
1 

Modern Methods in Heterogeneous Catalysis Research 

Adsorption of probe molecules 
What can we learn about catalysts surfaces by 

infrared spectroscopy of adsorbed probes? 

05 November 2010 

 A. Trunschke, Department of Inorganic Chemistry, 
Fritz Haber Institute, Max Planck Society 



2 

1.  The catalyst surface 

2.  Background: Pretreated catalyst 

3.  Adsorption of small probe molecules (most common) 

1.  CO 

2.  NO 

3.  Ammonia 

4.  Pyridine 

5.  CO2 

4.  Summary 
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  Most of the materials of interest in heterogeneous  
   catalysis are polycrystalline solids or polydispersed  
   surface species 

  Termination may result in the exposure of several  
   crystal planes (or several surface species)  
   simultaneously 

  The surface usually differs from the ideal bulk structure  
   due to surface defects, reconstruction, adsorption from  
   the environment 

  Surface arrangements cannot be deduced  
   staightforward from the bulk structure, which  
   complicates the identification of active sites 
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Microscopic group of atoms, which determines the 
specific catalytic activity of the surface 

At the active sites, electron transfer between the catalyst 
surface and the reacting molecule happens that leads to 
structural rearrangement of the substrate molecule 

  The active sites are formed during catalyst activation  
   and forming and undergo structural and electronic  
   changes during the catalytic cycle 

  Adsorption of probe molecules on the fresh catalyst  
  gives information about the nature of surface sites   
  on the catalyst precursor, generally not about the active  
  site 
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  surface sites of supported  
  metal particles 

  electron donating oxygen  
  atoms 

  hydroxyl-hydrate cover 

  coordinatively unsaturated  
   metal cations 

V 

O 

O O 

OH 
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+    NH3 Mn+ Mn+ 

N 
H 

H 
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experiment physical quantity method 

adsorption nads, ΔHads 
microcalorimetry, volumetric, 
gravimetric methods 

desorption Tdes TPD, TDS 

band shift Δ..., Tdes 
IR, NMR, UV-vis, PL, 
XPS, ... 
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  Surface M-O stretching vibrations appear at higher  
   wavenumbers compared to fundamental modes  
   (materials with > 1 m2/g can be studied) 

  Surface M-O bonds are of greater strength due to  
   different coordination of surface metal atoms 

  Sometimes, the adsorption frequencies of M-O bonds at  
   the surface are correlated with the order of the M-O  
   bond 

  Combination vibrations of fundamental absorption  
   frequencies of the lattice may appear in this region as  
   well! 
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G. Busca, PCCP 1 (1999) 723. 

  Isolated hydroxyl groups are responsible for discrete  
  absorption bands in the range 3800-3650 cm-1 

  (if not involved in hydrogen bonding) 

> > 

  Hydrogen bonding: 
  shift to lower wavenumber (3650-3200 cm-1),  
  strengthened integrated intensity, 
  broadened peak shape 
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Calcination 
air, 823K 

The newly formed siloxane groups 
are very reactive due to strain 
caused by dehydration 

νOH+δOH = 4550 cm-1 

(no combination band for 
molecular water in this range, 

H2O ν1+ν2=5100-5300 cm-1) 

ρ = 3 – 5 OH nm-2 
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Na53.3[Al53.3Si138.7O384]  

A. Trunschke, B. Hunger, Topics in Catalysis 19 (2002) 215. 

A. Zecchina et al. CHEMICAL SOCIETY REVIEWS, 1996  
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oxide TiO2 ZnO MgO Ga2O3 Fe2O3 ZrO2 

OH 
(cm-1) 

anatase 
3728-15 
3676-70 
3640 
rutile 
3735-00 
3685-70 
3655-50 

3680-60 
3630-10 

3750-30 
3630-10 

3670 haematite 
3720 
3700 

3770 
3670 

A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, p. 59 
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  Relations between OH stretching frequency and chemical  
   nature of the metal, structure and acidity are not  
   straightforward 

  OH band of MgO, amorphous silica and silica-alumina at    
   3745 ±3 cm-1 

G. Mestl, H. Közinger in Handbook of Heterogeneous Catalysis 
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G. Busca, PCCP 1 (1999) 723. 

