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1. Introduction 
 

Tab. 1.1  Abbreviations of the most important characterization methods. 
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Tab. 1.2  Classification of characterization methods according to the incident and 

emitted beams and particles. 

 

 

Fig. 1.1  Ranges of energies and wavelengths for the most important characterization 

methods. 



 

Tab. 1.3  Comparison of the parameters of the most important characterization 

methods. 

 

 

 



 

2. Microscopy methods 
 

                                     
Fig. 2.1  Interactions between the primary electrons and the sample in an electron 
microscope. 
  
 

       
 
Fig. 2.2  Set up of electron microscopes working in the transmission (TEM), scanning 
(SEM), and combined mode (STEM).  
 



 

 

             
           
 
 
Fig. 2.3  Scheme and photo of a HRTEM microscope equipped with a field emission 
gun (FEG), quadrupole mass spectrometer (QMS), Gatan image filter (GIF), and 
Tietz F144 CCD for data acquisition.    
 
 
 

                     
 
Fig. 2.4  Sample holder of a HRTEM microscope in top and profile view. 
 



 

 
 
   

 
 
 
 
 

 
               
 
 
Fig. 2.5  Schemes (top) and SEM images (bottom) showing the stacking-sequence of 
zeolite ETS-10 (polymorph A: ABCD, polymorph B: ABAB).  
 
 
 
 
 
 
 



 

 
 
 
 
 
 
            

 
    
 
Fig. 2.6  HRTEM image of Rh/TiO2 after low temperature (473 K) reduction (left) and 
high temperature (773 K) reduction (right). In the latter case, the Rh particles are 
covered with amorphous overlayers. 
 
 
 
 
 
 
 
 
 

            
 
 
Fig. 2.7  HRTEM image of a Pt particle on amorphous carbon acquired with a 200 kV 
microscope (left) and the aberration corrected image (right).  
 
 
 
 
 



 

 
 

 
 
 
 
 
 
Fig. 2.8  Scheme of the various signals generated inside a transmission electron 
microscope suitable for producing high-resolution images and for chemical analysis 
(XEDS: X-ray energy-dispersive spectroscopy, AES: Auger electron spectroscopy, 
SAM: scanning Auger microscopy, SES: secondary electron spectroscopy, SEM: 
secondary electron microscopy, ADF: annular dark-field, HAADF: high-angle annular 
dark-field, CEND: coherent electron nano-diffraction, PEELS: parallel electron 
energy-loss spectroscopy, BF: bright field, DF: dark field)    
 
 
 
 
 
 
 
 



 

 
 
 

               
         
Fig. 2.9   Set up for measuring X-ray fluorescence with an energy-dispersive detector 
as in EDX (left) or with a wave-length dispersive spectrometer (right). 
 
 
    

         
 
 
Fig. 2.10   Principles of atomic force microscopy (AFM): Contact mode (left) with 
sharp tip and non-contact mode (right) with spherical tip. In the latter case, the dotted 
curve corresponds to the Lennard-Jones interaction potential between two atoms.  
 



 

 
 
        

            
   
 
 
Fig. 2.11  Set up of an atomic force microscope (left) and effect of the tip shape on 
the obtained images (right). The blunt tip is suitable to image the morphology of 
rough particles, while the sharp tip is utilized to make images with atomic details. 
 
 

            
 
    
Fig. 2.12  AFM (top) and TEM (bottom) images of platinum particles on a flat SiO2 
layer obtained before (left) and after (right) heating in oxygen and hydrogen at 475 K. 
 



 

                
 
Fig. 2.13   Principle of scanning tunnelling microscopy (STM) basing on the 
tunnelling of electrons between the surface and an atomically sharp tip (left). A 
control system keeps the tunnelling current constant (right) via regulating the tip-
surface distance.   

                   
Fig. 2.14  Scheme of a scanning tunnelling microscope (STM). 
 
 

                
 
Fig. 2.15  STM images of an Pd(111) surface covered with H atoms. The bright spots 
are moving H vacancies. 

 

 



 

3. Diffraction methods 
 

        
 
 
Fig. 3.1 Energy levels, resulting X-ray emissions due to electron transitions (a, left) 
and X-ray absorption (b, left). On the right-hand side, X-ray spectra of (1) tungsten 
(1), chromium (2), copper (3), and chromium (4) are shown.  
             

                       
 
 
Fig. 3.2  Scheme (left) and construction of a X-ray tube (right).  
  
 
 
 
 
 



 

 
Tab. 3.1  Materials used for anodes of X-ray tubes. 
 

    
 
 

                            
    
Fig. 3.3  Scheme of X-rays scattered by atoms in an ordered lattice. 
 

 
     
Fig. 3.4 Laue diagram of X-ray reflections (left) on a single crystal (ZSM-5) and 
scheme of a reciprocal lattice (right). 
 



 

 
 

 
 
Fig. 3.5  Scheme of the reflections obtained for powder (random orientation) X-ray 
diffraction leading to circles at angles of 2 ν. 
 
