of liquefication of the gas adsorbat
Vm = amount of gas adsorbed upon monolayer coverage

Physical Adsorption of Gas Adsorbate
BET equation:

s = surface area
σ = mean area per molecule of the gas adsorbate

N2 as the adsorbate
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Effective BET plot is usually in the range of 

P/P0 = 0.05~ 0.3
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Porous Structure Determination
α - Plot

α = Va/ Va(P/P0 = 0.4000)
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0
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t - Plot

0

0
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BJH Pore Size Distribution
Kelvin Equation

P* = the critical condensation pressure
γ = the liquid surface tension
ν = molar volume of the condensed adsorbate
θ = contact angle
rm = mean radius of the curvature of the liquid meniscus

θ
rm

r = rk + t

ln(P*/P0) = - (2 γ ν)/ RTrm

tr = rk + t = rm cosθ + t
r = pore radius 
t =thickness of adsorbate on the wall

rm = (r - t)/ cosθ

ln(P/P0) = - (2 γνcosθ)/ RT(r - t)

cylindrical pore
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On desorption, θ~0, cosθ~1

ln(P/P0) = - (2 γνcosθ)/ RT(r – t)

r = - (2 γν)/ RT ln(P/P0) + t

t

P
P

rP     
log

405.0
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
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(nm)

for liquid N2 at 77.4 K
γ = 8.72 x 10-3 Nm-1, ν = 34.68 cm3·mol-1
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0.16.9 x 10-50.05

0.50.147112

10.384292

100.909691

1020.990752
1041.00760
rk (nm)P/P0P (torr)

complete 
condensation

undetectable

N2 adsorption-desorption method applicable to 

1 nm < r < 20 nm
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Ryoung Ryoo et al., Adv. Mater. 13(9), 677(2001)



71

Mercury Intrusion Porosimetry (MIP)

P = applied pressure
D = pore diameter
γ= surface tension of Hg
θ = contact angle

Resistance force due to surface tension = Force due to applied pressure

(Washburn equation)

For slit-like pores

W = width between the plates P
r 7500~

(nm) (atm)

P P   r r 

4
P  πcosθ γ  π

2DD 
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A: sample of relatively coarse grains
B: a single piece of material with a wide distribution of 

pore sizes
C: fine powders without pores

Pores inside 
the grain

Void space 
among the grains
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Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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TEM photograph of Hexagonal Mesoporous Material 
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Synthesis and characterization of chiral mesoporous silica
Nature (2004),  429 (6989),  281-284



77



78

Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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The Photoelectric Effect

• Albert Einstein considered electromagnetic energy to be bundled 
in to little packets called photons.

Energy of photon = E = hv
– Photons of light hit surface electrons and transfer their energy

hv = B.E. + K.E.

– The energized electrons overcome their attraction and escape 
from the surface

• Photoelectron spectroscopy detects the kinetic energy of the 
electron escaped from the surface.
– XPS – X-ray as the light source, core electrons escaped
– UPS – UV as the light source, valence electrons escaped

hv
e- (K.E.)
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Ek = h – Eb – 
 = work function

Ek(KL1L2) = [Eb(K) – Eb(L1)] 
– Eb(L2) – 

X-ray
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Pt metal

Pt(0)

Pt(II)

Pt(IV)

4f 5/2
4f 7/2
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Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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X-ray Absorption Spectroscopy

x

I(0, )I(x, 

Beer’s Law: I(x, )=I(0, ) e -x

tx = ln (I(x,  / I(0, ))
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Absorption 
edge
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S K-edge XANES spectra of (a) MPTMS,
(b) dipropyl disulfide, (c) S16-SO3H (10%) 
2M HCl, (d) S16-SO3H (20%) 0.5M HCl, (e) 
S16-SO3H (20%) 1.0M HCl, (f) S16-SO3H 
(20%) 2.0M HCl and (g) S16-SO3H (30%) 
2.0M HCl
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97J. Mater. Chem., 2011, 21, 2255

Fig. 6 Ti K–edge XANES spectra
of the as-made and 500–1000 0C 
calcined Ti–SBA-15 materials
with various Ti/Si ratios of (a) 0.01, 
(b) 0.05, (c) 0.1 and (d) 0.2, in 
comparison to anatase and rutile
TiO2.
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EXAFS function
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In EXAFS region

Kronig structure – reflected the local structure surrounding 
the atom under study

Usually taking the spectra 50 – 1000 eV above adsorption 
edge, then subtract the background, and obtain the 
spectrum of χ(k) vs. K
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EXAFS simulation provides informations on
(i) Rj: accurcy ± 0.01 ~ 0.05 Å for the 1st & 2nd shell
(ii) Nj: ± 20% for the 1st shell
(iii) σj

2: as small as possible
(iv) r: deviation factor (as small as possible)
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Rh metal