The position and shape of the OH bands of surface 
hydroxyl groups is informative of their coordination  

  Covalent oxide components usually give rise to very  
   typical strong sharp peaks 

  In covalent oxides coordination of oxygen is mostly  
   two and this also occurs at the surface where the  
   OHs are, consequently, terminal 

  On ionic oxides the coordination of oxygen is higher  
  than two, so that bridging and triply bridging hydroxy  
  groups are formed at the surface 
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Retrievable information : 

  Type of sites 

  Number of sites 

  Chemical (electronic) surface properties 

  „Strength“ of sites 

  Relative abundance, site distribution 

H 

CO OC 
CO 

N2O → N2 + O 

N2O 

H 
H 
H 

CO 
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  Specific interaction of the probe molecule with certain  
   sites (preferable adsorption of the reacting molecule at  
   T < Tr) 

  Sufficient sensitivity with respect to the differences in  
   the electronic structure of various surface sites 

   Only small pertubation of the whole system 

  No „corrosive“ adsorption (reconstruction of the surface  
   due to adsorption) 

  No side reactions 

See also H. Knözinger, IRS for Characterization of Surface Acidity and Basicity, Handbook of 
Heterogeneous Catalysis 



21 

hard soft 

acids H+, Li+, Na+, K+ 

Be2+, Mg2+, Ca2+, Sr2+, Mn2+ 

Sc3+, Ga3+, In3+, La3+, Cr3+, 
Co3+, Fe3+, As3+, 

Ge3+, Si4+, Zr4+, Th4+, Ru4+, 

UO2
2+, (CH3)2Sn2+, VO2+, 

MoO3+ 

RCO+, CO2, NC+ 

Cu+, Ag+, Au+, Tl+, Hg+ 

Pd2+, Cd2+, Pt2+, Hg2+, CH3Hg+, 
Co(CN)5

2-, 

Pt4+, Te4+ 

M0 (metal atoms) 

Boundary: 
Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Sn2+, Sb3+, Bi3+, Rh3+, Ir3+, SO2, NO+, 
Ru2+, Os2+, R3C+, C6H5

+ 

bases Ammonia, pyridine CO, olefins, aromatics 

A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, p. 77 
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metals acid sites basic sites 

H2 
CO 
N2 
NO 
N2O 

piperidine 
n-butylamine 
ammonia 
pyridine 
acetone 
pyvalonitrile 
acetonitrile 
2,6-dimethylpyridine 
(lutidine) 
benzene 
CO 
NO 
H2, D2 
N2 

CO2 
SO2 
CO 
pyrrole 
chloroform 
acetonitrile 
alcohols 
thiols 
boric acid trimethyl ether 
ammonia 
pyridine 
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Usage 
  Particle size, geometric and electronic structure of 

supported metal particles 
  Promoter effects, metal-support interaction 
  Oxidation state of coordinatively unsaturated surface 

cations 
  Acid base properties 
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  CO gas phase frequency 2143 cm-1 
  Adsorption at room temperature and 77 K, irreversible and reversible 
  CO can form surface carbonyl complexes with transition metal atoms 

and transition metal ions 
  CO is a weak Lewis base 

  PA = 598 kJ mol-1 

  Adsorption on coordinatively unsaturated surface cations 
  Interaction with surface oxygen atoms or ions (formation of 

carbonate species) 
  Interaction / reaction with surface hydroxyl groups (formation of 

formate complexes) 
  CO can oxidize supported transition metals 
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  CO gas phase frequency 2143 cm-1 

  Coordination to metals 

  σ-donor bond: ν↑ 

  π-acceptor bond: ν ↑ 
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H. Freund, Chemisorption, Handbook of Heterogeneous Catalysis 
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Adsorption of 1 mbar CO on Pd/Al2O3 at 77 K and evacuation at 77-124 K 

