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NOMENCLATURE 

Catalysts 

xCrAl    chromia/alumina catalysts with x wt-% of Cr 

xCrZr    chromia/zirconia catalysts with x wt-% of Cr 

x(y)CrZrAl chromia/zirconia/alumina catalysts with x and y wt-% of 

Cr and Zr, respectively 

yZrAl    zirconia/alumina supports with y wt-% of Zr 

Characterization methods 

BET    Brunauer–Emmett–Teller 

DRIFT diffuse reflectance infrared Fourier transform 

(spectroscopy) 

FTIR Fourier transform infrared (spectroscopy) 

GC gas chromatograph(y) 

INAA instrumental neutron activation analysis 

MS mass spectrometer/spectrometry 

UV-Vis ultraviolet–visible (spectroscopy)  

XRF  X-ray fluorescence (spectroscopy) 

XPS X-ray photoelectron spectroscopy 

XRD    X-ray (powder) diffraction 

Compounds 

acac    acetylacetonate (ion),  −
275 OHC

alumina   aluminum oxide, Al2O3 

chromia   chromium oxide, CrOx 

chromates high oxidation state (Cr6+/Cr5+) chromium oxide species 

DME    dimethyl ether, CH3OCH3

HCOH    formaldehyde, H2CO 

isobutane   2-methylpropane, i-C4H10 

isobutene   2-methylpropene, i-C4H8

MeOH    methanol, CH3OH 
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YSZ    yttrium-stabilized zirconium oxide 

zirconia   zirconium oxide, ZrO2 

Computational work 

DFT    density functional theory 

EXC    exchange–correlation energy 

LDA    local density approximation (method) 

PAW    projector augmented wave (method) 

PBE    Perdew–Burke–Ernzerhof (functional) 

VASP    Vienna ab initio simulation package 

Others 

ALD    atomic layer deposition 

ALE    atomic layer epitaxy 

a.u.    arbitary unit 

c.u.s.    coordinatively unsaturated 

FCC    fluid catalytic cracking 

LPG liquefied petroleum gas 

ODH oxidative dehydrogenation 

TON turnover number 

WHSV    weight hourly space velocity 

Symbols 

δ bending mode (infrared spectroscopy) 

ρ electron density 

νas asymmetric stretch (infrared spectroscopy) 

νs symmetric stretch (infrared spectroscopy) 

Ψ  wavefunction 
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1 INTRODUCTION 

1.1 Industrial dehydrogenation for the production of light alkenes 

Propene and butenes are important intermediates in the production of, e.g., polymers 

and fuel components. The total world market for propene in 2005 was 67.1 million 

tonnes [1] and the market in Western Europe in 2006 was 15.6 million tonnes [2], and it 

is estimated that the demand is growing by approximately 5% per year [1,3]. Altogether 

31 million tones of butenes were produced in 1997 [4]. These light alkenes are mainly 

produced as co-products in fluid catalytic cracking (FCC) and steam cracking of 

naphtha and liquefied petroleum gas (LPG) [1]. Other production methods for propene 

are dehydrogenation and methathesis, and dehydrogenation is the second most 

important production method for butenes. These processes supply approximately 5% of 

the global market of propene [1] and butenes [4], and in total nearly 7 million tonnes of 

propene and butenes were produced by dehydrogenation in 2000 [5]. These processes 

are projected to yield 10% of the global supply of propene by 2010 [1].   

Dehydrogenation is of industrial importance because it uses relatively cheap light 

alkanes as feedstock [6]. Alkane dehydrogenation on chromia/alumina (CrOx/Al2O3) 

was commercialized in the 1930s and was used during World War II to produce butenes 

for the production of octane for aviation fuels [5]. During the 1980s chromia/alumina 

catalysts were taken into use in the Catofin process for the production of propene from 

propane and isobutene from isobutane [5]. Currently five different process 

configurations (see Table 1) are in use or under development for catalytic 

dehydrogenation, relaying on either chromia/alumina, or platinum/alumina catalysts. 

The main problems in the use of these catalysts are the presence of carcinogenic Cr6+ in 

the chromia catalysts and the sensitivity of the platinum toward sulfur and other 

deactivating impurities in the feed.  
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Table 1. Industrial dehydrogenation processes [4,5,7].  

 Catofin Oleflex STAR a FDB b PDH c

developer/ 
licensor 

Süd Chemie, 
ABB Lummus UOP 

Phillips 
Petroleum, 

Uhde 

Snamprogetti, 
Yarsintez 

Linde, BASF, 
Statoil 

reactor 
parallel 

adiabatic fixed 
bed 

adiabatic 
moving bed tubular reactor fluidized bed parallel 

reactors 

operation cyclic continuous cyclic continuous cyclic 

energy input regeneration 
interstage 
heating in 
furnace 

reactor in 
furnace 

fuel added 
during 

regeneration 
regeneration 

catalyst 
CrOx/Al2O3     

with alkaline 
promoters 

Pt/Sn/Al2O3 
with alkaline 
promoters 

Pt/Sn on 
MgAl2O4/ 
ZnAl2O4

CrOx/Al2O3  
with alkaline 
promoters 

formerly 
CrOx/Al2O3, 
currently Pt 
hydrotalcite 

Mg(Al)O 
a STAR = steam activated reforming 
b FDB = fluidized bed dehydrogenation 
c PDH = propane dehydrogenation technology 

Dehydrogenation is an endothermic reaction that requires relatively high temperatures 

and low pressures. The equilibrium reaction is shown in general form in equation 1. 

2222 HHCHC nnnn +↔+         (1) 

Figure 1 presents the temperature (°C) dependency of equilibrium conversions for 

ethane, propane, and isobutane under atmospheric pressure [8]. The required 

temperatures decrease slightly with increasing carbon number and branching of the 

alkane chain. Industrial processes use temperatures above 550 °C [5,7]. The high 

process temperatures also favor side-reactions such as thermal cracking and deactivation 

of the catalysts through coke formation. Hence, in all processes the catalyst undergoes 

dehydrogenation and regeneration. The industrial processes differ mainly in the means 

of providing the required heat. The Catofin, FDB, and most likely the PDH processes 

use the heat formed in the exothermic regeneration phase (coke combustion), whereas 

the Oleflex and STAR processes heat the reactors in furnaces.  
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Figure 1. Temperature dependence of the equilibrium conversions for ethane, propane, and 

isobutane under atmospheric pressure [8]. 

1.2 Scope of the research 

The aim of this work was to study the effect of support material on the performance of 

chromia dehydrogenation catalysts. Alumina, zirconia (ZrO2), and zirconia/alumina 

were chosen as the support materials for the following reasons. Alumina is the 

conventional industrial support material for chromia dehydrogenation catalysts [4–7], 

whereas zirconia offers beneficial effects in terms of catalyst activity and selectivity [9]. 

In addition, zirconia is thermally and chemically more stable than alumina [10]. 

Nevertheless, zirconia suffers from a low specific surface area in comparison with 

alumina, and as a potential solution to this problem, it has been deposited on high 

surface area supports such as alumina [10,11]. Zirconia deposition on alumina was 

studied, therefore, as a means of combining the beneficial effect of zirconia on the 

dehydrogenation reaction with the high surface area of alumina.  

The main questions of interest were: why zirconia-supported chromia catalysts were 

more active than the alumina-supported catalysts, and what kind of surface sites were 

the active centers? In addition, relevant to the topic was: whether the activity of 
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alumina-supported chromia catalysts could be increased by the deposition of zirconia, 

and if not, what would be the reasons for this?  

Surface-sensitive characterization methods, modeling, and measurements of 

dehydrogenation activity were chosen as the means to elucidate the effect of support 

material on the dehydrogenation reaction. The surface of zirconia was studied by 

density functional theory (DFT) in combination with in situ diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) [I,II]. The surface and its interaction with 

water to create hydroxyl groups were modeled, and the theoretical results were 

confirmed by experiments [I]. The model of the hydroxylated surface was used to study 

the acid–base properties and the reactive surface sites of monoclinic zirconia by the 

adsorption of carbon monoxide and carbon dioxide [II]. The formation of carbonaceous 

surface species was experimentally investigated by in situ DRIFTS [II]. Methanol 

adsorption–desorption studies [III] were used to characterize the acid–base properties of 

all supports and catalysts. The formation of carbonaceous surface species was 

investigated by in situ DRIFT and in situ Raman spectroscopic methods and the 

formation of gaseous products by mass spectroscopy (MS). The dehydrogenation 

reaction and the effect of the support material were studied by following the formation 

of carbonaceous surface species (in situ DRIFTS and in situ Raman spectroscopic 

methods) during the reaction and by activity measurements [IV,V]. 
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2 DENSITY FUNCTIONAL THEORY 

2.1 Theory 

The movement of an electron around the nucleus is described by the Schrödinger 

equation: 

Ψ=Ψ EH           (2) 

where H is the Hamiltonian (the sum of kinetic and potential energies),  is a 

wavefunction, and E is the total energy. [

Ψ

12] 

Density functional theory (DFT) is based on the correspondence between the electron 

density of a system and the energy. Within Kohn–Sham DFT the total energy is given 

as 

[ ] [ ] [ ] [ ] [ ]ρρρρρ XCCLeeneS EEETE +++= −       (3) 

where E is the total energy of the system, ρ is the electron density, Ts is the non-

interacting kinetic energy, Ene is the electron–nuclear interaction energy, Eee-CL is the 

classical term (i.e., the Coulomb term) of the electron–electron interaction energy, and 

EXC is the exchange–correlation energy. Equation 3 divides the total energy of a system 

into two parts: a non-interacting part and a small correction term (EXC) accounting for 

the interaction of electrons with one another. The benefits of such an approach are that 

all terms except EXC can be calculated explicitly, and that the EXC term is small in 

comparison with the others. Hence, small errors in the approximations for the value of 

EXC will not significantly affect the value of the total energy. A very simple 

approximation is that the exchange and correlation energies only depend on the density 

of the electron gas. This is the local density approximation (LDA), which assumes that 

the density can be treated locally as a uniform electron gas (i.e., the density is a slowly 

varying function). If, instead, the electron gas is considered non-uniform, the 

correspondence of the total energy with a real system may be increased. An 

approximation of this type is the Perdew–Burke–Ernzerhof (PBE) functional. [12,13]  
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Menconi and Tozer [14] estimated the performance of seven different EXC functionals in 

the calculation of diatomic bond lengths and harmonic vibrational frequencies. The PBE 

functional performed well in their study, and the mean absolute errors ( )1  in bond 

distances and harmonic vibrational frequencies for 45 singlet ground state diatomic 

molecules were 0.024 Å ( )2  and 21 cm–1, respectively. 

2.2 Vienna ab initio simulation package  

The PBE functional was used for all the calculations as implemented in the Vienna ab 

initio simulation package (VASP) code [15– 17]. Figure 2 presents the self-consistency 

cycle used in the VASP code.  

 

Figure 2. The self-consistency cycle used in the VASP code. Modified from Ref. 18. 

                                                 

( )1  the mean absolute error: ⎪d⎪=⎪calculated - experimental⎪ 

( )2  1 Å = 0.1 nm = 10-10 m 

  



 20 

In this calculation method the Kohn–Sham equation is initially set up with the use of a 

trial charge (ρin). The Kohn–Sham equation is then solved to obtain the wavefunctions 

( ) which are used to calculate new charge densities and a new Schrödinger equation. 