 

 
 
Fig. 3.6 Set up for recording X-ray powder diffraction by the Debye-Scherrer method.  
 
 

 
 
 
Fig. 3.7  Film obtained for powder X-ray diffraction according to the Debye-Scherrer 
method.   
 



 

 
 
Fig. 3.8  Bragg-Brentano geometry of a powder X-ray diffractometer. 
 

 
Fig. 3.9  Comparison of powder diffraction data collected on a well-calibrated 
laboratory (top) and a synchrotron facility (bottom). 
 

 
Fig. 3.10  Full width at half maximum (FWHM) of reflections measured at several 
diffractometers. The solid curves were obtained via synchrotrons, while the dashed 
curves were due to neutron instruments. 



 

 
 
 
Fig. 3.11  Set up of an X-ray cell used for studying the synthesis and phase 
transitions of materials (a) at a synchrotron (SR) via an energy-dispersive detector 
(EDD). The enlarged region (b) shows the volume within the sample tube, where the 
X-rays are diffracted. 
 

 
 
 
Fig. 3.12  In situ SR-EDD investigation of the transformation of an aluminophosphate 
VPI-5 to AlPO4-8. 
 



 

 
  
 
Fig. 3.13  Principle of low energy electron diffraction (LEED) of a beam of mono-
energetic electrons. The directions of the interferences are made visible on a 
fluorescence screen.  
 
 
 
 

 
 
 
Fig. 3.14  Definition and properties of the reciprocal lattice with basis vectors marked 
by *. 
 
 
 
 
 
 
 
 



 

 
 
Fig. 3.15  Five different surface lattices with basis vectors of the real and reciprocal 
lattices (left) and a hypothetical surface covered by an ordered adsorbate layer with 
the corresponding LEED patterns (right). 
 

 
 
Fig. 3.16  In situ LEED patterns obtained before (a) and after (b) the phase transition 
during the oxidation of rhodium with NO2 (p = 1 x 10-5 Torr) at 790 K. In (c), the time-
resolved evolution of the (01) reflex is shown. 
 
 



 

 
Tab. 3.2  Neutron scattering length and coherent, incoherent as well as absorption 
cross sections (in barns) for some common elements. 
 

 
 
 
 
 

 
Fig. 3.17  Scheme of the time-of-flight neutron spectrometer IN6. 
 



 

 
 
Fig. 3.18  Scheme showing two benzene molecules adsorbed inside the supercage 
(a) and the 12-ring window (b) of a zeolite Na-Y. 
 
 
 
 

 
 
 
Fig. 3.19  Scheme of a zeolite Na-Y showing the clustering of adsorbed benzene 
molecules. 
 
 
 
 
 

      
 
Fig. 3.20  Scheme of neutron reflections caused by elastic, quasi-elastic, and 
inelastic scattering.  
 



 

 
 

Fig. 3.21  Comparison of the INS spectra of tetramethylammonium cations (TMA+) in 
the sodalite cages of an aluminosilicate-type sodalite and the silicoaluminophosphate 
SAPO-20.  
 
 
 
 

 
 
 
Fig. 3.22 QENS profiles of CH3OH adsorbed in zeolite H-ZSM-5, recorded at 335 K 
with two different diffraction angles. 



 

4. X-ray absorption spectroscopy (XAS) 
 

 

 
 
Fig. 4.1  Ti K edge X-ray absorption spectrum of the (dense) titanosilicate mineral 
aenigmatite in the XANES and EXAFS regions.  
 

 
 
 
Fig. 4.2  Set ups for measuring XAS spectra: standard transmission experiment (a), 
fluorescence yield experiment (b), and electron yield experiment (c), the latter placed 
in a ultra-high vacuum chamber. So: synchrotron X-ray source, M: double-crystal  
monochromator, IC: ionization chamber, Sa: sample, RS: reference sample, x: 
fluorescence X-rays, FD: fluorescence detector, e: emitted electrons, eD: electron 
detector, sf: scattering foil, xD: X-ray detector for intensity calibration.      



 

 

                           
 
Fig. 4.3  Data analysis procedure for EXAFS studies of [Ga]-SOD and ZnGa2O4.  



 

 
Fig. 4.4  Ti K edge XANES spectra of the titanosilicate TS-1 (samples A and B) 
together with those of reference compounds. 
 

 
 
Fig. 4.5  Linear combination fit of the pre-peak region of the Ti K edge XANES 
spectra of titanosilicate TS-1 samples A and B (same shape) using the signals for 
octahedral coordination in ramsayite (a), square-pyramidal coordination in fresnoite 
(b), and tetrahedral coordination in Ba2TiO4 (c). 
 



 

 

 
 
Fig. 4.6  Cu K edge XANES spectra of copper in different oxidation states in 
reference materials (a to d) and copper in zeolite Y (e to g). Reference materials are 
Cu3+ in K5[Cu(IO5OH)2] (a), Cu2+ in CuO (b), Cu+ in Cu2O (c), Cu0 in elemental 
copper (d). For explanation of (e) to (g), see text. 
 