Pdn+ 
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νCO depends on 
  Surface coverage and presence of co-adsorbed species 

  π-bonding versus resonance interaction between vibrating dipols 
  Measurement of coverage dependency gives information about surface 

structure 

  Metal particle size 
  Pt: νCO increases with increasing particle size 

  Degree of π-bonding is higher with smaller metal coordination number 



29 
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νCO depends on 
  Surface coverage and presence of co-adsorbed species 

  π-bonding versus resonance interaction between vibrating dipols 
  Measurement of coverage dependency gives information about surface 

structure 

  Metal particle size 
  Pt: νCO increases with increasing particle size 

  Degree of π-bonding is higher with smaller metal coordination number 

  Electronic structure of the metal 
  Promoter effects: 

  Ligand (electronic) effect at low coverage 
  Geometric effect – coverage dependency 

  Support effects: 
  Electronic effect may compete with the particle size effect 
  „SMSI“ effect – decrease in adsorption capacity of the metal 
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A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, p. 244 
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FTIR Study of CO Interaction with Ru/TiO2 Catalysts, K. Hadjiivanov et al., JOURNAL OF 
CATALYSIS 176, 415–425 (1998) 

Run+(CO)3 

Ru0–CO 

„corrosive“ adsorption due to 
oxidation of the metal by CO 
dissociation 
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Cu+-CO 

Cu0-CO 

Cu0-(CO)2 

Zr4+-CO 

Difference FTIR spectra of CO adsorbed at RT on Cu/ZrO2 
Desorption of CO through evacuation after sample reduction and oxidation 

  Overlapping spectral range of 2110-2080  
   for Cu+-CO and Cu0-CO 

  The stability of the species is a criterion for  
  discrimination: Cu0-(CO) complexes are  
  easily decomposed during evacuation 

  Cu2+ cannot be probed by CO at room  
   temperature 

  The remaining small band (red) after evacuation indicates a  
   fraction of oxidized Cu even in the “reduced” Cu/ZrO2 sample 

  After oxidation the carbonyl band is shifted to higher wavenumbers  
   and is more stable, indicating a higher fraction of Cu+ 
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  Position of the adsorption band of the respective Vn+-CO 
  V4+-CO at 2212 – 2180 cm-1 

  V3+-CO at 2197 – 2174 cm-1 

  V2+-CO at about 2150 cm-1 

  Stability of the respective adsorption complexes 
  V4+(3d14s0) - CO  - only σ-bond 

  V3+(3d24s0) - CO – strong σ- and weak π-bond 

  V2+(3d34s0) - CO – synergism between σ- and π-components  

V2+ > V3+ > V4+  
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“Modified electric field strength” 

Fm = Z/N  * Rm
-2 

Z:   cation charge 
N:   coordination number in cus state 
Rm: sum of effective ionic radius and  
       van der Waals radius 

H. Knözinger, Proc. Int. Symp. Acid-Base Catalysis Sapporo 1988 
Eds. K. Tanabe, H. Hattori, T. Yamaguchi, T. Tanaka 
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... 
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  When substantial d to π* back donation takes place, CO adsorptions 
are detected below 2100 cm-1 

  The surface carbonyl complexes can have linear (2100-1900 cm-1), 
bridged (below 1900 cm-1), or three coordinated bridged (below 1800 
cm-1) structures 

  With coordinatively unsaturated ions, poly-carbonyl complexes can be 
formed 

  Frequency shift above the 2143 cm-1 is due to primarily σ* to d donation 
  The corresponding complexes with surface cations are terminal and C-

bonded 
  The frequency shift increases with increase in the ratio of charge to the 

cation radius 

  Carbon monoxide molecules σ-bonded to cations adjacent to anion 
sites of enhanced basicity can undergo nucleophilic attac forming 
complex surface species (CO2

2-, CO3
2-) 
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Types of adsorption  