This cycle is iterated until the required accuracy is obtained.  

nΨ

The VASP code uses the projector augmented wave (PAW) method [19– 21] to 

accelerate the calculation speed. In the PAW method the core electrons of an atom are 

pre-calculated in an atomic environment and kept frozen through the remaining 

calculation. Therefore, only the outermost and “reactive” electrons are described by the 

wavefunctions and recalculated in every iteration step.  

2.3 DFT in studies on catalysts and catalysis 

DFT has been used in studies related to catalysts and catalysis either to describe (i) the 

adsorption of molecules to surfaces or (ii) the reaction mechanisms of simple catalytic 

reactions. The adsorption studies are done by placing molecules systematically on 

different surface sites and by evaluating the stability of the obtained systems in 

comparison with one another and experimental results [22– 27]. The reaction 

mechanistic studies can be done either (i) by calculating systematically the activation 

energies and the transition states of all possible surface processes [28,29], (ii) by using 

special descriptors that allow the rapid screening of the performance of different 

surfaces in the same reaction [30] or (iii) by combining the above mentioned methods.  

The strength of DFT in studies related to catalysts and catalysis lies in the accuracy and 

efficiency of the calculation method [30]. The current supercell sizes that can be 

calculated on high performance computers are between 300 and 400 atoms [24]. The 

weaknesses of DFT are mainly related to the self-interaction property of the method and 

the EXC functionals [31]. The self-interaction causes unpaired electrons to become 

delocalized over many atoms, and if not corrected the model describes, e.g., oxygen 

vacancies incorrectly [31]. Many EXC functionals tend to overestimate the strength of 
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the interaction between adsorbing atoms and surfaces [28]. The binding is 

overestimated by 0.3 eV ( )3  in the PBE [28].  

Most of the DFT calculations related to catalysts and catalysis have been performed on 

metal surfaces [30]. Metal oxides have been less studied in the past mainly due to the 

need of larger models and, thus, due to the more demanding calculations. The main 

problem in modeling catalytic surfaces is the inhomogenity of real catalysts and the lack 

of detailed information on the composition of the surface and the active sites [32,33]. 

The most recent DFT studies related to catalysts and catalysis are striving toward 

realistic surface models and models that would be able to predict new active catalysts. 

The correspondence between the surface model and a real catalyst can be improved by 

taking into account the reaction condition. The effect of temperature and pressure (DFT 

calculations are carried out at 0 K ( )4 ) on the stability of surfaces and surface species can 

be estimated by statistical thermodynamic analysis [22–27]. Such studies have, e.g., 

shown that the degree of hydroxylation influences the acid–base properties of γ-alumina 

and the properties of alumina-supported palladium particles [23,24]. Specific 

descriptors have enabled the prediction of new catalytically active surfaces. The use of 

nitrogen adsorption energy on metal surfaces as a descriptor for the catalytic activity in 

ammonia synthesis predicted an alloy of cobalt and molybdenum to be more active than 

the industrially used iron [30]. This was later verified by experiments [30].  

In this study DFT was used to study the surface of monoclinic zirconia, its interaction 

with water to create hydroxyl groups, and its acid–base properties. Statistical 

thermodynamic analysis was applied to study the effect of temperature and pressure on 

the degree of hydroxylation. The formation of carbonaceous surface species was studied 

to evaluate the acid–base properties.  

                                                 

( )3  1 eV~ 96.5 kJ/mol 

( )4  0 K = -273.15 °C 
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3 CHROMIA-CONTAINING DEHYDROGENATION CATALYSTS 

Chromia/alumina (CrOx/Al2O3) catalysts are widely used in industry for the 

dehydrogenation reaction. The system has been extensively studied during the past 

decades [4–6,9,34– 39]. The activity of chromia dehydrogenation catalysts can be 

enhanced, e.g., by adding alkali dopants [39] or through the use of zirconia (ZrO2) 

rather than alumina as support material [9]. The drawback of zirconia is that its specific 

surface area is much lower than that of alumina. As a means of overcoming this 

problem, zirconia has been deposited on high surface area oxides such as alumina 

[10,11,40– 43], either by impregnation from solution [10,40–43] or by atomic layer 

deposition (ALD) (previously know as atomic layer epitaxy, ALE) [11]. In the ALD 

technique the deposition occurs through self-terminating and saturating gas–solid 

reactions, which ensure a high dispersion and homogeneity of the material [11,44]. 

3.1 Characteristics of zirconia, alumina, and zirconia/alumina 

Pure, bulk zirconia exhibits three well-defined crystal phases, of which the monoclinic 

phase (stable below ~1100 °C [45]) is commonly used for catalytic applications. With 

increasing temperature the monoclinic phase transforms into tetragonal (stable below 

~2400 °C) and cubic (stable below the melting point of ~2670 °C) phases [45]. Zirconia 

can be stabilized in the tetragonal or cubic phases at ambient temperatures by doping 

with, e.g., yttrium (yttrium-stabilized zirconia, i.e., YSZ), or in the tetragonal phase by 

reducing the particle size to nano-scale (below ~30 nm) [45]. In the bulk of the 

monoclinic phase the zirconium atoms are seven-fold coordinated, whereas in the bulk 

of the tetragonal and cubic structures the coordination is eight-fold [46]. The bulk 

coordination of oxygen atoms is three- and four-fold in monoclinic zirconia and four-

fold in the tetragonal and cubic phases. The most stable surfaces for monoclinic, 

tetragonal, and cubic zirconia are (111) [47], (101) [48], and (111) [47], respectively. 

The surface species on zirconia are different hydroxyl groups, coordinatively 

unsaturated (c.u.s.) Zr4+ and c.u.s. O2- species, and defects such as oxygen vacancies 

[45,49,50]. The relative concentration of these species depends on the phase of 
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zirconia, the particle size, the preparation route (e.g., impurities), and the external 

conditions (e.g., temperature and gas phase composition). The hydroxyl groups on 

zirconia are amphoteric in character, whereas the c.u.s. Zr4+ and c.u.s. O2- sites are 

Lewis acid and Lewis base sites, respectively [49,50]. Figure 3 presents the different 

hydroxyl groups and their infrared band positions. On the monoclinic zirconia the 

hydroxyl groups are mainly terminal and tribridged [49], whereas on the tetragonal 

zirconia they are predominately bibridged [50]. The amorphous zirconia has roughly 

equal concentrations of terminal, bibridged, and tribridged hydroxyls [50]. The intensity 

of the hydrogen-bonded hydroxyls depends on the atmosphere, i.e., the amount of 

moisture that can adsorb on the surface. The higher acidity of monoclinic than of 

tetragonal zirconia is mainly due to the higher concentration of hydroxyl groups on the 

monoclinic surface [50]. The c.u.s. sites form Lewis acid–base pairs (Zr4+–O2-) [49,50], 

which have stronger acid–base character on the monoclinic than on the tetragonal phase 

[50].  

Hydrogen bonded

Al3+ and Zr4+: 
~3500-3400 cm-1

Tribridged

Al3+: 3690 cm-1
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Figure 3. Hydroxyl species on zirconia and alumina, and positions of their infrared bands. [50,51] 

Seven polymorphs of alumina exist, of which the γ-, η-, δ-, and θ-Al2O3 are typically 

used in catalytic processes [45]. The phase transformation occurs with increasing 

temperature in the presented order, but the exact temperatures depend on the hydroxide 

precursor (e.g., bayerite or gibbsite). The four mentioned phases are meta-stable in the 

range of ~470–1100 °C. The phases can further be divided into low-temperature (γ- and 

η-Al2O3) and high-temperature (δ- and θ-Al2O3) phases, of which the low-temperature 

ones are catalytically more active. All transitional aluminas have a cubic crystal 

structure, and the structural differences between the different phases are minor. For 

particles of γ-alumina the (110) surface predominates, and there are minor fractions of 
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(100) and (111) surfaces [23]. The surface species on alumina are different hydroxyl 

groups (terminal, bibridged, tribridged, and hydrogen-bonded; see Figure 3) and c.u.s. 

Al3+ and c.u.s. O2- species. The surface basicity of alumina is low, and the material is 

catalytically important due to its acidic properties. The acidity of the hydroxyl groups 

increases with decreasing band position, i.e., the terminal hydroxyls are basic, and the 

acidity increases from the bibridged to the tribridged hydroxyls. [51] 

The structure of zirconia on alumina depends on the surface density of zirconium on the 

support. The monolayer capacity of zirconia on alumina (calculated on the basis of the 

specific surface area of the support) has been estimated to be 4–5 atZr/nm2 [11] or even 

7.4 atZr/nm2 [41]. Below the monolayer coverage zirconia is amorphous, whereas at 

higher loadings it forms nano-sized tetragonal or cubic zirconia crystallites, or islands of 

these [10,11,43]. Owing to the formation of the zirconia crystallites, however, it has 

been suggested that even a surface density of 7.5 atZr/nm2 is unable fully to cover the 

surface [43]. Especially at low loadings, zirconia may also migrate into the alumina 

matrix forming a mixed oxide [10,40,41]. Damyanova et al. [10] and Kytökivi et al. 

[11] have reported that the hydroxyls on zirconia/alumina do not resemble those on 

zirconia even at zirconia loadings near the monolayer coverage. Measurements of 

pyridine adsorption on zirconia/alumina have shown that the deposition of zirconia 

reduces the concentration of strong Lewis acid sites while increasing that of the weak 

Lewis acid sites [10]. 

3.2 Supported chromia catalysts 

The possible oxidation states of chromium on inorganic oxides are +2, +3, +5, and +6, 

but their occurrence depends on the support material, catalyst preparation and 

pretreatment conditions, and the chromium content [34]. The monolayer coverage of 

chromium on alumina is approximately 4–5 atCr/nm2 [6,35,36] calculated on the basis of 

the specific surface area of the support. The monolayer coverage on zirconia has been 

estimated to be 5 atCr/nm2 [9] or even 9 atCr/nm2 [35] (calculated on the basis of the 

specific surface area of the support).  
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3.2.1 Oxidized chromia catalysts 

Under oxidizing conditions at low surface densities of chromium (up to ~0.5 atCr/nm2) 

the main species on alumina are Cr6+, but traces of Cr5+ (1–2% of total chromium [9]) 

are also present, and the chromium species are mainly monochromates [6]. On zirconia, 

in turn, similar amounts of Cr5+ (50% of total chromium) and Cr6+ are present at low 

surface densities (up to ~0.8 atCr/nm2) [9]. At intermediate coverage, Cr3+ species 

appear, and the fraction of polychromates increases with the coverage [6,9]. Above the 

monolayer coverage, on both oxides, crystalline α-Cr2O3 is formed and the main 

oxidation state is +3 [6,9].  

O
Cr6+

O O
O

O

monomeric
Cr=O ~ 1030 cm-1

O
Cr6+

O O

O

O
Cr6+

O O
O

O

polymeric
Cr=O ~ 1010 cm-1

O-Cr-O ~ 880 cm-1  

Figure 4. Monomeric and polymeric Cr6+ species and their Raman and infrared Cr–O vibrational 

frequencies. [35,52] 

Figure 4 presents a schematic drawing of the molecular structures of monomeric 

(monochromates) and polymeric (polychromates) Cr6+ species and their approximate 

Raman and infrared Cr–O vibrational frequencies. The band positions are support 

dependent, e.g., ~1030 cm–1 for chromia/zirconia and ~1020 cm–1 for chromia/alumina 

[35,52]. In addition to the bands of the Cr6+ species, infrared measurements of calcined 

chromia/zirconia may show Cr5+=O vibrations [53] at 1018 and 1004 cm–1. Raman and 

infrared spectroscopies do not typically show metal–O–support bonds [54,55]. 