 

 

 
 
Fig. 4.7 Fourier transformed EXAFS functions of the Mo K edge of 
hydrodesulfurization catalysts and model compounds: Mo/S-Y zeolite prepared by 
impregnation (a), Mo/S-Y zeolite prepared by loading with Mo(CO)6 (b), Fe/Mo/S-Y 
zeolite prepared by loading with Mo(CO)6 and Fe(CO)5 (c), Co/Mo/S-Y zeolite 
prepared by loading with Mo(CO)6 and Co(NO)(CO)3 (d), and polycrystalline MoS2 
(e).     



 

 
 

Fig. 4.8 Radial distribution functions (top) and fit of the back-transformed k2-weighted 
EXAFS curves (bottom) obtained for zeolite Pd(NH3)4

2+/Na-Y upon treatment at 
250oC (left) and 500oC (right). 
 
 
 
Tab. 4.1 Results of the fit of the EXAFS curves shown in Figure 4.7, bottom. 
 

 



 

 

5. Electron spectroscopy 
 

 

 
 

 
Fig. 5.1  Scheme explaining the photoemission (left) and Auger process (right).  
 
 

 
 

 
Fig. 5.2  The mean free path of electrons in different metals plotted as a function of 
the kinetic electron energy.  
 



 

 

 
Fig. 5.3  Experimental set up of X-ray photoelectron spectroscopy (XPS).  
 
Tab. 5.1  Chemical shifts of photoelectrons emitted by metal atoms in different 
oxidation states.  
 

 
 

 
 
Fig. 5.4  XPS spectrum of a Rh/Al2O3 catalyst prepared by impregnating a thin film of 
Al2O3 with a solution of RhCl3.  



 

 

 
 

       
 
 

 
 
 
Fig. 5.5  Scheme explaining the principle of angle-resolved XPS.  
 
 



 

 

 

 
 
Fig. 5.6  N1s XPS spectra of pyridine loaded on the microporous aluminophosphate 
AlPO4-5 and the silicoaluminophosphates SAPO-5 and SAPO-37.  
 
 
 
 
Tab. 5.2  Binding energies intensities of N1s photoelectrons of pyridine loaded on 
various aluminophosphates and silicoaluminophosphates. 
 

 
 

 
  
 



 

 

Tab. 5.3  Sample assignment of zeolites NH4-Beta treated with an NH4F solution of  
0.1 mol/l. 
 

 
 

 
Fig. 5.7  F1s XPS spectra of fluorinated zeolites Beta treated according to Table 5.3. 

 
 

Tab. 5.4  Fit results of the F1s XPS spectra of zeolites Beta in Figure 5.7.   

 
 



 

 

 
Fig. 5.8  Cu2p3/2 XPS spectra and summary of the observed bindings energies of 
photoelectrons of extra-framework copper species in zeolite ZSM-5. 

 
Fig. 5.9  Plot of the Si2p and O1s binding energies of photoelectrons emitted by 
zeolites X, Y, and ZSM-5 exchanged with different extra-framework cations. 



 

 

 
 
Fig. 5.10  O1s and Si2p binding energies of photoelectrons plotted as a function of the 
calculated partial charges at the framework oxygen and silicon atoms. 
 
 

 
 
 

Fig. 5.11 Experimental set up of ultraviolet photoelectron spectroscopy (UPS).  
 



 

 

 
 
Fig. 5.12  Scheme of UPS spectra (bottom) of d-metals and adsorbed species and 
the density of states (top). 
 
 
 

 
 
 
Fig. 5.13  UPS spectra of carbon monoxide chemisorbed on iron showing the shift of 
the 5s orbital (bottom, left), the stabilizing effect of potassium species (bottom, right)), 
and the dissociation of CO at higher temperatures (top). 
 
 
 
 
 
 
 



 

 

 
 
 
Fig. 5.14  Scheme of an AES spectrum (left) and the derivative spectrum for better 
visibility (right).  
 
 
 
 

 
 
 
Fig. 5.15  AES sputter depth profile of a layered ZrO2/SiO2/Si catalyst. The left profile 
(a) indicates a zirconium-rich surface layer over the SiO2, while the right profile (b) is 
characteristic for the composition of larger particles.    
 
 
 
 
 
 



 

 

 
 

 
 

Fig. 5.16  Al KLL Auger lines of zeolites with different aluminum contents responsible 
for the shifting of the centre of gravity.    

 
 
Fig. 5.17  Wagner plot for copper in Cu-exchanged zeolites A, X, and Y in the ionic 
and reduced states. Hatched areas represent known data for copper compounds. 



 

 

6. Ion spectroscopy 
 

 
 
Fig. 6.1  Scheme of the effects occurring in a sample studied by ion spectrometry. 
 