  Mn+   +   NO     M(n-1)+-NO+ 

  Mn+   +   NO     M(n+1)+-NO- 

  Formation of a coordination  
   bond via the N-atom 

  interpretation of spectra more  
   complicated than in case of CO  
   and requires application of  
   complementary methods  

compound frequency 
(cm-1) 

NO+HSO4
- 2340 

NO (gas) 1876 
Li+NO- 1352 

NO stretching vibrations 
in inorganic model 
compounds 
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  NO adsorption on reduced V and Mo species leads to formation of  
   dinitrosyl complexes 
  Band positions of the NO vibrations characterize the oxidation states  
  of vanadium and molybdenum sites 

4.7 wt-% MoxOy/SBA-15, #6162 

υs V4+(NO)2 

υs V3+(NO)2 
υas V3+(NO)2 

υas V4+(NO)2 

2.7 wt-% VxOy/SBA15, #6371 

υas Mo4+(NO)2 

υs Mo4+(NO)2 
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Hadjiivanov, Konstantin I.(2000) „Identification of Neutral and Charged NxOy Surface Species 
by IR Spectroscopy“, Catalysis Reviews, 42: 1, 71 — 144 
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  Brønsted acidity: 
  Protonation of the probe 
  Change in the OH frequency by disturbing the OH group with a base 

  Lewis acidity – investigation of the complexing ability of the cation 

G. Busca, PCCP 1 (1999) 723. 
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H 
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H 

O 

SiO2 
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C H 

O 

H 

O 

SiO2 

Δν ∼ 

T=77K 

O 

C O 
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Δυ= 46 cm-1 H2 Gas Phase 4161 cm-1 

Sigl et al. Catal. Lett. 45 (1997) 27-33. 
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Sigl et al. Catal. Lett. 45 (1997) 27-33. 

  The ΔνOH values for H2, N2, and 
CO probe molecules correlate 
with their respective PA values 
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A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, p. 80 

free ammonia: ν4 (δas) = 1400 cm-1 

protonation to NH4
+: ν4 (δas) = 1440 cm-1 

Lewis acid sites: NH3: ν2 (δs) = 1300-1000 cm-1 

δ NH2 = 1490-1630 cm-1 
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48 Budneva et al., React. Kinet. Catal. Lett. 34(1987) 63-67. 

ammonium ions: 

ε1430 = 2.15 x 105 cm2/mol 

coordinated ammonia: 

ε1610 = 5.9 x 105 cm2/mol 
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Si Al 

H 
O 

δas NH4
+ 

δs NH4
+ 

A. Trunschke, B. Hunger, Topics in Catalysis 19 (2002) 215. 
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G. Busca, PCCP 1 (1999) 723. 
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1455 cm-1: Lewis acid sites 

H.A. Prescott et al. / Journal of Catalysis 234 (2005) 119. 

1545 cm-1 Bønsted acid sites 
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Formation of bicarbonates by reaction of CO2 with basic OH groups 

Free carbonate and surface carbonates formed by CO2 adsorption 

Other probes: e.g., SO2, pyrrole, CHCl3, CH3CN, B(OCH3)3 

J.C. Lavalley, Catal. Today 27 (1996) 377. 
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Adsorption and temperature-programmed desorption of CO2 on MgO-Al2O3 
(Mg/Al=0.6) 

monodentate 
or polydentate 

carbonate 
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molecularly adsorbed CO2  
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  FTIRS of adsorbed probe molecules is a standard method 
for characterization of 
  Electronic and geometric structures of supported metal 

particles 
  Coordinatively unsaturated surface sites 
  Acid-base properties 

  The method gives information about the catalyst precursor 
that generally differs from the active state of the catalyst 

  Proper in-situ pre-treatment or activation is necessary 
  Comparative analysis of catalysts can explain trends 
  Temperature-programmed desorption or isotope exchange 

experiments often required to underlay interpretation 
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Many thanks to Friederike Jentoft, 
Jutta Kröhnert, and Philipp Grüne 
for figures and experimental data 

Thank you for your attention 