3.2.2 Reduced chromia catalysts 

On alumina, the high oxidation state species are reduced in the presence of alkanes, 

hydrogen, and carbon monoxide to produce Cr3+ and possibly some Cr2+ [4,6,37,38]. 

The Cr2+ species are more common on carbon monoxide reduced silica-supported 
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(SiO2) catalysts [56]. On zirconia, the Cr6+ and Cr5+ species are reduced under carbon 

monoxide to Cr2+ and Cr3+ species, respectively [9]. The active sites for 

dehydrogenation are the Cr3+ species [4–6,9,34–39]. De Rossi et al. [9] assigned the 

higher dehydrogenation activity of chromia/zirconia than of chromia/alumina to the 

high concentration of monomeric Cr5+ species, which are reduced under the reaction 

conditions to monomeric Cr3+ species. Hakuli et al. [38] reported for chromia/alumina 

that the dehydrogenation activity is insensitive both to the size of the Cr3+ species and to 

their redox history. 
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4 EXPERIMENTAL 

The experimental procedures are described in detail in papers I–V. Only a short 

summary is given here. 

4.1 Computational work 

The PBE functional was used for all the calculations as implemented in the VASP code 

[15–17]. The electron configurations [Kr]4d25s2, [He]2s22p4, and [He]2s22p2 were used 

for zirconium, oxygen, and carbon atoms, respectively. The core electrons are presented 

in square brackets. These were kept frozen and replaced by PAW-generated 

pseudopotentials [20,21], while the valence electrons were described with a plane wave 

basis set with cutoff of 400 eV. The distance between k-points in the reciprocal space 

was 0.05 Å–1.  

The most stable (111) and (101) surfaces [47] of the monoclinic zirconia were chosen 

for the calculations. A slab containing four ZrO2 layers was selected for the (111) 

surface (see Figure 7, p. 41), and this was repeated periodically in three dimensions. The 

(1×1) unit cell dimensions for the (111) surface were 7.446×6.793 Å2, and the slab 

contained four ZrO2 units per layer (total of 48 atoms). A (2×1) unit cell was chosen for 

the (101) surface to keep the number of surface zirconium atoms constant for the 

different surfaces. Owing to the larger size of the unit cell, a two-layer slab was used for 

this surface (also a total of 48 atoms). The unit cell dimensions were 8.618×8.340 Å2. 

The adsorption studies were performed on one side of a slab, and the full model was 

allowed to relax with the conjugate algorithm until the difference in the energy was less 

than 0.001 eV. A vacuum of 10 Å prevented the interaction between successive slabs. 

The vibrational frequencies of the model systems were calculated by finite differences 

within the harmonic approximation. The Hessian matrix was then constructed and 

diagonalized. Scaling factors [57,58] and correction terms [59] have sometimes been 

used to account for the anharmonicity of vibrations. However, in this study no such 

corrections were made to the obtained vibrational frequencies.  
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To estimate the accuracy of the chosen calculation method, the vibrational frequencies 

for gaseous water, carbon monoxide, and carbon dioxide were calculated [unpublished 

results]. These frequencies are compared with experimental ones [60] in Table 2. The 

errors in the vibrational frequencies for gaseous carbon monoxide and carbon dioxide 

are small. However, the calculations are unable to produce combination modes and 

overtones. Thus, the calculations are also unable to produce the experimentally 

observed Fermi resonance for carbon dioxide. The errors in the vibrational frequencies 

for water are larger than for carbon monoxide and carbon dioxide, and the calculations 

tend to overestimate the frequencies. The large error for water is due to the high 

anharmonicity of the O–H bonds [22]. To estimate the validity of the model systems, 

the calculated vibrational frequencies were compared with those observed by infrared 

spectroscopy for commercial monoclinic zirconia under different atmospheres.  

Table 2. The experimental (exp.) [60] and calculated (calc.) [unpublished results] vibrational 

frequencies (cm–1) for gaseous water, carbon monoxide, and carbon dioxide.  

 H2O CO CO2

 exp. calc. error a exp. calc. error a exp. calc. error a

νas 3756 3821 65 2349 2364 15 

νs 3657 3738 81 
2134 b 2132 b -2 

1285/1388 c 1348 --- 

δ 1595 1601 6 --- --- --- 667 665 -2 
a error = calculated - experimental  
b Two atom molecule, the stretch is neither asymmetric nor symmetric 
c Fermi resonance 

4.1.1 Hydrated surfaces 

The adsorption of water on the zirconia surfaces [I] was studied to elucidate the 

formation of hydroxyl groups, and to create a model surface that could be considered 

realistic under actual catalytic reaction conditions. The adsorption of one to four water 

molecules per unit cell was studied. Since each unit cell contained four zirconium 

atoms, this corresponded to a coverage of θ = 0.25–1. Both dissociative and molecular 

adsorptions of water at all coverage were considered.  
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The stability of the hydrated surfaces was studied in respect to both temperature and 

water vapor pressure by statistical thermodynamic analysis. This method has been 

previously applied to other hydroxylated metal oxide surfaces [22–27]. The formalism 

assumes a thermodynamic equilibrium between the gas phase water and the surface. 

The analysis was performed as follows: (i) the surface free energies of a series of model 

surfaces were calculated by total energy calculations, (ii) the energies as a function of 

the chemical potential of water were used to draw a phase diagram, and (iii) the 

chemical potentials were related to the temperature and water partial pressure.  

4.1.2 Structure and stability of formates and (bi)carbonates 

The structure and stability of formates and (bi)carbonates [II] were studied to gain a 

deeper insight into the active surface species and the acid–base properties of monoclinic 

zirconia. These studies were performed for the (111) zirconia surface containing one 

dissociatively adsorbed water molecule (see Figure 8, p. 42). The formate and 

(bi)carbonates were considered to form by insertion of carbon monoxide and carbon 

dioxide, respectively, into a hydroxyl group. Both terminal and bibridged hydroxyl 

groups were considered for the formation. The adsorption of carbon monoxide and 

carbon dioxide was also studied on the c.u.s surface atoms.  

4.2 Preparation of supports and catalysts 

Table 3 (p. 37) presents the studied supports and catalysts. The catalysts will be referred 

to as x(y)CrZ, where x is the amount of chromium in wt-%, y is the amount of zirconium 

on the zirconia/alumina supports in wt-%, and Z is the support (Zr for zirconia, Al for 

alumina, and ZrAl for zirconia/alumina). The support materials were commercial 

zirconia (Mel Chemicals EC 0100 1/8 in) [I–V] and alumina (Akzo 000-1.5 E) [III,V], 

and ALD-prepared zirconia/alumina [III,V]. All supports were calcined in air at 600 °C 

for 16 h.  

In the ALD method, the zirconia deposition was performed at elevated temperature with 

sequences of zirconium precursor (ZrCl4, Fluka 98%) deposition and water vapor flush 
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(to decompose the complex). Two zirconia/alumina supports, prepared using one and 

five sequences of precursor deposition and water vapor flush, were used in the studies. 

The deposition of zirconia on alumina is described in detail elsewhere [11].  

Chromia was deposited on the supports by an ALD method [III–V] similar to that used 

for zirconia deposition, and is described in detail elsewhere [38]. The precursor for 

chromium deposition was chromium acetylacetonate (Cr(acac)3, Riedel-de Haën 99%). 

The chromium complexes were decomposed with air at elevated temperatures. One or 

two sequences of chromium deposition and complex decomposition were applied. One 

chromia/zirconia sample (2.7CrZr [IV]) was also prepared by incipient wetness 

impregnation with Cr(NO3)3·9H2O (Aldrich 99%) as the precursor. This was done to 

create a sample with higher chromium loading. All chromia catalysts were calcined in 

air at 600 °C for 4 h.  

4.3 Characterization by BET, XRF, XRD, XPS, and UV-Vis 

The surface area and porosity of the samples were determined by Brunauer–Emmett–

Teller (BET) method. X-ray diffraction (XRD) was used to determine the phase of the 

commercial zirconia. The elemental composition of the chromia catalysts and the 

zirconia/alumina supports was determined by X-ray fluorescence (XRF). The chromium 

content of selected catalysts was determined by instrumental neutron activation analysis 

(INAA) [unpublished results]. The surface concentrations (at/nm2) of chromium and 

zirconium on the samples were calculated with use of the XRF results and the specific 

surface areas of the supports (BET).  

The amount of Cr6+ on the calcined catalysts was determined by X-ray photoelectron 

spectroscopy (XPS) [III], and by UV-Vis spectrophotometry (UV-Shimadzu, λ=375 

nm) [V] after dissolution of Cr6+ with aqueous sodium hydroxide. The UV-Vis method 

is described in detail by Haukka [61]. XPS was also used to study the surface 

composition of the zirconia/alumina support and the zirconia/alumina-supported 

catalysts [III]. 
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4.4 In situ DRIFTS measurements 

The formation of surface species under different atmospheres and temperatures was 

studied by in situ diffuse reflectance Fourier transform spectroscopy (DRIFTS). In situ 

DRIFTS is useful for characterizing catalysts and monitoring the formation of surface 

species under reaction conditions. The equipment consisted of a Nicolet Nexus Fourier 

transform infrared (FTIR) spectrometer equipped with a Spectra-Tech high temperature 

and high pressure reaction chamber. The gaseous products were analyzed on-line with a 

Pfeiffer Vacuum Omnistar mass spectrometer (MS).  

The catalysts were studied undiluted in powder form. All samples were calcined in situ 

with 10% oxygen in nitrogen at 580 °C for 2 h and reoxidized at the same temperature 

after the experiments with 2–10% oxygen in nitrogen for 30 min. In all experiments the 

spectrum measured with an aluminum mirror (4 cm–1, 200 scans) was used as the 

background, and the total gas flow was kept constant at 50 cm3/min. All gases except 

carbon monoxide (Messer Griesheim GmbH, 99.997%) were from AGA (carbon 

dioxide 99.99%, hydrogen 99.999%, isobutane 99.95%, nitrogen 99.999%, synthetic air 

99.99%, and 2000 ppm methanol in nitrogen mixture). In addition, the nitrogen gas was 

purified with Oxisorb (Messer Griesheim GmbH). 

4.4.1 Measurements of carbon dioxide and carbon monoxide adsorption 

The adsorption of carbon dioxide and carbon monoxide was performed to study the 

acid–base properties the zirconia, alumina, and 4.4ZrAl supports. The vibrational 

frequencies of the formate and (bi)carbonate species on monoclinic zirconia were 

compared with those obtained by computational methods.  

Measurements of the adsorption of carbon dioxide on the zirconia [II], alumina 

[unpublished results], and 4.4ZrAl [unpublished results] supports were done to study the 

basic properties of the supports. Carbon dioxide adsorbs on the basic sites of metal 

oxides forming different surface species according to the type of surface site. Figure 5 

presents the different carbonate species detected by Bachiller-Baeza et al. [49] for 

monoclinic and tetragonal zirconia. The bicarbonate species, sometimes also referred to 

  



 32 

as hydrogen carbonate species, are formed in a reaction between the basic, terminal 

hydroxyl groups and carbon dioxide. The bidentate carbonate species are formed on an 

acid–base pair (e.g., c.u.s. Zr4+–O2-) and the monodentate species on highly basic c.u.s. 