 

 
 
 
Fig. 6.2  Set up of secondary ion mass spectrometry with ion guns (1 and 2) focusing 
on the target sample (3), which ionizes and sputters ions from the surface (4). The 
secondary ions are collected by ion lenses (5), filtered according to their mass (6), 
and projected on an electron multiplier (7, top), Faraday cup (7, bottom) or CCD 
screen (8).   



 

 

 
 
Tab. 6.1  Advantages and disadvantages of secondary ion mass spectrometry. 
 

 
 
 

 
 
Fig. 6.3  Sputter yields Y of selected elements under bombardments with Ar+ ions of 
an energy of 2, 4, and 10 keV. 
 

 
Fig. 6.4  Sputter yields Y of copper under bombardment with Ne+, Ar+, Kr+, and Xe+ 
ions as a function of the energy (left) and relative sputter yields of copper as a 
function of the incident beam angle (to the surface normal) for an primary ion energy 
of 1.05 keV. Dashed line corresponds to 1/cos Θ.   



 

 

 
Tab. 6.2   Ionization potential I, work function ϕ, sputter yield Y, and secondary ion 
yield R+Y (R+ for positive ions) of selected elements and their oxides. 
 

 
 
 
 
 

 
 
 
Fig. 6.5  SIMS spectrum of a promoted Fe-Sb oxide catalyst. The spectrum was 
recorded with a 5 keV beam of Ar+ ions under dynamic conditions. 
 
 



 

 

 
 
 
Fig. 6.6  Positive SIMS spectrum of a 9wt%ZrO2/SiO2 catalyst prepared from 
zirconium ethoxide after drying (A, B) and calcination at 673 K (C). ZrOH+ occurs at 
107 (90ZrOH+ and 91ZrO+) and 111 amu (94ZrOH+). 
 
 
 

 
 
 
 
Fig. 6.7  SIMS intensity ratios of ZrO+/Zr+ (•) and ZrO2

+/Zr+ ( ) plotted as a function 
of the calcination temperature for the materials in Figure 6.6 in comparison with 
model compounds (dotted lines).  
 



 

 

 
 
Fig. 6.8  Positive SIMS spectra of MoO3/SiO2/Si(100) catalysts recorded after 
impregnation (fresh) and after sulfurization in 10% H2S in H2 and additional 
calcination at 298, 423, and 573 K.  

 
 
Fig. 6.9  SIMS intensities of ethylidyne (≡CCH3) on platinum (111) recorded during 
reaction with D2. Curves a, b, c, and d are the experimental intensities of the CHn

+ 
fragments at 15, 16, 17, and 18 amu. Curves e-h are the corresponding simulations.  



 

 

 
 
Fig. 6.10  SNMS intensities of a Fe-Ni alloy (1 : 1) in the mass region of monomers  
(top) and dimers (bottom) in comparison with the results of SIMS studies. 
 
 
  

 
 
Fig. 6.11  Geometry of an ion scattering experiment with mass Mion and energy Ei of 
the incident ions and energy Ef of the ions scattered in the angle of Θ. The mass of 
the target atoms is M. 



 

 

 
 
Fig. 6.12  Kinetic factor Ef/Ei for He+ and Ne+ ions as a function of the scattering 
angle Θ for various elements. 
 

 
 
Fig. 6.13  Scheme of RBS spectra obtained for oriented single crystals (top), 
randomly oriented crystals without (middle), and with (bottom) surface layers 
consisting of heavy atoms or complexes. 



 

 

 
 
Fig. 6.14  RBS spectra of MoO3 model catalysts supported on a SiO2/Si(100) 
material recorded before (bottom) and after sulfurization in a mixture of H2S and H2 at 
333 K (middle) and 573 K (top). 
 
 

 
 

Fig. 6.15  LEIS spectrum of a Cu/Al2O3 catalyst. The high peak at low energies is 
due to sputtered fragments. 
 



 

 

7. Vibrational spectroscopy 
 
 

 
 
 
Fig. 7.1  Scheme of the harmonic potential and the Morse potential of vibrating 
molecules. 
 
 

 
 

 
Fig. 7.2  Position of vibration spectroscopy in the general spectral and energetic 
range of spectroscopic methods.  



 

 

 
 
Fig. 7.3  Fundamental vibrations of molecules.  
 
 
Tab. 7.1  Survey on the abbreviations of fundamental vibrations. 
 

 
 
 
Tab. 7.2  Spectral ranges of infrared spectroscopy. 

 



 

 

Tab. 7.3 Vibrations of typical compounds in heterogeneous catalysis.  
 

 
 
 
 
Tab. 7.4 Experimental methods of infrared spectroscopy.  
 

 



 

 

 
 
Fig. 7.4  Scheme of a Fourier transform infrared (FTIR) spectrometer.  
 

 
 

Fig. 7.5  Set up of a transmission cell for Fourier transform infrared (FTIR) 
spectroscopy of calcined samples in vacuum and loading of probe molecules.  
 
 



 

 

 
 
Fig. 7.6  Set up of a transmission cell for in situ Fourier transform infrared (FTIR) 
spectroscopic studies of calcined catalysts under reaction conditions. 
 