Rh2O3

RhCl3
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Coordination 
Number

Hydrogen Chemisorption and EXAFS Results of Rh, Ir and 
Pt Nano-Particles Supported on Alumina
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Catalyst M/Si[a] NH3-TPD
Peak Area Ratio

Conv.
(%)

Pinacolone
Yield (g/g catal∙h) Select. (%)

None - - 0 0 0
Si-SBA-15 - 0.014 0.7 0 0
ZSM-5 0.0087 0.23 6.0 0.1 46
HY-zeolite 0.38 1.0 15 0.5 80
ImZr-SBA-15 0.03 n.d. [b] 0 0 0

0.10 n.d. 0.5 0 0
Zr-SBA-15 0.017 0.024 8.6 0.2 61

0.029 0.12 26 0.8 80
0.044 0.17 54 1.7 79
0.059 0.21 69 2.2 78
0.11 0.36 82 2.7 81

Reg-Zr-SBA-15 0.11 0.36 80 2.6 82
[a] M/Si = metal to Si molar ratio. [b] Not detectable.

Liquid phase pinacol pearrangement of 
2,3-dimethyl-2,3-butandiol

OHHO O

+

Catalyst
(20 mg)

Toluene (5 mL)
110 oC, 1 hPinacol 

(100 mg)
Pinacolone DMBD

S.-Y. Chen et al.  J. Catal. 270 (2010) 196.
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Pinacol conversions and acidities of Zr–SBA-15 
materials as a function of Zr contents

Zr-SBA-15 materials with Zr/Si > 0.03 were the 
most efficient catalysts!
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Zr K-edge X-ray absorption 
spectroscopy

Zr

Zr
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Proposed reaction mechanism of pinacol
rearrangement over Zr–SBA-15 materials

Zr-O-Zr dimers are considered the 
active sites for pinacol rearrangement.
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Crystalline structure
- Single crystal & Powder X-ray diffraction (XRD)
- Electron crystallography

Surface area & Pore size
- N2 adsorption-desorption isotherm
- Mercury Intrusion Porosimetry

Pore structure- TEM
Morphology- SEM
Oxidation state & Coordination

- X-ray absorption spectra
- X-ray photoelectron spectra (XPS & Auger)
- Solid state NMR ( mainly coordination)
- IR & Raman ( mainly coordination)
- UV-Vis spectra

Elemental analysis- ICP-AES, XPS, EDX

Techniques for characterization of nano-porous 
materials
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• High resolution NMR spectra of solids

 E

SRQCSJDRFZ 

external Hamiltonian internal Hamiltonian

HZ: Zeeman interaction of the nuclear magnetic moment 
with the applied field B0

HRF: interaction between nuclear spin & the time-dependent    
radio freq. field B1(t)

HD: dipolar interaction between nuclear magnetic dipole moments
HJ: e—mediacted nuclear spin-spin interaction
HCS: chemical shift associated with electronic screening of nuclei
HSR: spin-rotation interaction; I and molecular angular momentum
HQ: nuclear spin & quadruple moment

not important
in solid

important
for I > 1/2

A general Hamiltonian for the interactions experienced by a 
nucleus of spin I

Hamiltonian
Wave function

eigenvalue
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A general Hamiltonian for the interactions experienced by a 
nucleus of spin I in the solid state may be written as in 
equation (1.2)

H = HZ + HD + HCS + H SC + HQ            (1.2)

Zeeman 106 ~ 108

Dipolar 0 ~ 105

Chemical Shift 0 ~ 105

Scalar Coupling 0 ~ 104

Quadrupolar 0 ~ 109

Table 1.1 Approximate ranges of the different spin interactions (in Hz)
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Zeeman interaction
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Chemical shift interaction

0ˆ HIH ICS


   Proportional linearly to the applied field

necleus Range of common isotropic 
chemical shift (ppm)

1H 20
13C 250
15N 350
19F 100
29Si 80
31P 200

Table. Typical values of chemical shift
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Spin-spin coupling interaction

SJIHSC


 ˆ

field independent and is usually smaller than the other interaction

Quadrupolar interaction

IQIHQ


 ˆ

nuclear electric quadrupole moment eQ

only when I > ½
field independent
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
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Dipolar Interaction

HD = 0,  if 3cos2ij – 1 = 0
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Magic Angle Spinning

(MAS)
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Q4

Q3

Q2
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Figure 10. (a) Solid-state 13C CP-MAS spectra and (b) 29Si MAS 
NMR spectra of various extracted organic functionalized SBA-15 
with platelet morphology and short mesochannels; Peaks labeled *
correspond to carbon atoms from the P123 residue.

Chen et al. Chem. Mater. 2008, 20, 3906–3916
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There are still a huge There are still a huge SPACESPACE in the research in the research 
of of nanonano--porous materials. porous materials. 