O2- sites. Polydentate species are formed on surfaces with closely spaced c.u.s Zr4+ sites. 
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Figure 5. Possible carbonate species formed during carbon dioxide adsorption. Infrared bands 

reported by Bachiller-Baeza et al. [49] for monoclinic and tetragonal zirconia.  

The measurements were done by directing 5% carbon dioxide in nitrogen to the 

calcined sample at 30 °C for 5 min, after which the sample was flushed with nitrogen at 

the same temperature for 30 min. The spectra were recorded under carbon dioxide once 

every minute (4 cm–1, 30 scans), and during the nitrogen flush once every minute (4  

cm–1, 30 scans) for the first 5 min and thereafter once every 5 min (4 cm–1, 100 scans). 

Thereafter the sample was slowly heated in nitrogen to 100 °C and the spectra were 

recorded at 50, 75, and 100 °C (4 cm–1, 100 scans) under nitrogen. At 100 °C the carbon 

dioxide adsorption was repeated by directing the 5% carbon dioxide in nitrogen flow to 

the sample for 5 min and then flushing with nitrogen for 15 min. The spectra were 

recorded as at room temperature. The experiment was continued by heating and 

measuring of the spectra under nitrogen every 25 °C. Carbon dioxide was directed to the 

sample at 30, 100, 200, 300, 400, 500, and 580 °C for 5 min followed by a 15 min 

nitrogen flush. The gaseous products were monitored on-line by MS. 

Measurements of the adsorption of carbon monoxide on the zirconia [II], alumina 

[unpublished results], and 4.4ZrAl [unpublished results] supports were done to study the 

acidic properties of the supports. Formates are formed in a reaction between the basic 
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gaseous carbon monoxide and the hydroxyl groups [62]. The measurements were done 

by heating the sample under 5% carbon monoxide in nitrogen from 30 to 100 °C during 

which spectra were recorded at 30, 50, 75, and 100 °C (4 cm–1, 100 scans). At 100 °C 

the sample was flushed with nitrogen for 5 min, after which a spectrum (4 cm–1, 100 

scans) was recorded. Thereafter the carbon monoxide-containing flow was redirected to 

the sample and the heating was continued. The spectra were recorded under carbon 

monoxide every 25 °C up to 580 °C and during nitrogen flushing at 100, 200, 300, 400, 

500, and 580 °C. The gaseous products were monitored on-line by MS. 

4.4.2 Measurements of methanol adsorption–desorption  

Adsorption and desorption of methanol on the zirconia, alumina, and 4.4ZrAl supports 

and on the chromia catalysts were measured to study the acid–base properties and the 

composition of the functional surface species on the supports and catalysts [III]. 

Measurements of methanol adsorption give information on the surface composition 

(chemisorbed methanol, i.e., methoxy species) and on the chemical character of the 

surface species (reaction products). Adsorption of a monolayer of methanol on the 

catalyst surface and the application of vibrational spectroscopic techniques (DRIFTS 

and Raman) allows the surface to be characterized from the specific vibrations of the 

formed methoxy species. Furthermore, the functional surface species can be identified 

by monitoring (MS) the gaseous products. The conditions for methanol adsorption were 

chosen according to Briand et al. [63], who report that the use of dilute methanol feed 

(2000 ppm) at 100 °C is optimal for the formation of a monolayer of chemisorbed 

methanol. According to Wang and Wachs [64], the formation of carbon dioxide, 

formaldehyde (HCOH), and dimethyl ether (DME) is indicative of the presence of 

basic, redox, and Lewis acid surface sites, respectively.  

The measurements were performed either as (i) an adsorption at 100 °C followed by 

heating in nitrogen up to 580 °C (adsorption–desorption) or as (ii) a temperature-

dependent measurement, in which the samples were heated slowly in 2000 ppm 

methanol in nitrogen flow from room temperature to 580 °C. The adsorption–desorption 

experiments were performed to study the chemisorption of methanol, whereas the 
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temperature-dependent measurements were performed to further study the reactions of 

the surface species. The gaseous products formed during the temperature-dependent 

experiments were monitored on-line by MS.  

4.4.3 Measurements with isobutane 

The measurements with isobutane were performed to study the formation of 

carbonaceous surface species during the dehydrogenation reaction [IV,V]. The 

experiments were done either as (i) temperature-dependent studies, where the supports 

and catalysts were heated slowly in 5% isobutane in nitrogen from room temperature to 

580 °C, or as (ii) time-dependent studies, where the dehydrogenation reaction was 

studied at the constant temperature of 580 °C under 5% isobutane in nitrogen. The 

effect of hydrogen prereduction on the dehydrogenation reaction was studied with both 

temperature- and time-dependent measurements after reduction of the samples with 5% 

hydrogen in nitrogen for 15 min at 580 °C. The gaseous products were monitored on-

line by MS during the isobutane experiments. 

4.5 In situ Raman spectroscopic measurements 

Raman spectroscopy was used to characterize the calcined supports and catalysts, and to 

study the methanol adsorption–desorption reaction and the formation of carbonaceous 

surface species during the dehydrogenation [III,V]. The in situ Raman–MS 

measurements were performed with a Renishaw Micro-Raman System-1000 using a 

home-made quartz flow-through reactor (operando reactor [65]) and an MS for on-line 

product analysis. The Raman spectrometer consisted of an Ar+ (514 nm) laser, cooled 

CCD detector, and a holographic super-notch filter for the removal of elastic scattering. 

The catalyst sample was loaded to the reactor between two layers of silicon carbide 

(SiC) to minimize the void volume inside the reactor. The catalyst samples were 

calcined using 5% oxygen in helium at 570 °C for 2 h, and reoxidized using the same 

feed at the same temperature for 30 min after the experiments. 
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4.5.1 Measurements of methanol adsorption–desorption 

Measurements of methanol adsorption–desorption [III] were performed by the in situ 

Raman–MS technique to further study the surface composition and functional surface 

species on the chromia catalysts. After the calcination and before the methanol 

adsorption–desorption experiments, the reactor was flushed with helium for 1 h. The 

methanol adsorption experiments were performed by adsorbing methanol (2000 ppm in 

helium) at 100 °C. After the adsorption the reactor was flushed with helium and heated 

stepwise to 350 °C.  

4.5.2 Measurements with isobutane 

In situ Raman–MS measurements were performed to study the formation of 

carbonaceous surface species from isobutane on the chromia catalysts at a constant 

temperature of 570 °C [V]. After the calcination and before the dehydrogenation 

experiments, the reactor was flushed with helium for 30 min. The dehydrogenation 

measurements were performed at 570 °C by feeding 5% isobutane in nitrogen to the 

sample. The spectra were recorded after 2, 12, 22, and 32 min on stream. 

4.6 Measurements of dehydrogenation activity 

Activities of the supports and catalysts in isobutane dehydrogenation were measured in 

a continuous flow reaction system consisting of a fixed-bed microreactor and of a 

Fourier transform infrared (FTIR) gas analyzer and a gas chromatograph (GC) for on-

line product analysis [V]. The gases were those used in the in situ DRIFTS 

measurements (see sect. 4.4, p. 31). 

Activities were measured at 560 °C under atmospheric pressure. The samples (0.1 g) 

were loaded in the reactor between two layers of silicon carbide and heated to the 

reaction temperature under 5% oxygen in nitrogen. Dehydrogenation was carried out for 

15 min by using isobutane feed with a weight hourly space velocity (WHSV) of 15 h–1 

and diluted with nitrogen at a molar ratio of 3:7. The reaction products were monitored 

by FTIR for the first 6 min on stream, a GC sample was taken after 10 min, and the 
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FTIR analysis was continued. After the dehydrogenation, the catalyst was regenerated 

with diluted air. The regeneration products—carbon oxides and water—were analyzed 

by FTIR. The amount of coke (as carbon) deposited on the catalyst during 

dehydrogenation was calculated from the measured amounts of carbon oxides. The 

hydrogen content of the coke was determined from the amount of water released during 

the regeneration. In selected experiments the catalyst was prereduced with 10% 

hydrogen in nitrogen before the dehydrogenation. Water formed in the prereduction was 

measured by FTIR. Thermal reactions in the system were investigated by replacing the 

catalyst with inert silicon carbide. 
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5 RESULTS AND DISCUSSION 

5.1 Characterization of the supports and catalysts 

5.1.1 Composition of the supports and catalysts 

Table 3 presents the supports and catalysts that were studied and their properties as 

determined by BET, XRF, and UV-Vis techniques.  

Table 3. Supports and catalysts and their properties [I–V]. 

sample paper SA (m2/g) wt-% Cr atCr/nm2 atCr
6+/nm2 wt-% Zr atZr/nm2

Al2O3 (com.) a III,V 185 --- --- --- --- --- 

ZrO2 (com.) a I-V 47 --- --- --- n.a. b n.a. b

4.4ZrAl III,V 165 --- --- --- 4.4 1.7 

15ZrAl ref. 11 150 --- --- --- 15 5.2 

0.4CrZr III,IV 47 0.4 1.0 0.5 n.a. b n.a. b

0.8CrZr III-V 48 0.8 1.9 1.1 n.a. b n.a. b

2.7CrZr (imp.) c IV 45 2.7 6.8 2.1 n.a. b n.a. b

1.2CrAl III 189 1.2 0.7 0.6 --- --- 

2.2CrAl V 181 2.2 1.4 1.1 --- --- 

2.0(4.4)CrZrAl III,V 169 2.0 1.4 0.8 4.4 1.7 

2.1(15)CrZrAl III,V 148 2.1 1.6 1.2 15 5.2 
a com. = commercial 
b n.a. = not analyzed 
c imp. = impregnated 

All supports and catalysts except the commercial zirconia and alumina supports and the 

2.7CrZr catalyst were prepared by ALD. According to XRD measurement the 
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commercial zirconia was mainly in the monoclinic phase, and according to the supplier 

the commercial alumina was γ-Al2O3. 

The specific surface areas of the zirconia/alumina supports were of the same order of 

magnitude as the surface area of alumina, whereas the specific surface area of zirconia 

was one-third of that. The surface densities of zirconia on alumina were below the 

monolayer coverage (4–5 atZr/nm2 [11]) for 4.4ZrAl and approximately equal to the 

monolayer coverage for 15ZrAl. The binding energies detected by XPS [III] for the Al 

2p and Zr 3d5/2 photoelectrons were in accordance with values for bulk alumina and 

zirconia [10,40], irrespective of the studied catalyst or support, suggesting that no mixed 

oxide was formed during the deposition of zirconia on alumina. 