 
 
Tab. 7.5  Window materials and their spectral ranges.  
 

 
 
 



 

 

 
Fig. 7.7  Set up of a diffuse reflectance Fourier transform infrared (DRIFT) 
spectrometer with integrating lenses system. 
 
 

 
 
 
Fig. 7.8  Set up of a diffuse reflectance Fourier transform infrared (DRIFT) 
spectrometer with integration sphere. 
 

 
 
 
Fig. 7.9  Sample chamber at the bottom of the diffuse reflectance cell shown in 
Figure 7.8. 

IR source 

sample       IR detector 



 

 

 

 
 
Fig. 7.10  ATR crystal with the electric field components of the incident light (E⊥, EII) 
and of the internal refractive elements (Ex, Ey, Ez). 
 
 

 
 

Fig. 7.11  Scheme of an ATR cell. The IR beam can be directed either through the 
ATR crystal (solid line) or through the transmission windows (dashed line). 
 
 

 
 
 
Fig. 7.12  Scheme explaining simultaneous ATR and IR investigations of solid and 
liquid compounds of a heterogeneous reaction system. 
 
 
 



Tab. 7.6 Survey on extinction coefficients, ε, of surface groups and adsorbate 
complexes on solid catalysts.  

Fig. 7.13  Framework vibrations of crystalline aluminosilicates (solid lines (1): inter-
tetrahedral vibrations; broken lines (2): intra-tetrahedral vibrations).   



Wavenumber / cm-1 

Fig. 7.14  Framework vibrations of zeolites Y with 20 (broken line) and 56 (solid line) 
aluminum atoms per unit cell. 

Fig. 7.15  Asymmetric ( asν~ ) and symmetric ( sν
~ ) stretching vibrations as well as 

double-6-ring (D6R) and pore opening (Pore) vibrations of faujasite-type zeolites 
plotted as a function of the aluminum mole fraction. 
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Fig. 7.16  Positions of framework oxygen atoms in faujasite-type zeolites and 
hydroxyl protons bound to these sites (bridging OH groups).   
 

 
 

Fig. 7.17  Vibration modes in the local structure of bridging OH groups in acidic 
zeolites. 
 

 
 

Fig. 7.18  O-H stretching vibrations ( OHν~ ) of bridging OH groups in acidic zeolites H-
Y with different cation exchange degrees.  
 



 

 

Tab. 7.7 Survey on the different vibration modes in the local structure of bridging OH 
groups and of lattice vibrations of acidic zeolites H-Y and their combination modes. 

 

 
 
 
 

 
 

Fig. 7.19  NIR spectra of MgO and zeolites H-Y and H-ZSM-5 in the range of 
combination vibrations.  
 



 

 

 

 
 

 
 

Fig. 7.20  Plot of the O-H stretching vibrations ( OHν~ ) of bridging OH groups in acidic 
zeolites as the function of the mean Sanderson electronegativity Sm.  
 
 

 
 

 
Fig. 7.21  Band intensities of O-H stretching vibrations ( OHν~ ) of bridging OH groups 
in acidic zeolites H-Y upon calcination at 473 to 973 K.  
 
 
 



 

 

 
 
Fig. 7.22  FTIR spectra of pyridine adsorbed on zeolites H-Y (left) and plot of the 
intensities of IR bands due to pyridine interacting with Brønsted (1540 cm-1) and 
Lewis (1445 cm-1) acid sites (right).  
 

 
Fig. 7.23  O-H stretching vibrations of a zeolite H-Y upon stepwise adsorption of 
pyridine (left) and plot of the intensities of the IR bands due to LF and HF bands as 
well as pyridine interacting with Brønsted (1540 cm-1) and Lewis (1445 cm-1) acid 
sites (right). 



 

 

 
 
Fig. 7.24  FTIR spectra of acidic zeolites H-ZSM-5 recorded upon loading of probe 
molecules with different basicities. 
 

 
 
Fig. 7.25  ATR signals recorded during the ethanol oxidation at 298 K on a 
5%Pd/TiO2 catalyst recorded at different reaction times (points 1 to 6 at the right-
hand side). At t = 75 s, the solvent flow was switched from hydrogen-saturated 
ethanol to oxygen-saturated ethanol and vice versa at t = 335 s. 
 



 

 

 
Fig. 7.26  Principles of the formation of Stokes and anti-Stokes bands in Raman 
spectroscopy. 
 

 
 

Fig. 7.27  Set up of a Raman spectrometer. 
 
 

 
 
Fig. 7.28  Techniques for minimizing the local sample heating by sample rotation (A), 
motion of the Laser beam (B), and a cylindrical lens (C). 
 
 
 



 

 

 

 
 
 
Fig. 7.29  In situ Raman cells for investigations under reaction conditions. 

 

 
Fig. 7.30  Raman spectra of zeolites (a) Na-Y (Si/Al = 2.6) and (b) Na-X (Si/Al = 
1.18). 
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Fig. 7.31  Raman spectra of MoO3/Al2O3 (left) and MoO3/SiO2 (right) catalysts before 
(top) and after (bottom) calcination at 775 K in air. The table gives a summary of the 
observed bands and their assignments.  