The surface areas of the catalysts were only slightly affected by chromia deposition, and 

the surface densities of chromium depended on the number of ALD deposition cycles 

rather than on the support material. The surface density of chromium for all ALD-

prepared chromia catalysts was below the monolayer coverage of ~4–5 atCr/nm2 

[6,35,36], whereas the surface density for the impregnated 2.7CrZr catalyst was above 

this value. INAA measurements confirmed the XRF results on the chromium content of 

the catalysts [unpublished results]. The surface density of Cr6+ on the calcined catalysts 

was determined by the UV-Vis technique [V] and by XPS [III]. For the ALD-prepared 

calcined catalysts, a higher fraction of chromium was in oxidation state +6 than in the 

oxidation state +3. Repeated UV-Vis measurements on selected catalysts that were 

reoxidized and releached after the first UV-Vis measurement gave similar surface 

densities for the Cr6+ species: 1.0, 0.8, and 0.9 atCr
6+/nm2 for the 0.8CrZr, the 2.2CrAl, 

and the 2.1(15)CrZrAl, respectively [unpublished results]. The results suggested that the 

observed Cr6+ surface densities were equilibrium values dependent on the support 

material. However, the UV-Vis technique for the quantification of Cr6+ species is more 

accurate for the chromia/alumina catalysts than for the chromia/zirconia catalysts owing 

to the higher fraction of Cr5+ species present on the zirconia support [9]. The Cr5+ 

species are unstable in aqueous solutions and tend to disproportionate 

(3Cr5+→2Cr6++Cr3+) to soluble Cr6+ and finely dispersed, surface-bound Cr3+ hydroxide 

[9]. It was suggested [V] on the basis of the dehydrogenation results that the oxidation 

state distribution of the chromia species on zirconia/alumina-supported catalysts 
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resembles that of the alumina-supported catalyst more than that of the zirconia-

supported one. However, the XPS [III] results suggested that chromium might 

preferentially cover zirconia rather than alumina on the zirconia/alumina-supported 

catalyst.  

5.1.2 Surface characteristics of the supports and catalysts 

Figure 6A presents the DRIFT spectra of the supports in the hydroxyl stretching region 

and Figure 6B selected Raman spectra for the chromia catalysts. In accordance with the 

XRD measurement, the infrared and Raman measurements indicated that the 

commercial zirconia was monoclinic [III,IV]. And in accordance with the results by 

Damyanova et al. [10] and Kytökivi et al. [11], the hydroxyl groups of the 

zirconia/alumina resembled those of alumina rather than those of zirconia [III]. No 

crystalline zirconia was observed for the zirconia/alumina-supported catalysts in the 

Raman measurements even after subtraction of the spectrum of the quartz window [III]. 

This indicated that the deposited zirconia was amorphous, since even microcrystallites 

(<4 nm [54]) can be detected by Raman spectroscopy if they are present. 

Microcrystallites are too small to be visible in XRD, i.e., they appear as amorphous.  

For all catalysts the intensity of the hydroxyl groups decreased with increasing 

chromium loading, and the terminal hydroxyl groups were most affected [III]. The band 

position of the terminal hydroxyl species observed for the zirconia/alumina-supported 

chromia catalysts was shifted from that observed for the alumina and 4.4ZrAl supports. 

This was suggested to originate either from the presence of zirconium-bound hydroxyls, 

in accordance with Kytökivi et al. [11], or from terminal hydroxyls of alumina, with the 

band shifted due to the presence of chromium. The appearance of zirconium-bound 

hydroxyls on the zirconia/alumina-supported chromia catalyst would suggest, contrary 

to the XPS results [III], that chromium preferentially covers alumina rather than 

zirconia on the zirconia/alumina support, whereas the presence of aluminum-bound 

hydroxyls would support the XPS results. 

The Raman measurements showed that the chromium species were polymeric for all 

catalysts, and no α-Cr2O3 (characteristic Raman band at 550 cm–1 [66]) was observed 

  



 40 

even for the 2.7CrZr catalyst [III, unpublished data]. Two different polymeric chromium 

species were detected for the 0.4CrZr, but only one polymeric chromium was observed 

for 0.8CrZr [III]. The presence of Cr5+ species [9,53] might also explain the complexity 

of the chromate bands on the chromia/zirconia. For the alumina- and zirconia/alumina-

supported catalysts, Raman spectroscopy revealed polymeric chromium species of just 

one type and the bands were less complex than for the zirconia-supported catalysts.  
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Figure 6. (A) DRIFT spectra for the calcined supports in the hydroxyl region and (B) Raman 

spectra for the calcined 0.4CrZr, 2.1(15)CrZrAl, and 1.2CrAl catalysts. The spectrum of the quartz 

window has been subtracted from the Raman spectra. [III] 

 

  



 41 

5.2 Acid–base properties of the supports and catalysts 

5.2.1 Surface of monoclinic zirconia 

The surface of monoclinic zirconia was further studied by DFT. As an example, Figure 

7 presents the model used for the bare (111) surface. Three c.u.s Zr4+ sites (1, 3, and 4) 

and three c.u.s. O2- sites (A, C, and D) were present in the unit cell. On the bare (101) 

surface, in turn, there were two different types of c.u.s Zr4+ sites and three different 

c.u.s. O2- sites per unit cell. All c.u.s. Zr4+ sites on the (111) surface were six-fold 

coordinated, whereas those on the (101) surface were five- and six-fold coordinated. 

The c.u.s Zr4+ sites are Lewis acid sites, while the c.u.s. O2- sites are Lewis base sites. 

The adsorption of water was studied for both surfaces.  

 

Figure 7. Relaxed model for the (111) surface (side and top views). The zirconium and oxygen 

atoms are presented in light and dark gray, respectively. The underlying atoms have been removed 

from the top view for clarity. The unit cell is presented in the top view with gray lines. [I] 

Figure 8 presents the adsorption energy of water per water molecule as a function of 

coverage on the (111) and (101) surfaces. As well, it shows the side views of the 

hydrated (111) surfaces containing 1–4 water molecules per unit cell, i.e., θ = 0.25–1, 

and a top view of the model surface containing one dissociatively adsorbed water 

molecule.  
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Figure 8. Adsorption energy (eV) per water molecule as a function of coverage on the (111) and 

(101) surfaces of zirconia, and the side views of the hydrated (111) surfaces (left). Top view of the 

hydrated (111) surface containing one dissociatively adsorbed water molecule (right). [I,II] 

For both surfaces the adsorption energy per water molecule decreased with increasing 

coverage, in agreement with similar studies on other metal oxides [22–27]. The 

adsorption energies were lower for the (111) than the (101) surface in accordance with 

its higher stability, i.e., lower reactivity of the (111) surface. For both surfaces the 

adsorption of one molecule of water was dissociative, with the formation of terminal 

and bibridged hydroxyls. With increasing water coverage the molecular adsorption of 

water became more favorable, and for the (111) surface the formation of a second layer 

of adsorbed water was observed at θ = 1. The higher reactivity of the (101) surface 

resulted in a preference for dissociative adsorption at higher coverage than for the (111) 

surface. The surfaces obtained by DFT were in good agreement with previous results for 

monoclinic zirconia [67,68] and monoclinic hafnia [25]. In addition, the theoretical 

results were in good agreement with the experimental ones obtained by in situ DRIFTS: 

the hydroxyls were calculated to vibrate between 3822 and 3743 cm–1 (terminal), 

between 3755 and 3568 cm–1 (bibridged), and between 3647 and 3498 cm–1 (tribridged), 

and the experimental bands were observed at 3774, 3738, and 3675 cm–1 (for the 

terminal, bibridged, and tribridged hydroxyls, respectively) (see Figure 6A). In 

agreement with the experimental results, the calculations also indicated that hydrogen 
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bonding pairs would shift the vibrational frequencies toward lower wavenumbers by 

100–500 cm–1. 

The thermodynamic analysis indicated that at atmospheric pressure the temperature of 

desorption of water from the (111) and (101) surfaces was ~360 and ~480 °C, 

respectively. However, hydroxyls have been found to exist on the zirconia surface even 

after evacuation at 500 °C [69]. And according to the in situ DRIFTS results, the 

hydroxyls are stable under atmospheric pressure even at ~600 °C [I]. This disagreement 

is likely to originate from the presence of other exposed planes and defects in the real 

catalyst, responsible for more stable hydroxyl groups. Qualitatively, however, the 

computed surfaces were in good agreement with the experimental results. The (111) 

surface containing one dissociatively adsorbed water molecule per unit cell (see Figure 

8) was used in the studies on carbon dioxide and carbon monoxide adsorption. This 

surface was chosen because (i) it contained different types of surface sites: two 

hydroxyl groups (Brønsted acidic or basic), two c.u.s Zr4+ (Lewis acid site), and two 

c.u.s. O2- (Lewis base site), and (ii) the thermodynamic analysis indicated that a low 

coverage surface would be stable at high temperatures. 

5.2.2 Basic surface sites of zirconia, alumina, and zirconia/alumina 

In situ DRIFTS measurements of carbon dioxide adsorption were done to study the 

basic sites for the zirconia [II], alumina [unpublished results], and 4.4ZrAl [unpublished 

results] supports. The basic surface sites of zirconia were further studied by DFT [II]. 

The infrared bands and the reactive basic sites were identified according to the results of 

Bachiller-Baeza et al. [49]. Figure 9 presents in situ DRIFT spectra recorded at 30 °C 

for the alumina, 4.4ZrAl, and zirconia supports after the adsorption of carbon dioxide. 

The spectra were recorded after 30 min of flushing with nitrogen.  
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Figure 9. Measurement of carbon dioxide adsorption by in situ DRIFTS on the alumina, 4.4ZrAl, 

and zirconia supports. The spectra were recorded after a 30 min nitrogen flush at 30 °C. 

All supports showed the formation of bicarbonate species. For the alumina-containing 

supports these species were observed from the bands at 3613 (ν(OH)), 1647 (νas(CO)), 

1450(νs(CO)), and 1232 cm–1 (δ(OH)), and for the zirconia support from the bands of at 

3611, 1619, 1436, and 1223 cm–1. The bicarbonates were formed in a reaction between 

the terminal, basic hydroxyl groups and carbon dioxide. The decrease in the intensity of 

the bands of the terminal hydroxyl groups upon reaction (see Figure 6A, p. 40, for 

comparison) was in agreement with the assignment. For the alumina and 4.4ZrAl 

supports an additional band was observed at 1477 cm–1. This band was assigned to a 

νas(CO) vibration of monodentate carbonates formed on the highly basic c.u.s. O2- 

species. For the alumina-containing supports the band at 1450 cm–1 was considered to 

originate from both the bicarbonate species and the monodentate carbonates. The bands 

of the monodentate species were better resolved for the alumina support than for the 

4.4ZrAl support, possibly indicating that the c.u.s. O2- species were either stronger in 

  



 45 

basicity or more numerous for the alumina. The presence of c.u.s. O2- species was not 

observed for the zirconia support. However, bidentate carbonate species were observed 

from bands at 1559 (νas(CO)) and 1322 cm–1 (νs(CO)). These species were formed in a 

reaction between an acid–base pair (c.u.s. Zr4+–O2-) and the carbon dioxide. Hence, the 

basic surface sites of the 4.4ZrAl support more strongly resemble those of alumina than 

those of zirconia. The bicarbonate species were stable only up to ~175 °C, whereas the 

mono- and bidentate carbonate species were stable up to ~250 and ~400 °C, 

respectively (not shown). The order of stability of the different species supports the 

assignment of the bands at 1477 and 1450 cm–1 observed for the alumina-containing 

supports to monodentate rather than polydentate carbonates, for polydentate carbonates 

should be thermally more stable [49].  

The interaction of carbon dioxide with the monoclinic zirconia surface containing one 

dissociatively adsorbed water molecule (see Figure 8) was studied by DFT to further 

elucidate the properties of the zirconia surface, as well as to clarify the structure of the 

carbonaceous species [II]. Figure 10 presents the structures obtained for the 

(bi)carbonate species. The theoretical results were validated by comparing the 

calculated and experimentally observed vibrational frequencies (see Table 4).  

The theoretical results were in good agreement with the experimental results. The 

bicarbonate species were indeed formed in a reaction between the terminal, basic 

hydroxyl groups and gaseous acidic carbon dioxide. However, according to the 

theoretical results (both energetics and vibrational frequencies), the bicarbonates were 

bidentate and bound to two c.u.s. Zr4+ (structure I). This is in contrast to the 

monodentate coordination suggested previously [49]. According to the calculations, the 

monodentate bicarbonates (structure V) were highly unstable. Again according to the 

calculations, the most stable carbonate species were polydentate (structure II). However, 

the difference in adsorption energies between the polydentate and bidentate carbonates 

(structure III) was small. In addition, the experimental DRIFT bands assigned to the 

bidentate carbonates were broad, making it difficult to distinguish between the two 

structures. It is suggested, however, that the formation of polydentate carbonates 

requires the presence of an extended acid–base pair (Zr4+–O2-–Zr4+) instead of the 

previously suggested [49] closely spaced c.u.s. Zr4+ sites. Nevertheless, the formation of 
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both structures requires a Lewis acid–base pair: Zr4+–O2-–Zr4+ for the polydentate and 

Zr4+–O2- for bidentate carbonates. In agreement with the experimental results, no 

monodenate carbonate species were formed on monoclinic zirconia confirming the 

absence of highly basic c.u.s. O2- sites on zirconia. 

 

Figure 10. Most stable (bi)carbonate structures in order of stability for the monoclinic (111) 

surface of zirconia. The adsorption energies are presented in eV. (I) Bidentate bicarbonate bound 

to two zirconium atoms, (II) polydentate carbonate, (III) bidentate carbonate, (IV) bidentate 

bicarbonate bound to zirconium and lattice oxygen, (V) monodentate bicarbonate, and (VI) 

bidentate bicarbonate bound to one zirconium atom. [II] 

Table 4. Comparison of experimentally observed and calculated infrared frequencies (cm-1) for 

(bi)carbonate species. The numbers refer to the structures in Figure 10. [II] 

 experimental  calculated  

 bicarbonate bidentate 
carbonate I II III IV V VI 

ν(OH) 3611 --- 3686 --- --- 3750 3708 3764 

νas(CO) 1619 1559 1600 1667 1791 1579 1728 1619 

νs(CO) 1436 1322 1386 1239 1158 1428 1307 1412 

δ(OH) 1223 --- 1204 --- --- 1194 1126 1197 

Δν=νas-νs 183 237 213 428 633 151 421 207 
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5.2.3 Acidic surface sites of zirconia, alumina, and zirconia/alumina 

The adsorption of carbon monoxide and the formation of formates were studied on 

monoclinic zirconia [II], alumina [unpublished results], and 4.4ZrAl [unpublished 

results] by in situ DRIFTS to study the acidic surface sites. The spectra are not shown 

for the sake of brevity. The experimental bands were identified according to previous 

reports [70– 72].  

The temperature for the formation of formates depended on the support material. The 

bands assigned to formates were first observed at ~175 °C for zirconia, at ~225 °C for 

alumina, and at ~300 °C for 4.4ZrAl suggesting that zirconia had the most acidic 

hydroxyl groups. The formate bands reached their maximum intensities around 400 °C 

and were observed up to ~500 °C. The formation of low intensity bands assigned to 

bicarbonates was also observed. The formation of these bands was accompanied by the 

formation of gaseous carbon dioxide observed by MS (not shown). The formation of 

bicarbonates was, therefore, assigned to the adsorption of the detected carbon dioxide. 

The temperature for the bicarbonate formation was ~150 °C for 4.4ZrAl, ~175 °C for 

alumina, and ~225 °C for zirconia, and the bands were observed up to ~250 °C on all 

supports. The formation of carbon dioxide was assigned to basic surface sites, which 

were stronger on alumina-containing supports than on zirconia.  

DFT calculations were performed to further study the acidic sites of monoclinic 

zirconia, as well as to clarify the structure of the formates [II]. Figure 11 presents the 

most stable formate structures and Table 5 compares the calculated vibrational 

frequencies with the experimental ones. Note that the calculations are not able to 

produce the combination modes (νas(COO)+νs(COO) and νs(COO)+δ(CH)); these were 

calculated by summing the corresponding frequencies.  
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Figure 11. The most stable formate structures in order of stability for the monoclinic (111) surface 

of zirconia. The adsorption energies are presented in eV. (I) Bidentate formate bound to two 

surface zirconium atoms, (II) bidentate formate bound to one zirconium atom, (III) bidentate 

formate bound to zirconium and lattice oxygen, and (IV) monodentate formate. The atoms are 

color-coded as in Figure 10. [II]. 

Table 5. Comparison of experimentally observed and calculated infrared frequencies (cm-1) for 

formate species. The numbers refer to the structures in Figure 11. [II] 

 exp. I II III IV 

νas(COO)+νs(COO) a 2964 2915 2845 2765 2843 

ν(CH) 2881 2974 2997 3138 2892 

νs(COO)+δ(CH) a 2747 2754 2676 2504 2473 

νas(COO) 1564 1555 1544 1585 1717 

δ(CH) 1384 1394 1375 1324 1347 

νs(COO) 1365 1360 1301 1180 1126 

out of plane n.o. b 1010 995 958 983 

Δν=νas-νs 199 195 243 406 591 
a Combination modes are not available in the calculations, and the values were obtained by 
summing the corresponding frequencies.  
b n.o. = not observed 

As for the bicarbonates, the most stable calculated structure for formates was bidentate, 

bound to two c.u.s Zr4+ (structure I), and formed in a reaction with the terminal 

hydroxyl groups. The calculated vibrational frequencies for this structure were in 

excellent agreement with the experimental bands. In an earlier study [73] it has been 

suggested that, on cubic zirconia (yttrium-stabilized), the neighboring Zr4+ sites are too 

far apart for such structures to be stable and that the formate species must be bidentate 
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but bound to one surface c.u.s. Zr4+ as in structure II. However, the distances between 

the neighboring Zr4+ sites were shorter (3.503 Å for the longest distance) on the 

monoclinic (111) surface (see Figure 8) than on the cubic zirconia (3.64 Å [73]). The 

preference to bridge between two c.u.s. sites has previously been reported for ZnO [74] 

and TiO2 [75] on the basis of theoretical results. Here, however, the differences in 

adsorption energies for the two bidentate structures were small, and the calculated 

vibrational frequencies for structure II were not significantly different from the 

experimental values. Probably, therefore, at high formate loadings, where there would 

be a lack of available neighboring c.u.s. Zr4+, structure II would be present as well [II]. 

Neither structure III nor structure IV was considered [II] stable enough to exist on the 

surface long enough to be detected in the experiments. The carbon dioxide and carbon 

monoxide adsorption results indicate that the hydroxyl groups of monoclinic zirconia 

are amphoteric in character. This is in agreement with previous results [50]. 

5.2.4 Acid–base sites and surface composition of the supports and catalysts 

All supports and chromia catalysts, except 2.7CrZr, were studied in methanol 

adsorption–desorption and in temperature-dependent methanol adsorption experiments 

[III]. Figure 12 presents the methoxy species observed by in situ DRIFTS for the 

supports (A) at 200 °C and for the chromia catalysts containing 1–2 atCr/nm2 (B) at 100 

°C under nitrogen during the adsorption–desorption experiments. The spectra for the 

supports are presented at 200 °C because of the presence of chemisorbed methanol on 

the alumina-containing supports at lower temperatures. The bands of chemisorbed 

methanol were less intense for the chromia catalysts. 

At 200 °C, bands originating from zirconium- and aluminum-bound methoxies were 

observed for the zirconia and alumina supports and both types of methoxies were 

observed for the 4.4ZrAl support (Figure 12A). Zirconia was the only support to show 

additional activity toward methanol at low temperature, and the formation of formate 

species was observed. Formates were not observed below ~250 °C on the alumina-

containing supports.  
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Figure 12. Methoxy species for the supports (A) at 200 °C and the chromia catalysts (B) at 100 °C 

observed by in situ DRIFTS. Spectra recorded under nitrogen during measurements of adsorption–

desorption. [III] 

The formation of formate species on the zirconia support at 100 °C may indicate more 

active sites (in strength or number) on the zirconia surface than on the alumina or 

4.4ZrAl surfaces. As for the alumina-containing supports, the formation of formates on 

Ga2O3 [76] under methanol required a temperature of 200 °C. For zirconia supported on 

silica [77], in turn, the formation of formates required prolonged times under methanol 

at 250 °C. The decomposition of methoxy species on these oxides was considered to 

involve lattice oxygen species capable of abstracting hydrogen and forming 

methylenebisoxy (H2COO) species that were further dehydrogenated to formates 

[76,77]. A similar reaction is proposed to occur on the alumina-containing supports, and 

the detection of monodentate carbonates, i.e., of highly basic c.u.s. O2-, for these 

supports is in agreement with the suggested reaction mechanism. Highly basic c.u.s. O2- 
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species were not observed for zirconia, either in the carbon dioxide adsorption 

experiments or in the DFT study [II]. However, if on zirconia the methoxies were bound 

to the Lewis acid part of the acid–base pair (c.u.s. Zr4+–O2- or c.u.s. Zr4+–O2-–Zr4+) 

observed in the carbon dioxide adsorption measurements, the Lewis base part could 

provide the active site for the abstraction of hydrogen from the methoxy. The low 

temperature for the formate formation might be explained by the short distance between 

c.u.s. Zr4+ and c.u.s. O2- in the acid–base pair. No acid–base pairs were observed for the 

alumina-containing supports, and one might assume that there the c.u.s. sites are further 

apart and the higher temperatures are required at least partially for this reason. The DFT 

study also indicated [II] that the hydroxyl groups of zirconia are highly reactive and 

these surface species might also be responsible for the higher activity of zirconia. 

Chromium-bound methoxy species were observed for the chromia catalysts (Figure 

12B) but only at 100 °C. At higher temperatures the chromium-bound methoxy species 

reacted further, most likely to formates. However, all chromia catalysts showed some 

formate species already at 100 °C suggesting that more active sites were created by 

chromia deposition. Bands originating from zirconium- and aluminum-bound methoxies 

were observed for the zirconia- and alumina-supported catalysts, respectively, and both 

zirconium- and aluminum-bound methoxies were observed for the 2.0(4.4)CrZrAl. The 

Al-bound methoxies were not observed for the 2.1(15)CrZrAl suggesting either that the 

alumina surface was fully covered by the deposited zirconia and chromia or that the 

aluminum species were unable to react with methanol.  