 

 

 
 
Fig. 7.32  Raman spectra of 16%V2O5/Al2O3 catalysts co-impregnated with different 
amounts of potassium hydroxide (x%K). 
 

 
 
Fig. 7.33  Raman spectra of a 2%V2O5/SiO2 catalyst before (fresh) and after 
treatment with 18O2 (0 sec) and during ethane oxidation for maximum 11 minutes.   
 
 



 

 

 
 
Fig. 7.34  Excitation mechanisms in electron energy loss spectroscopy (EELS): 
Dipole scattering (ν1) and impact scattering (ν1 and ν2).  
 

 
 
Fig. 7.35  Scheme of a high-resolution EELS spectrometer with hemispherical 
selectors.  
 



 

 

 
 

 
 
 
Fig. 7.36  EELS spectra (top) of CO adsorbed at 300 K on (a) Ni(111), ΘCO = 0.2; (b) 
Ni(100), ΘCO = 0.5, and (c) Ni(110), ΘCO = 0.5, as well as assignment of the observed 
bands (bottom).  
 



 

 

8. UV/Vis and EPR spectroscopy 
 

Tab. 8.1  Notations of electron transitions.  
 

 
 
 

 
 
Fig. 8.1  Ultraviolet (UV), visible (Vis), and near-infrared (NIR) regions and 
assignments of the vibration and electron transitions.  

 
Fig. 8.2  Electron transitions in the ultraviolet (UV) and visible (Vis) ranges.  
 



 

 

 
Fig. 8.3  Set up of a double-beam dispersive spectrometer. The grating, which is the 
dispersive element, selects the wavelength in front of the entrance into the sample 
cell. 

 
Fig. 8.4  Set up of a double-beam diode array spectrometer. The grating is arranged 
between the sample cell and the diode array. 

 
Fig. 8.5  Set up of a Praying Mantis UV/Vis sample cell for recording spectra of solid 
catalysts under working conditions. 



 

 

  
Fig. 8.6  Set up of a fixed-bed reactor equipped with a glass-fiber optics for on-line 
UV/Vis spectroscopy. 

 
Fig. 8.7  Location of the extra-framework sites B, C, F, and G in ferrierite (FER). The 
view is directed along the 10-ring channels. 
 

 
Fig. 8.8  UV/Vis spectra of Co-FER zeolite recorded before (a) and after (b) 
conversion of a mixture of NO, NO2, CH4, and O2 in helium at 1073 K. 
 



 

 

 
 
Fig. 8.9  UV/Vis and NIR spectra of Ni(NH3)6

2+ complexes recorded after deposition 
on silica and further drying at 353 K (a), calcination in oxygen at 773 K (b), 
evacuation at 773 K for 1 h (c) or 15 h (d), and evacuation at 973 K (e).   
 
 
Tab. 8.2  d-d transitions of Ni2+ model compounds (a: estimated value).  
 

 
 
 
 



 

 

 
 
Fig. 8.10  UV/Vis spectra of zeolite La,H-Y recorded after conversion of 1-butene and 
isobutane in a ratio of 1 : 9 under batch conditions at 523 K (A), 623 K (B), 673 K (C), 
and 773 K (D).  
 

 
Fig. 8.11  Stack plot of UV/Vis spectra recorded during conversion of methanol on 
SAPO-34 at 673 K for 165 minutes.  
 
 
  

 
  
Fig. 8.12  Absorption and first-derivative powder EPR signals in the case of an axial 
(left) and orthorhombic symmetry (right).  
 

 



 

 

 
 
Fig. 8.13  Hyperfine coupling of Mn2+ (S = 5/2, I = 5/2, g = 2, A < 0).  
 
 

 
Fig. 8.14  Scheme of an EPR spectrometer with microwave bridge. 
 
 
 
 
 



 

 

Tab. 8.3  Frequency ranges of EPR spectrometers and the corresponding 
wavelengths and magnetic fields. 
 
 

 
 
 
 
 
 

 
 
Fig. 8.15  Set up of an EPR resonator equipped with glass-fiber optics suitable for 
UV/Vis and Raman spectroscopy. 
 
 
 

________________________________________________________________________________________________________________________________________________________________



 

 

 
 
Fig. 8.16  EPR signals of DPPH and (FA)2(PF)6 at 300 K. 
 

 
 
Fig. 8.17  EPR spectra of Cu,H-ZSM-5 zeolite recorded at 77 K after treatment in O2 
at 673 K and evacuation at 293 K (a) and in pure O2 (b). 
 
 



 

 

Tab. 8.4  Summary of the parameters of EPR signals due to Cu2+ ions in different 
mordenites and ZSM-5 zeolites. 
 