In the temperature-dependent measurements of methanol adsorption, in situ DRIFTS 

was used to study the formation of surface species and MS the formation of gaseous 

reaction products. In addition in situ Raman–MS measurements were used to study the 

desorption of the surface species and the formation of reaction products. According to 

Wang and Wachs [64], the formation of carbon dioxide, formaldehyde (HCOH), and 

dimethyl ether (DME) is indicative of the presence of basic, redox, and Lewis acid 

surface sites, respectively. The formation of HCOH observed in the in situ Raman–MS 

measurements was assigned to the redox properties of chromium. Table 6 presents the 

temperature ranges for the formation of DME, carbon dioxide, and hydrogen in the 

temperature-dependent adsorption experiments.  
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Table 6. Temperature ranges (°C) for the formation of DME, CO2, and H2 in the temperature-

dependent measurements of methanol adsorption. The formation of DME and CO2 is indicative of 

Lewis acid and base sites, respectively. [III] 

sample DME            
(Lewis acid sites) CO2 (basic sites) H2

Al2O3 150-300 450-500 450-580 (300-580) a

4.4ZrAl 175-300 150-580 (300-580) a

ZrO2 --- --- 450-580 (250-580) a

1.2CrAl 200-300 300-400 (250-580) a 325-580 

2.1(15)CrZrAl 250-300 300-400 (250-580) a 325-580 

0.8CrZr --- (300-580) a 325-580 
a The temperatures in brackets indicate the whole temperature range of formation and the values in 

front of them the temperature range where the formation was strongest. 

The alumina support had the strongest Lewis acid surface sites (i.e., the lowest 

temperature of formation for DME) and the deposition of both zirconia and chromia 

reduced the Lewis acidity (number or strength of the species), seen as increase in the 

temperature of formation for DME. These results are in accordance with those of 

Damyanova et al. [10], who found that zirconia deposition on alumina decreases the 

concentration of the strong Lewis acid sites. No DME was detected for the zirconia 

support or the 0.8CrZr catalyst. The formation of carbon dioxide was observed for all 

catalysts and supports except the zirconia. The absence of any reaction products formed 

on Lewis acid or base surface sites of the zirconia support suggests that the methanol 

adsorption–desorption measurements were unable to probe the acid–base pairs (c.u.s. 

Zr4+–O2-) that were detected on zirconia by the carbon dioxide adsorption measurements 

[II]. In addition, since all supports showed the presence of basic terminal hydroxyl 

groups in the carbon dioxide adsorption measurements, but only the alumina and 

4.4ZrAl supports exhibited basic properties in the methanol adsorption–desorption 

measurements, the basic sites forming carbon dioxide in these measurements on the 

alumina-containing supports must have been mainly the c.u.s. O2- species. However, 

4.4ZrAl produced carbon dioxide over a wider temperature range than the alumina in 

the methanol adsorption–desorption measurements suggesting its higher basicity. Lower 

basicity was suggested on the basis of the carbon dioxide adsorption measurements. On 

the basis of the temperature for the formation of carbon dioxide in the carbon monoxide 

adsorption measurements, the 4.4ZrAl was again more basic that the alumina. Hence, 
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the carbon dioxide adsorption only reveals the strongest Lewis base sites, whereas the 

temperature-dependent methanol adsorption probes the basic sites of varying strength. 

The total basicity of zirconia/alumina is, therefore, higher than the total basicity of 

alumina, although some very strong Lewis base sites exist on the alumina surface. 

The formation of carbon dioxide on the chromia catalysts was partially due to the 

reduction of the chromates (at ~325 °C according to the isobutane measurements 

[IV,V,4]), but the chromium species may also have increased the basicity of the 

catalysts. The increased basicity may explain the increased activity for the formation of 

formates that was observed in the methanol adsorption–desorption measurements for 

the chromia catalysts. Hydrogen was suggested to form on the Cr3+ species and during 

the decomposition of formates [III,78]. The XPS measurements [III] ruled out the 

formation of a mixed oxide, but the infrared measurements showed similarities between 

the zirconia/alumina- and alumina-supported catalysts. It was concluded [III] that there 

is a strong interaction between the alumina and zirconia of the zirconia/alumina support 

and that the acid–base properties of zirconia/alumina resemble those of alumina rather 

than those of zirconia.  

5.3 Performance in isobutane dehydrogenation 

The activity in isobutane dehydrogenation was studied for all supports and for the 

chromia catalysts containing 1–2 atCr/nm2 [V]. In situ DRIFTS measurements with 

isobutane were performed for all supports and all chromia catalysts [IV,V], and in situ 

Raman–MS measurements were performed for the 0.8CrZr, 2.1(15)CrZrAl, and 

1.2CrAl catalysts [V].  

5.3.1 Activities in dehydrogenation 

Figure 13 presents a summary of the performance of the supports and catalysts during 

dehydrogenation of isobutane. The supports were slightly active in the dehydrogenation 

reaction, with zirconia the most active support. The alumina and 4.4ZrAl supports 

exhibited lower, comparable activities. The order of reactivity under isobutane was in 

agreement with that under methanol for the formation of formates [IV]. The acid–base 
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pairs (c.u.s. Zr4+–O2-) or the amphoteric hydroxyls observed on the zirconia, could also 

be the active sites for the dehydrogenation reaction. The alumina-containing supports, 

but not zirconia, were also active in the cracking reaction. The cracking activity might 

originate from similar acidic hydroxyl species, as observed by DRIFTS (see Figure 6A, 

p. 40), on the alumina-containing supports. The coke content after dehydrogenation was 

highest on alumina and lowest on zirconia. The amount of coke on the supports 

followed the Lewis acidity of the material, as determined by the methanol adsorption–

desorption measurements [III], not the dehydrogenation activity. It was concluded [V] 

that the deposition of zirconia was beneficial for the dehydrogenation performance of 

the alumina-containing supports by reducing the Lewis acidity that was responsible for 

coke deposition. 

 

Figure 13. Summary of the performance of supports and chromia catalysts during 

dehydrogenation. The striped columns present the yield of isobutene and the black columns the 

yield of C1–C3-hydrocarbons (cracking products) (left axis). The isobutene yield was measured at 2 

min on stream, and the C1–C3 yield is an average of observed amounts between 2 and 3 min on 

stream. ♦ presents the amount of coke (as carbon) formed during the dehydrogenation (right axis). 

The connecting line has been added to guide the eye. [V] 

All chromia catalysts were active in the dehydrogenation reaction. The 0.8CrZr catalyst 

was the most active, even though it had the lowest chromium content in weight 

percentage. The activity might originate from the more easily available chromium 

species or from a beneficial interaction between the zirconia support and the chromium 

species. In the case of the oxidative dehydrogenation (ODH) of n-butane it was noted 
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[54] that the activity of vanadia catalysts (TiO2>ZrO2>Al2O3>SiO2) increases with the 

decreasing electronegativity of the support, because the more basic the V–O–support 

bonds the more efficient they are in activating the C–H bonds of the hydrocarbon. 

Although these ODH results do not allow a conclusion on the effect of support on 

dehydrogenation, owing to the different reaction conditions, it is reasonable to think that 

the different electronegativities of the present support materials would influence the 

dehydrogenation reaction in the same direction.   

The deposition of zirconia was not beneficial for the activity of the chromia catalysts: 

the zirconia/alumina-supported catalysts were less active that the 2.2CrAl catalyst. This 

is in contrast to the results of Gaspar and Dieguez [42], who reported a slight increase in 

the dehydrogenation activity when zirconia/alumina containing 1.6 atZr/nm2 and no 

zirconia crystallites (XRD) was used as the support in place of alumina. However, they 

reported the activities in turnover numbers (TON) without giving detailed information 

on the reaction conditions. Furthermore, the number of active sites on the catalyst 

surface required to calculate the TON values, were determined by oxygen 

chemisorption. In addition, no explanation was presented for the beneficial effect, and 

the characterization results they report do not allow speculation here. In agreement with 

our findings, Burch and Loader [43] observed zirconia deposition on alumina to 

decrease the activity of rhodium catalysts supported on alumina and zirconia in the 

reduction of nitrogen oxide and in the combustion of methane, respectively. The 

decrease in the activity was assigned to the incomplete monolayer of zirconia that 

modified the active surface species. The presence of zirconia interfered with the 

interaction between alumina and rhodium important for high activity in the reduction of 

nitrogen oxide to nitrogen. On the other hand, the interference was not high enough to 

prevent the interaction between alumina and rhodium completely, and this caused the 

low activity in the combustion of methane. Although such conclusions are not as easily 

drawn for chromia catalysts, it appears that, even for the zirconia/alumina-supported 

catalyst with highest zirconia surface density (5.2 atZr/nm2) the chromium species are in 

interaction with both the zirconia and the alumina, with the result that the activity in 

dehydrogenation is lower than that of the zirconia- or alumina-supported catalysts. 
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The yields of the cracking products with the chromia catalysts were of the same order of 

magnitude as with the inert silicon carbide, and the formation was, therefore, assigned 

to thermal reactions [V]. The amount of coke that formed followed the dehydrogenation 

activity of the catalysts, in contrast to the findings for the supports, where the amount of 

coke was dependent on the Lewis acidity. It was concluded [V] that, for the chromia 

catalysts, the coke was formed from adsorbed isobutene. The hydrogen content of the 

coke on the catalysts was lowest for the 0.8CrZr catalyst.  

5.3.2 Formation of carbonaceous surface species in dehydrogenation 

The in situ DRIFTS measurements of isobutane were performed as (i) temperature-

dependent or (ii) time-dependent studies [IV,V]. The in situ Raman–MS measurements 

were done at constant temperature of 570 °C. In the temperature-dependent 

experiments, oxygenated carbonaceous surface species were formed on all catalysts and 

supports. Figure 14 presents a reaction scheme for the formation of these species in 

accordance with the results of Ermini et al. [79] for alumina, Finocchio et al. [71,72] for 

MgCr2O4, and Airaksinen [4] for chromia/alumina catalysts during isobutane and 

propane dehydrogenation.  
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Figure 14. Reaction mechanism suggested for the formation of oxygenated carbonaceous species. 

The mechanism is based on the results of Ermini et al. [79], Finocchio et al. [71,72], and Airaksinen 

[4]. The DRIFTS bands observed for 0.8CrZr are presented for each species. [IV,V] 

The bands of the carboxylate-type species presented in Figure 14 have earlier been 

assigned to acetates [IV,4,71,72,79]. The carboxylates are not formed during adsorption 

of carbon dioxide or carbon monoxide on the catalysts [II], but their formation seems to 
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require the presence of hydrocarbons. It was concluded [IV,V,4] that the oxygenated 

species, formed during the reduction of the chromates and to lesser extent on the 

hydroxyl species and possibly on the acid–base pairs on the supports, were spectators 

and not dehydrogenation products or reaction intermediates. 

The chromia species were reduced [IV,V,4] at ~325 °C, where their bands disappeared 

from the spectra. At 400 °C the bands of adsorbed isobutene were observed for the 

chromia/zirconia catalysts, and dehydrogenation products were detected by MS [IV,V]. 

These bands were also observed for the chromia/zirconia/alumina but at a slightly 

higher temperature [V]. They were not observed for chromia/alumina [V]. At higher 

temperatures all catalysts showed the formation of aliphatic (bands at ~2930 and 2980 

cm–1) and aromatic/unsaturated (~3060 cm–1) hydrocarbon species assignable to coke 

[IV,V]. 