 
 
 
 
 

 
 

 
Fig. 8.18  EPR spectra of Cu,H-ZSM-5 zeolite recorded after treatment with 5% O2 in 
He (a) and 5% CH4 in He for 3 minutes (b) and 30 minutes (c) at 773 K. 
 
 
 
 
 



 

 

 

 
 
 
Fig. 8.19  Change of the integral intensity of the EPR signals of Cu2+ ions in Cu,H-
ZSM-5 zeolite recorded during treatment with 5% CH4 in He at 773 K (left) and upon 
switching to 3% O2 in He (right). The dotted curve was obtained for non-purified 
helium. 
 
 

 
 
Fig. 8.20  In situ EPR spectra recorded during dehydration of VOHPO4 ⋅ 0.5 H2O to 
(VO)2P2O7. 
 



 

 

 
 
Fig. 8.21  Development of the EPR signal of V4+ species of a VPO catalyst during the 
selective oxidation of n-butane to maleic anhydride (a). In (b), the EPR spectrum 
obtained immediately after the reaction is compared with the spectrum recorded 18 
days later.  
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9. Solid-state NMR spectroscopy 
 

 
 
Fig. 9.1 Nutation of nuclear dipoles in an external magnetic B0 field (a) and the 
corresponding energy levels (b).  
 

 
 
Fig. 9.2  Principle of nuclear spin excitation of by short radio-frequency pulses (a) 
and Fourier transform NMR spectroscopy (b). 
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Fig. 9.3 Scheme of the anisotropic shielding of nuclei by electrons (top) and the 
corresponding effects on the NMR line shape for the general case (bottom, left) and 
axial symmetry (bottom, right).    
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Fig. 9.4  Scheme of the dipolar interaction of neighbouring nuclear dipole moments 
(top) and the corresponding effects on the NMR line shape for a single crystal 
(bottom, left) and a powder sample (bottom, right). 
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Fig. 9.5  Energy levels of nuclei with spin I = 3/2 demonstrating the effect of the 
quadrupolar interaction (top) and resulting NMR line shapes of a single crystal 
(bottom, left) and a powder sample (bottom, right)    
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Fig. 9.6  Scheme of a Fourier transformation NMR spectrometer.  

Fig. 9.7  Signal ways to the probe and the preamplifier (top) and scheme of a single 
resonance NMR probe (bottom). 



Fig. 9.8  Scheme of the multiple-pulse sequence WHH-4 (top) and the effect on the 
spin system (bottom).   

Fig. 9.9 Principle of the magic angle spinning (MAS) technique.  
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Fig. 9.10 Principle of double oriented rotation (DOR) and scheme of a DOR rotor. 



 

 

 
Fig. 9.11 Principle of two-dimensional NMR experiments with twofold Fourier 
transformation.  
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Fig. 9.12 Sequences (left) of two- (a) and three-pulse (b) multiquantum (MQ) NMR 
experiments and the corresponding coherence transfer pathways (right). 
 

        
 
Fig. 9.13 Scheme of a high-temperature MAS NMR probe with Laser heating system. 
 



 

 

         
 
 
Fig. 9.14  Equipment utilized for the preparation of catalysts in vacuum (left) and 
under flow conditions (right). 
 

 
 
Fig. 9.15 MAS NMR turbine equipped with a gas injection system and a glass-fiber 
for simultaneous UV/Vis studies. 
 

 
 
Fig. 9.16  Combination of in situ MAS NMR and UV/Vis spectroscopy.  



 

 

 
 
 
Fig. 9.17 29Si MAS NMR spectra of zeolites with (top) and without (bottom) aluminum 
atoms at T positions.   
 
 
 
 
Tab. 9.1 Examples for 29Si chemical shifts of Si(nAl) units in zeolites. 
 

Zeolite nSi/nAl Site Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(0Al) 
Y 2.5   T -83.8 -89.2 -94.5 -100.0 -105.5 
 ∞   T     -107.8 
Omega 3.1   T1  -89.1 -93.7 -98.8 -103.4 
    T2 -89.1 -93.7 -98.8 -107.0 -112.0 
 ∞   T1     -106.0 
    T2     -114.4 
mordenite 5.0   T1 to    

  T4 
  -100.1 -105.7 -112.1 

 ∞   T1     -112.2 
    T4     -113.1 
    T2 + T3     -115.0 
ZSM-5 20   T1 to    

  T12 
   -106.0 -112.0 

 
 
 

   



 

 

 
Fig. 9.18 Dependence of the 29Si NMR chemical shifts of tetrahedrally coordinated 
framework silicon atoms on the aluminum occupation of neighbouring T sites.  

 
Fig. 9.19 Connectivities of silicon atoms in zeolite ZSM-39 studied by sampling the J-
coupling (ca. 110 Hz) with the two-dimensional 29Si COSY MAS NMR experiment: a) 
pulse sequence (parameter FD is a fixed delay of 5 ms), b) zeolite structure with T 
sites, c) 2D COSY MAS NMR spectrum (stacked plot), and d) 2D COSY MAS NMR 
spectrum (contour plot). 
 