Figure 15 presents a comparison of bands observed in the C–H stretching region during 

the time-dependent measurements for the calcined chromia catalysts containing 1–2 

atCr/nm2 [IV,V]. Aliphatic (~2930 and 2980 cm–1) and carboxylate-type (~1530, 1430, 

and 1350 cm–1, not shown) surface species were formed after a short time on isobutane 

stream, whereas the formation of the unsaturated/aromatic (~3060 cm–1) species 

required a longer time. In agreement with the dehydrogenation activity measurements, 

the coke content was the highest for the 0.8CrZr catalyst. The alumina-containing 

catalysts showed an additional band (~3100 cm–1), possibly originating from adsorbed 

isobutene. The alumina-containing catalysts also showed bands for both methyl- (–CH3, 

~2980cm–1) and methylene-type (>CH2, ~2930 cm–1) species [56,80], whereas the 

0.8CrZr catalyst showed only methylene-type species (>CH2, 2927 cm–1). The band of 

the methyl-type species decreased in intensity with increasing time on stream, and it 

was suggested [V] that it correlated with the amount of hydrogen in the coke, in 

agreement with the dehydrogenation activity measurements, where the lowest hydrogen 

content after dehydrogenation was detected for the coke on the 0.8CrZr catalyst.  
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Figure 15. Comparison between the bands observed by in situ DRIFTS in the C–H stretching 

region during time-dependent measurements at 580 °C. Spectra recorded during nitrogen flushes. 

[V] 

Figure 16 presents the in situ Raman spectra for the 2.1(15)CrZrAl and 0.8CrZr 

catalysts during dehydrogenation. No spectra were obtained for the alumina-supported 

catalyst owing to the intense fluorescence under the dehydrogenation conditions [V]. 

The chromates were reduced immediately after the isobutane feed was directed to the 

sample at 570 °C. This was in accordance with the time-dependent isobutane 

measurements by in situ DRIFTS at 580 °C [IV,V]. Carbonaceous surface species were 

observed for both zirconia- and zirconia/alumina-supported catalysts at ~1585 and 

~1339 cm–1, and were assigned [V,81] to pregraphitic carbonaceous species (coke). For 

the 0.8CrZr catalyst these bands were formed after just 2 min on isobutane stream, but 

for the 2.1(15)CrZrAl catalyst a longer time was required. These results are in 

accordance with the in situ DRIFTS and activity measurements [V], which showed a 

faster rate of coke deposition on the 0.8CrZr catalyst. Similar bands have been observed 

during propane dehydrogenation on chromia/alumina catalysts with high chromium 

loading, but only after 20 min on stream [4]. With increasing time on stream the bands 

of monoclinic zirconia disappeared from the spectra of the 0.8CrZr catalyst. Similar 

behavior was observed for zirconia-based catalysts by Kuba and Knözinger [81] and 

this was assigned to the darkening of the sample due to coke formation.  
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Figure 16. In situ Raman spectra for the 2.1(15)CrZrAl and 0.8CrZr catalysts under 

dehydrogenation conditions. The spectrum of the quartz window has been subtracted from all 

spectra. [V] 

5.3.3 Effect of hydrogen prereduction in dehydrogenation 

Hydrogen prereduction decreased the activity of the catalysts in the dehydrogenation 

reaction. The alumina-containing catalysts were affected the most. In accordance with 

the decreased activity, the coke content was also lower on the prereduced than on the 

calcined catalysts. In the temperature-dependent isobutane measurements by in situ 

DRIFTS, the formation of the oxygenated carbonaceous surface species was suppressed 

on the prereduced catalysts, especially on the alumina-containing catalysts, further 

confirming that the oxygenated carbonaceous surface species were mainly formed 

during the reduction of the chromates by the hydrocarbon feed. [V] 

Figure 17 presents a comparison of in situ DRIFT spectra in the C–H stretching region 

similar to the comparison in Figure 15, but now for the prereduced catalysts [V]. The 
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formation of carbonaceous surface species was suppressed on the prereduced alumina-

containing catalysts, and this was in accordance with the decreased activity of these 

catalysts in dehydrogenation. The results suggested [V] that, especially for the alumina-

containing supports, hydrogen prereduction was able to inhibit the formation of both the 

surface species and the dehydrogenation products. The inhibition might originate from 

the formation of higher concentrations of surface-bound water [4], which competes with 

isobutane for surface adsorption sites [54]. 

2.1(15)CrZrAl0.8CrZr

0.05 a.u. 0.1 a.u.

3200 3000 2800 3000 2800

3 min
3 min

6 min 

6 min 
10 min

10 min
15 min

15 min
20 min

20 min

30 min

30 min

Wavenumber (cm-1)

K
ub

el
ka

-M
un

k 
(a

.u
.)

3064 cm-1

=CH1,2

2928 cm-1

>CH2

2935 cm-1

>CH2
2976 cm-1

-CH3

2.0(4.4)CrZrAl 2.2CrAl

2934 cm-1

>CH2

2985 cm-1

-CH3

2936 cm-1

>CH2

2985 cm-1

-CH3

0.1 a.u.
0.1 a.u.

3000 2800 3000 2800

reduced
reduced

reduced reduced
3 min

3 min

6 min 

6 min 

10 min

10 min

15 min

15 min

20 min

20 min

30 min

30 min

 

Figure 17. Comparison of bands observed for hydrogen prereduced catalysts by in situ DRIFTS in 

the C–H stretching region during time-dependent measurements at 580 °C. Spectra recorded 

during nitrogen flushes. [V] 

5.3.4 Effect of acid–base properties in dehydrogenation 

Table 7 summarizes the acid–base properties of the supports and their performance in 

the dehydrogenation of isobutane. Zirconia was the most active and selective support in 

the dehydrogenation. Zirconia was also the only support that contained pairs of Lewis 

acid and Lewis base sites. These acid–base pairs, and the amphoteric hydroxyls, were 

suggested [V] to be the active sites for the dehydrogenation reaction. The amount of 

coke that was formed during dehydrogenation was lower on zirconia/alumina than on 

alumina. The deposition of zirconia on alumina, however, did not influence the activity 

or the selectivity of the alumina support in dehydrogenation. The decrease in the 
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deposition rate of coke was assigned to the lower Lewis acidity of the 4.4ZrAl than of 

the alumina, whereas the similar activity and selectivity were assigned to the strong 

interaction between zirconia and alumina on the zirconia/alumina support resulting in 

similar acid–base properties [V].  

Table 7. Summary of the acid–base properties of the supports and their performance in 

dehydrogenation [I–V]. 

 acid–base properties of supports support performance in 
dehydrogenation 

support acidic 
OH 

basic 
OH 

Lewis acid 
sites 

Lewis base 
sites activity selectivity to 

isobutene coke 

Al2O3 + + ++ + + + +++ 

4.4ZrAl + + + ++ a + + ++ 

ZrO2 ++ + Lewis acid–base pairs ++ +++ + 
a The total basicity (on the basis of experiments with methanol) was higher for 4.4ZrAl than for 

alumina, although some very strong Lewis base sites exist on alumina surface. 

No direct correlation was found between the acid–base properties of the supports and 

the performance of the chromia catalysts in dehydrogenation. The deposition of chromia 

on the supports increased the basicity of all samples, but the used characterization 

techniques were unable to specifically probe the Cr–O–support bonds. Nonetheless, the 

support is suggested to influence the performance of the catalyst through these bonds. 

As was noted [54] for the vanadia catalysts in ODH, the decrease in the 

electronegativity of the support increased the activity of the catalyst owing to the 

increased basicity (i.e., capability to activate the C–H bonds) of the V–O–support 

bonds. This is also suspected to be important for the chromia catalysts in 

dehydrogenation.  
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6 SUMMARY 

The effect of support material on the performance of chromia dehydrogenation catalysts 

was investigated with zirconia, alumina, and zirconia/alumina supports. The aim was to 

elucidate the reasons for the high activity of the chromia/zircona catalysts, and to study 

the possibility of enhancing the performance of the chromia catalysts by depositing 

zirconia on alumina. Surface-sensitive characterization methods, modeling, and 

measurements of dehydrogenation activity were chosen as means to elucidate the effect 

of support material on the dehydrogenation performance. 

The reactive surface sites on monoclinic zirconia were amphoteric hydroxyl groups and 

acid–base pairs (c.u.s Zr4+–O2-). The acid–base properties were studied by adsorbing 

carbon dioxide, carbon monoxide, and methanol, and by modeling the interaction of 

carbon dioxide and carbon monoxide with the surface. Bicarbonates were formed in a 

reaction between the hydroxyls and acidic carbon dioxide, and formates were formed in 

a reaction between the hydroxyls and basic carbon monoxide. The most stable 

bicarbonates and formates were bidentate and bound to two c.u.s Zr4+. Carbon dioxide 

was also adsorbed on the acid–base pairs, and polydenate and bidentate carbonates were 

formed. 

The reactive surface sites on the alumina and zirconia/alumina supports were hydroxyl 

groups, Lewis acid sites, and Lewis basic sites. The hydroxyls of alumina and 

zirconia/alumina exhibited similar basicity to those of zirconia, but their acidity was 

lower. The Lewis acid and Lewis base sites did not form acid–base pairs on the 

alumina-containing supports. The Lewis acidity was highest on alumina, whereas the 

total basicity was highest on zirconia/alumina.  

Zirconia support was the most active and selective support material in the 

dehydrogenation. The acid–base pairs and the amphoteric hydroxyl groups were 

concluded to influence the activity of zirconia. However, the surface area of zirconia 

was low. The surface areas of the zirconia/alumina supports were comparable to that of 

alumina. The lower Lewis acidity of the zirconia/alumina support than that of alumina 

contributed to the lower rate of coke deposition on zirconia/alumina during the 
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dehydrogenation reaction. However, the deposition of zirconia on alumina did not 

decrease the cracking activity or increase the dehydrogenation activity of the alumina 

support. The lower dehydrogenation activity of the zirconia/alumina support than of the 

zirconia support may be related to the absence of acid–base pairs, whereas the similar 

cracking activities of zirconia/alumina and alumina may originate from similar hydroxyl 

species.  

The chromia/zirconia catalyst was the most active catalyst in the dehydrogenation of 

isobutane. Zirconia deposition did not enhance the activity of the chromia/alumina 

catalysts in the dehydrogenation reaction. Although the Lewis acidity of the support was 

important for the dehydrogenation performance of the bare supports, no direct 

correlation was found between the acid–base properties of the supports and the 

dehydrogenation performance of the chromia catalysts. The higher activity of 

chromia/zirconia may originate form more easily available chromium species or from a 

beneficial interaction between the zirconia support and the chromium species. The 

lower electronegativity of zirconia than of alumina could be the source of such a 

beneficial interaction. It is suggested that the Cr–O–support bonds are more basic on 

zirconia than on alumina, and are, therefore, more capable of activating the C–H bonds 

of isobutane. 

It was concluded that even for the zirconia/alumina-supported catalyst with the highest 

zirconia surface density (5.2 atZr/nm2), the zirconia was unable to fully cover the 

alumina surface, allowing the chromium species to interact with both the zirconia and 

the alumina. The incomplete monolayer of zirconia and the strong interaction between 

zirconia and alumina were presumed to cause the lower activity of the zirconia/alumina-

supported catalysts. Enhancement of the activity of a zirconia/alumina-supported 

catalyst would require higher surface densities of zirconia to fully cover the alumina 

surface and to prevent the interaction. However, the specific surface area of such a 

catalyst would be lower than the surface areas of the present zirconia/alumina-supported 

catalysts owing to the gradual formation of crystalline zirconia. Thus, a good course for 

further research would be to investigate the preparation of pure zirconia with a higher 

surface area. 
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