 

 

 

 
Fig. 9.20 Experimental (top) and calculated (bottom) 29Si MAS NMR spectrum of 
siliceous zeolite ZSM-5 with 24 different T sites.  
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Fig. 9.21 Dependence of the 27Al NMR chemical shifts of aluminum atoms on their 
oxygen coordination. 
 



 

 

 
 
Fig. 9.22 27Al MAS NMR spectra of hydrated zeolites H-Y with different framework 
aluminum contents (nSi/nAl ratios) recorded via direct excitation (left) and by cross 
polarization (right). 
  
 

 
 

 
Fig. 9.23 27Al NMR spectra of dealuminated zeolites H-Y in the dehydrated state, 
recorded without (left) and with (right) application of MAS.   

 

 
 

 



 

 

 
 
Fig. 9.24 27Al MQMAS NMR spectra of dealuminated zeolites H-Y in the dehydrated 
state with signal assignments according to Figure 9.23. 
 

                 
Fig. 9.25 1H MAS NMR spectra of hydroxyl groups in zeolites Y exchanged with 
different multivalent cations (a-c) and after dealumination (d).  
 
 
Tab. 9.2  Assignments of 1H MAS NMR signals of surface OH groups. 
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Fig. 9.26 Scheme of a two-dimensional spin-exchange experiment for studying the 
dipolar coupling between hydroxyl protons.  
 

 
Fig. 9.27 2D 1H spin-exchange MAS NMR spectra of the dehydrated 
silicoaluminophosphate SAPO-34 (a) and zeolite H-ZSM-5 (b).  
 

 
Fig. 9.28 129Xe NMR chemical shifts of xenon adsorbed on different zeolites. 



 

 

Tab. 9.3  Survey on the 129Xe NMR chemical shifts of xenon adsorbed on different 
zeolites and extrapolated to the gas pressure of p = 0.  

 

  
Fig. 9.29 13C MAS NMR (left) and UV/Vis spectra (right) recorded during conversion 
of methanol on SAPO-34 at 473 to 673 K (a to e). 

 



 

 

10. Thermal surface characterization methods 
 

 
Tab. 10.1  Phases occurring after reduction of metal oxides in hydrogen at 673 K. 

 

 
Fig. 10.1  Phase diagram of the iron oxide system exposed to a mixtures of H2 and 
H2O. 



 

 

 
Fig. 10.2  Experimental set up for temperature-programmed reduction (TPR). 
 

                   
               Temperature in oC 
 
 
Fig. 10.3  TPR curves of silica-supported Rh, Fe, and Fe-Rh catalysts. The left 
curves were obtained for the freshly prepared samples, while the right curves were 
recorded after complete oxidation. 



 

 

 

 
 
Fig. 10.4  Experimental set up for temperature-programmed sulfurization (TPS). 
 

 
 
Fig. 10.5  TPS curves of a MoO3/Al2O3 catalyst exposed to a mixture of H2S and H2 
showing the consumption of these gases and the production of H2O.  
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Fig. 10.6  Experimental set up of a temperature-programmed desorption (TPD) 
equipment. 
 
 

 
 
Fig. 10.7  Set up for the temperature-programmed desorption of ammonia (TPDA) in 
combination with infrared and mass spectroscopy (IRMS) consisting of a flow meter 
(1), a liquid nitrogen trap with silica gel column (2), a vacuum meter (3), a sampling 
loop for calibration (4), a vacuum pump (5), and a liquid nitrogen trap (6). 
 
 
 
 
 
 
 



 

 

 
Fig. 10.8  Ammonia TPD curves of mordenites with framework nSi/nAl ratios of 6 to 
18. 
 

 
 
 

Fig. 10.9 Ammonia TPD curves of the silicoaluminophosphates H-SAPO-5 (a) and H-
SAPO-11 (b) and zeolite H-ZSM-5 (c). 
 



 

 

 
 

Fig. 10.10  Experimental set up of a Tian-Calvet type microcalorimeter with sample 
chamber (left) and reference chamber (right). 

 
 

 
 

Fig. 10.11 Differential heats, qdiff, obtained for the adsorption of pyridine on zeolites 
H-ZSM-5 with aluminum contents of 180 ( ), 370 ( ), 530 ( ), and 600 µmol/g ( ). 
 
 

 



 

 

 
 
 
Fig. 10.12  Differential heats, qdiff, obtained for adsorption of ammonia ( : 1.0 g 
zeolite, : 0.5 g zeolite), pyridine (+), and isopropylamine ( ) on zeolite H-ZSM-5 at 
480 K. 
 
 
 
 
Tab. 10.2  Differential heats, qdiff, determined for adsorption of ammonia, pyridine, 
and isopropylamine on different zeolite catalysts. 
 

 

 
 
 
 
 
 



 

 

 
 

Fig. 10.13  Differential heats, qdiff, obtained for ammonia adsorption on various 
zeolites and mesoporous materials with different structure types and nSi/nAl ratios (in 
parenthesis) at 423 K. 
 




